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Abstract

The aeroelastic phenomena represent a crucial issue in the design of long span
bridges and their relevance grows as the length of the spans is increased, which
is the current trend in these mega-structures. The search for the best performing
deck cross-section, as well as the search of the most economic bridge design,
are two of the most relevant goals for bridge designers. Hence, the pursuit of
good aerodynamic performance of the bridge deck cross-section and the structural
optimization of the bridge are destined to converge in a unified process to achieve
more efficient bridge designs, given their interdependence. This paper presents
an integrated methodology based on a surrogate-based optimization process to
obtain an optimum bridge design considering structural and aeroelastic constraints.
The deck cross-section used in this work is the well-known G1 section, in which
two deck shape variables are considered. The aerodynamic behavior of the cross
sections analyzed by the optimization algorithm is given by a surrogate model
trained with a set of designs calculated with CFD techniques. The structural
performance is analyzed by means of finite element analysis. The areas and
prestressing forces of the stays and the deck shape and plate thickness are
considered as design variables, and the optimization of the bridge is carried out
by a gradient-based optimization algorithm.

Keywords: structural optimization, bridge aerodynamics, cable stayed bridges,
CFD, flutter analysis.
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1 Introduction

The main challenge in the bridge engineering field is the increasing span length
of the new bridge projects that are currently built around the world. This trend
involves taking into account the aeroelastic phenomena as some of the most
relevant design constraints, keeping in mind of the structural behavior of the
bridge.

The aeroelastic behavior of a bridge is mainly driven by two capital aspects, the
dynamic response of the bridge and the aeroelastic properties of the deck cross-
section. The relative relevance of these two factors in the aeroelastic responses
is influenced by the length of the main span of the bridge, which is the main
cause that determines the global stiffness of the structure. While in bridges with
moderate span length the aeroelastic phenomena can be controlled by the stiffness
of the bridge, in cases with longer spans, the global stiffness of the structure
becomes insufficient, and the only way to avoid undesirable wind induced effects
is to modify the deck cross-section. It must be noticed that the interdependence
of these two aspect has to be considered, given that modifying the deck cross-
section affects to its structural stiffness. Besides, both aspects present conflicting
tendencies, given that good aeroelastic performance of deck cross-sections implies
slender geometries, which reduces the mechanical properties of the section.

The influence of the deck cross-section shape on the aeroelastic response of a
cable suspension bridge is well known since many years ago. Several researchers
have written reports where the influence on the aerodynamic responses due to
shape modifications is studied, as is the case for instance of [1]. However, heuristic
approaches to improve bridge design considering only deck shape changes can
not reach the optimum, as they disregard other considerations that also influence
the solution such as structural responses. This is the main reason that justifies the
use of methodologies that consider both aspects simultaneously, as it is the case
of optimization process with both types of constraints. One consequence of this
approach is the need for obtaining all the results required computationally in every
step of the bridge design.

The use of optimization algorithms in structural design is currently a widespread
technique, and some insights about this field can be found for instance, in
[2, 3]. The application of structural optimization is also widely employed, and
an interesting application to optimize the cross-section of the cables of a cable-
stayed bridge can be found in [4]. In [5], optimization algorithms were used to
optimize the deck size and the main cable cross-section area of the Messina Bridge
project in Italy. However, deck shape modifications were not considered yet. Some
preliminary results of optimization of stays and deck shape and size in a cable
stayed bridge considering a set of semicircular cross-sections defined with one
shape design variable have been reported in [6]. The aerodynamic coefficients C,,
C)s and Cp were obtained for a set of values of the design variables and then
fitted to a smooth spline, which allowed to predict the aerodynamic coefficients
of the designs proposed by the optimization algorithm. However, deck girders of
real bridges present complex shapes and they can be modified by means of several
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Figure 1: Definition of the considered design domain.

shape changes, giving place to more complicated problems. This work present the
definition of the optimization problem for obtaining a more realistic deck shape
(see figure 1) including more shape design variables in the definition of the cross
section.

The section studied in this work is the well-known G1 section, as described
in [7]. The chosen domain is defined by percentage variations of the depth H
and width B of the G1 section, which is considered the base or initial design,
as it can be seen in figure 1. The variations are up to a percentage of 10% for
both dimensions, which modifies the geometrical properties of the section in
the quantities indicated in table 1. The modification in the dimensions involves
changes in the depth of 0.84 m and 6 m in the width, which means a variation on
the dimensions ratio from 5.84 to 8.73. The angles reported in table 1 describe the
total angle between the inclined sides of the deck, and the top and bottom angles
are measured with respect to the horizontal direction. The relationship between
the top and bottom perimeter is also reported. The aerodynamic coefficients of
the cross-sections of the deck will be obtained for a set of values of the design

i .\ .

FFront view of the finite element model of the cable-stayed bridge.

= 1000
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The bridge proposed to test the methodologies presented in this work is a project
of a cable-stayed bridge designed in La Corufia, Spain, with a main span length of
658 m and two lateral spans of 270 m. The finite element model is shown in figure 2
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and consists of bar elements for the deck and towers and truss elements to
simulate the stays. The simulation code used to analyze the model was Abaqus/
Standard 6.13 [9] software.

This work presents some improvements in the methodology developed in [6] to
make it more general, particularly in the aeroelastic characterization process. In
the following sections, the process for obtaining the aeroelastic properties of each
design proposed by the optimization algorithm is described, which is based on the
use of surrogate models, and some results are presented. Later, the optimization
approach is also described and commented.

2 Aeroelastic characterization of a single box deck

Given that in the optimization process described before some of the design
variables are shape parameters of the deck cross-section, the aeroelastic behavior
of each section proposed by the algorithm has to be characterized. As the cross-
sections considered in the design domain can be accepted as streamlined shapes,
the quasi-steady theory formulation [10] can be applied to obtain the flutter
derivatives from the aerodynamic coefficients of each shape. Therefore, under this
assumption, the only required task is to obtain these aerodynamic coefficients.
This can be done computationally by means of Computational Fluid Dynamics
(CFD) techniques (see for instance [11, 12]) for a set of designs and afterwards
applying surrogate models [8] to generate these coefficients for every section
required during the optimization process as described below.

2.1 Computational evaluation of aerodynamic coefficients

In order to build the surrogate model, some designs for selected values of B and
H of the design domain have to be evaluated at two angles of attack a = [0°, 2°]
to obtain the values and slopes of the aerodynamic coefficients, as required by the
quasi-steady theory. These coefficients are given by

L D M

CL=1—s= Cp=1—= and Cuy=1—s—,
P Tz P T Loz Y M T

(1

where L, D and M are the lift and drag forces and moment, respectively,
considering the sign convention indicated in figure 3, p is the air density, U is
the wind velocity and B is the width of the deck cross-section.

The CFD analyses were conducted in the open source code OpenFOAM [13]
using a 2D unsteady Reynolds-averaged Navier—Stokes (URANS) approach. The
turbulence model considered was Menter’s SST k£ — w model, first developed
in [14] and improved in [15].

The meshes created have a number of elements of about 2.8 - 10°, and details of
two of them can be seen in figures 5 and 6 corresponding to the designs +10%H
+10%B and +10%H -10%B, respectively. They are structured meshes and were
generated by the in-house software FLUSINI [16]. The analyses were carried out
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Figure 3: Sign convention for the Figure 4:  Size of the domain and
aerodynamic forces. boundary conditions
considered in the CFD
analyses .

Figure 5: Detail of the mesh of the Figure 6: Detail of the mesh of the
section +10%H +10%B. section +10%H -10%B.

considering a Reynolds number of 10°, and the walls are modeled using a low
Reynolds approach. The boundary conditions considered in the flow domain and
its size are shown in figure 4.

The CFD results obtained for three of the samples considered in the surrogate
model were validated by means of wind tunnel test conducted at the aerodynamic
wind tunnel of the University of La Coruiia.

2.2 Aerodynamic response by means of surrogate modeling

Although computational power of digital computers and capabilities in the field of
CFD are continuously increasing [11], the idea of iterative processes which include
CFD evaluations is far for being a suitable alternative in terms of computational
time. However, approximations using surrogate models to avoid recursive CFD
calculations represents a good alternative to obtain the aerodynamic coefficients of
each design requested by the optimization algorithm. The application of surrogate
models in the field of multi-objective optimization is tackled for instance, in [17],
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and in the field of optimization in aerodynamics, its application has already started
in the area of tall buildings. An interesting application case can be found in [18],
where the effects of wind on a building subject to shape modifications by cross-
section twisting are studied. More information about surrogate modelling and all
the tasks involved in this process are widely described for instance, in [8].

The surrogate model chosen for this work is the Kriging surrogate model, which
was first developed in [19], and later on, it was applied to the engineering design
in [20]. This technique is nowadays one of the most widespread methods and its
performance is widely demonstrated in the literature, for instance, in [21]. In the
field of aerodynamics, some applications can be found, as for instance, the work
of [22], which employs Kriging surrogate models for optimizing the shape of a
building by means of changing the corners of the shape.

The formulation of the Kriging surrogate model can be found for instance, in [8],
and can be written as R

fx (@) =r(@) p+e(z), (2)

where K (a:)T p is a trend function which is combined with a stationary gaussian
process error model given by e (x) that is used to correct the trend function.
This stationary gaussian process present a zero mean, constant variance, and
the stationary autocorrelation function 7 (a,2’), in which the most used is the
anisotropic generalized exponential model, given by

D
r(x,x’) = exp (— ZHk\xk — xk”y) ) 3)
k=1

The most important task of this process is defining the sampling plan to generate
the realization cases for the surrogate model training. The accuracy of the surrogate
model is highly conditioned by how these samples represent the full domain.
Several techniques to establish a sample plan have been created over the years,
mainly based on random generations. Further information about this issue can
be found in [8]. In this work, a non-random sample plan based on the authors
experience has been carried out, which is shown in figure 7. Vertical and horizontal
axes contain the range of variation of B and H with regards to the baseline values
of G1 cross-section. The initial design corresponds to the black square and the
remaining sample designs are represented by blue circles. It can be observed that
the point locations are adequately distributed in the domain considered.

With the values obtained for these designs, a Kriging surrogate model with
reduced quadratic trend was built using the Dakota framework [23]. The surrogate
model was designed to work with two inputs (the shape parameters B and H) and
six outputs (C'r,, Cp, Ci, C7, C, and C,), and a representation of the outputs
with respect to the 2 design variables are shown in figure 9.

2.3 Aeroelastic response by means of the quasi-steady theory

Hence, from the aerodynamic coefficients given by the surrogate model for each
pair of shape design variables (H, B), the flutter derivatives of each design can
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Figure 7: Design of experiments for the Figure 8: Sign convention for the
surrogate model construction. aeroelastic forces.

be obtained using the quasi-steady theory [10, 24], following the sign convention
shown in figure 8 and according to the following expressions,

. 2Cpo ., Cpo—Cro . Cbo . Cpo—Crpo
== K P2:TNP P3:W PE’:T
. Cro+Cpo , CrLo+Cppo . C1o . 2Cr0
Hl:_T szT’uH Hg:_K2 Hs = - K
/ ! c 20
« Cumo . Cumpo « Cnmo . M0
17 T A5 = K pa Az = K2 As =— K “)

where A7, HY and P (i = 1, ...,6) are the flutter derivatives, Cr, o, Crr,0. Cp 0,
C1, 0» Cir o and Cp,  are the aerodynamic coefficients and derivatives at zero wind
incident angle o = 0 and jup, g and p14 are the distances between the elastic
center of the cross section and the point of application of the aerodynamic forces
expressed as a fraction of the width of the section B. Once the flutter derivatives
are obtained, the flutter velocity of a bridge can be assessed using the Scanlan
theory [25] solving the eigenvalue problem considering the aeroelastic forces. The
dynamic equilibrium of the bridge is given by

Miu+Cu+ Ku=f,=K,u+C,u (5)

where M is the matrix of masses, C is the damping matrix, K is the
stiffness matrix, w, @ and i represent the vector of displacements, velocities
and accelerations, respectively, the subindex a indicates aeroelastic, and f, is the
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Figure 9: Kriging surrogate model for the aerodynamic coefficients and slopes.
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aeroelastic forces vector, which can be obtained from the flutter derivatives as

1 P —p; —BP;\ [v
fo= §pU2K2 —-H; H; BH; ||w
~BA; BA; B2A; ) \6,

(6)
Pr =B -BF\ [0

1
+§pUKB —-H: Hf BH; w |
—BA: BA; B2A; ) \é,

where v and w are the displacements in the y and z directions, respectively, ¢, are
the rotations in the  direction and K represents the reduced frequency, which is
given by K = Bw/U where w is the vibration frequency. Further information
about this process, and some insights about its implementation can be found
in [26].

3 Approach for the optimum design of cable supported bridges

The design process of the bridge by means of the surrogate-based optimization
approach described in this work consists of two main stages. The first stage
requires CFD evaluations of some possible deck cross-sections designs and
the construction of a surrogate model that will be recursively evaluated during
the optimization process. The second stage is the surrogate-based optimization
process, which in each iteration carries out static structural analyses and eigenvalue
analyses of the bridge, evaluates the surrogate model, applies the quasi-steady
theory and finally solves the eigenvalue problem considering the aeroelastic forces
to obtain the flutter velocity. This process can be summarized in the steps listed
below.

1. Definition of the lower and upper bounds of the shape design variables.

2. Definition of the sampling plan, establishing the points required for the
construction of the surrogate models of the aerodynamic coefficients and
slopes for angle of attack oo = 0°.

3. Obtaining the aerodynamic coefficients for a = [0°,2°] by means of CFD
of the cross-sections proposed in the previous step.

4. Construction of the surrogate model.

5. Definition of the initial values of the design variables. These are the shape
and size dimensions of the deck (width B, depth H and thickness t), and the
cables cross-section areas and prestressing forces.

6. Optimization process. The stages carried out in each iteration are:

(a) Evaluation of the objective function.

(b) Structural analyses of the static load cases that are included in the
design. In this case, five load cases are analyzed, including four
load cases representing traffic loads and the self-weight load case of
the bridge. These analyses provide the responses for the structural
constraints.
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(c) Dynamic analyses of the bridge by means of solving the eigenvalue
problem.

(d) Evaluations of the aerodynamic coefficients and slopes, provided by
the surrogate model previously built in step 4.

(e) Evaluations of the flutter derivatives using the quasi-steady theory and
the coefficients and slopes obtained in the previous step.

(f) Evaluations of the flutter speed of the bridge by solving the eigenvalue
problem having into account the aeroelastic forces, as described in
section 2.3. These analyses provide the response of the aeroelastic
constraint, which is the flutter velocity of the bridge.

(g) Modification of the design variables.

It must be noticed that the steps (a), (b), (¢) and (d) can be run in parallel, while
the step (e) has to be carried out from the results of (d), and finally, the step (f) is
based on the results of (c) and (e). Besides, the load cases considered in (b) can
also be parallelized. This enables a considerable reduction of computing time on
each iteration and consequently in the whole optimization process.
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Figure 10: Flowchart of the surrogate-based optimization approach.

This process is also illustrated in the flowchart presented in figure 10, where it
can be seen how the surrogate model construction process is carried out before
the optimization algorithm starts. Besides, the parallelization capabilities of the
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process are also illustrated in the analysis box, where it can be seen that the static
analyses, the eigenvalues analysis and the aerodynamic coefficients evaluation by
means of the surrogate model are independent processes and consequently can be
carried out simultaneously, allowing the parallel computation of the process. It
must be noticed that all the structural static analyses are also independent among
them.

The design variables considered in the problem are the deck shape variables B
and H, the deck plate thickness ¢, 40 cable areas A and 40 prestressing forces V.
The target of the problem is to minimize the total weight of the bridge. Hence, the
objective function is the sum of the volume of deck and cables, and is given by

minF(H7B7th7N):AD(H7B7t)LD+QZAiLC,i, (7)

i=1

where Ap is the area of the cross-section of the deck, Lp is the length of the deck,
n is the number of cables of the bridge, which is 40 in this case, A; is the cross-
section area of the ¢-esime cable and L¢; its length. The prestressing forces are
calculated by being considered as design variables, as explained in [6] or in [4].

Five static load cases are considered: the self-weight of the bridge to assess
the prestressing forces of each cable, and four uniform overloads, as shown in
figure 10. The structural constraints considered are kinematic and stress constraints
for each load case [. These are the horizontal displacements of the top of the towers
u}, the vertical displacements of the deck in the locations where the stays contact
with the deck w!, the stress of each stay of the bridge of and the stress in the
top and bottom side of the deck in some control points a'ld, which are 88 response
points distributed along the deck. Besides, in order to assess the flutter velocity
of each design, a eigenvalues analysis is carried out and the flutter derivatives
are obtained employing the quasi-steady theory and the aerodynamic coefficients
given by the surrogate model.

Furthermore, all the evaluations carried out in each iteration of the optimization
process are also parallelizable, leading to very assumable computational time,
which can be about 3 hours for the whole process.

4 Conclusions

This paper present some improvements in a methodology previously developed
by the authors [6] for the full bridge optimization considering simultaneously
structural and aerelastic constraints. The enhancements are related to the
aeroelastic characterization of the deck cross-section, and consist of using
surrogate models to obtain a more accurate response when the optimization
algorithm requires the aerodynamic coefficients of a proposed deck cross-section.
After the description of the methodology, some conclusions can be extracted:
* The methodology proposed in [6] can be applied to box type deck, and more
complex geometries, increasing the number of deck shape parameters.
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* Application of surrogate models for the aerodynamic characterization of the
of the deck cross-section is an accurate and efficient solution, which also
allows to predict the errors expected for the responses provided.

e The independence between the processes carried out in the presented
methodology allows a high level of parallel computing, leading to reduced
computational times which makes the methodology very efficient and
competitive.

* This research is currently going on to obtain optimum designs that reduces
the total amount of material of the bridge considering structural and
aeroelastic constraints simultaneously.
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