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Figure 4. 4: (a) Relation between deck rigidity and tower longitudinal
stiffness; (b), (¢), (d) proportion of elements material cost for cases of analysis

(A1), (B1), and (C1).

4.3.2.3 Influence of evaluating susceptibility to aerodynamic
excitations

The results for six cases of analysis described in Table 4. 3, considering (A2, B2, and C2) or

disregarding the susceptibility to acrodynamic excitations (A1, B1, and C1) are presented in Figure

4. 5. For basic wind velocity Vo, the same optimized structure is obtained with or without

aerodynamic considerations, which infers that these wind speeds are too low to excite aerodynamic

phenomena.



120

30

. e

/L7
/
/
24 / 7 - =)
/ - = (B)
22 7] (1)
/7 4
/ / (A2)
20 Y a1 (B2)
/ ©2)
18
/.

16

Material Total Cost
(x $1,000,000)

14 T T T
10 20 30 40 50

Basic Wind Speed (m/s)

Figure 4. 5: Material total cost optimized for the six main cases of analysis: A1, B1,

C1, A2, B2 and C2.

For basic wind velocity Vo, the optimized structures delivered for cases Al, B1 and C1 are
susceptible to vortex shedding excitation. The optimized cable-stayed bridges provided by A2, B2
and C2 when compared to A1, B1 and C1 have a significant increase of tower longitudinal stiffness,
varying between 40.4% and 56.7%, which reflects in the frequencies of vertical modes of vibration.
The increase of material cost is equal to 9.6%, 6.7% and 6.3% for A2, B2 and C2, respectively.
The geometry and dynamic properties of the optimized cable stayed bridges obtained for Vi are

presented in Table 4. 6.

For basic wind velocity Vo3, the optimized structures provided by cases Al, B1 and C1 are
susceptible to classical flutter. Cases A2, B2 and C2 give the same optimized cable stayed-bridge.

This is explained by the fact that the limiting constraint is the critical velocity for classical flutter

(Is = 8.1 X 107*, Eq. 4.23), which does not depend on the parameters that differentiate
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A2, B2 and C2. The increase in material cost varies between 4.30% (A1 to A2) and 10.8%

(Cl to C2).

Table 4. 6: Design variables, frequencies and damping ratios for optimized cable-

stayed bridges considering critical wind velocity V..

. Cases of Analysis for Vo,
Element | Variables AD | a2 | B | B2) C) | )
Ha (m) 23.8 32.2 134 13.9 134 20.6
Ht (m) 70.8 77.2 60.4 60.9 60.4 67.6
Towers
TL1 (m) 3.39 | 449 3.20 4.44 3.20 4.74
TL2 (m) 2.30 2.16 2.15 1.92 2.15 2.15
tc (m) 0.28 0.29 0.25 0.25 0.25 0.25
D (m) 4.00 4.00 4.00 4.00 4.00 3.75
bl (m) 0.691 | 0.699 | 0.680 | 0.710 | 0.680 | 0.696
Deck tl (m) 0.044 | 0.044 | 0.043 | 0.045 | 0.043 | 0.044
b2 (m) 0.922 | 0.932 | 0.906 | 0.946 | 0.906 | 0.928
t2 (m) 0.044 | 0.044 | 0.043 | 0.045 | 0.043 | 0.044
w (m) 0.039 | 0.039 | 0.039 | 0.038 | 0.039 | 0.036
Cables N 7 6 7 7 7 7
15t f (Hz) 0.65 0.60 0.62 0.61 0.62 0.67
lateral & (%) 0.64 | 0.64 0.64 0.64 0.64 0.64
bending &y (%) 0.11 0.11 0.12 0.12 0.12 0.11
mode | & (%) | 075 | 075 | 076 | 076 | 0.76 | 0.75
18 f (Hz) 0.39 0.42 0.38 0.42 0.38 0.42
vertical & (%) 0.64 | 0.64 0.64 0.64 0.64 0.64
bending &y (%) 3.03 1.92 3.33 2.16 3.33 2.09
mode & (%) 3.67 2.56 3.97 2.80 3.97 2.73
1t f (Hz) 0.89 | 0.92 0.84 0.91 0.84 0.95
torsional & (%) 0.64 0.64 0.64 0.64 0.64 0.64
mode &4 (%) 042 | 0.69 0.10 0.64 0.10 0.68
& (%) 1.06 1.33 0.74 1.28 0.74 1.32
Total Cost 23.337|25.802 [ 22.058 | 23.644 | 22.058 | 23.531

(x$1,000,000)

according to Table 4. 2.

Notes: &: structural damping; ,: aerodynamic damping; §; = &, + &,: total damping; Vo1, Vo2 and Vo3
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4.4 Conclusions

In this study, the structural optimization of composite steel-concrete two I-girder cable-stayed
bridges is performed by using a numerical tool that combines a Discrete Phases Design Approach,
Finite Element Model (FEM) and Real Coded Genetic Algorithm (RCGA). Six main variables —
number of stay-cables, deck I-girder inertia, thickness of concrete slab, tower height above the
deck, and tower cross-section external dimension — are optimized via RCGA with the objective of
obtaining the minimum material cost that attend all the design constraints. Secondary variables that
are directly dependent on the main variables — deck I-girder dimensions, stay-cables areas and pre-
tensioning forces — are determined throughout the phases that compose the Discrete Phases Design

Approach.

The structural optimization considers dead and superimposed loads, live loads, mean and buffeting
wind loads. The design constraints include SLS and ULS requirements, besides critical wind
velocities of aerodynamic excitations. Three different hourly mean basic wind velocities are

evaluated.

The significance of considering wind loads in the optimization process varies depending on many
factors: basic wind speed and topography at the construction site; design code load factors;
restrictions to the maximum displacements applied to the deck and towers specified by the designer;
etc. Although there is a great number of possible configurations, comparing material cost as well
as the main design variables for the different cases of analysis, it is observed that the wind loads

have an important role in the structural optimization.

Contrasting results for three separated load combinations (DL+LL, DL+WL or DL+LL+WL) and
for all the combinations simultaneously (Three Cases) shows the importance of considering the
former during the optimization process. Among the three separated load combinations,
DL+LL+WL tends to be the most important combination for lower basic wind velocities while

DL+WL is more significant for higher wind speeds.

When comparing optimized cable-stayed bridge solutions for different SLS parameters, the cases
with more severe restrictions provide higher values of material cost as expected. But most
important, same relations between deck rigidity and tower longitudinal stiffness are observed with

the increase of basic wind velocity, regardless of the SLS parameters adopted by the designer.
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The results also show the importance of considering the critical wind velocities of aerodynamic
stability, especially for higher values of basic wind velocity. A maximum increase in material cost
of 10.8% is observed when taking into account the aerodynamic design constraints during the

optimization.

Overall, the results show that when the structure is optimized without considering the wind loads,
the structure tends to be more flexible and do not attend all the design requirements. In many cases
of analyses, especially the ones with higher wind speeds, the final cable-stayed bridge optimized
structure is obtained by considering not only dead, superimposed, live and wind loads, but also by

considering restrictions to aerodynamic phenomena.
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Chapter 5

5 Conclusions and Recommendations

The aim of this thesis is to perform structural optimization of two I-girder steel concrete
composite cable-stayed bridges under permanent and transitory loads, with focus on
evaluating the influence of considering moving live loads and buffeting wind loads.
Chapter 1 provided an overview about stay-cable bridges configurations and behavior, and
literature review related to the optimization of this type of structure. The optimization
procedure based on FEM, RCGA and Discrete-Phase Design Approach was first
introduced in Chapter 2, which consider permanent and moving live loads in the
optimization process. In Chapter 3, a correlation between displacements of theoretical and
experimental approaches due to mean and buffeting wind loads was performed to validate
the former approach. The theoretical approach, validated in Chapter 3, was used in Chapter
4 for considering the structural optimization of cable-stayed bridges under the action of
permanent loads, moving live loads, mean and buffeting wind loads. Items 5.1 to 5.3

summarize the main conclusions of each data chapter.

The structural optimization of cable-stayed bridges presented in this thesis provides a
preliminary design. In order to perform the final design, some extra analysis and design
cases, as described in Item 5.4, must be added to the numerical tool. Although the structural
optimization delivers a preliminary design of cable-stayed bridge, the numerical tool has
great contribution to the literature due to the inclusion of wind action. The comparisons
presented in Chapter 4 demonstrate that by disregarding the wind action (mean and
buffeting wind loads, as well as critical velocities of the aerodynamic phenomena), there
is great possibility of having a preliminary design that will require significant modification

when wind tunnel test is performed.

The material costs of optimum cable-stayed bridge solutions obtained in this thesis could
not be compared to the material costs of cable-stayed bridges in service, once the former
consists of a preliminary design as previously explained. Another fact that should be

mentioned is that the conclusions presented for the structural optimization along the thesis
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and summarized below depend on the lower and upper bounds adopted for the design

variables and on the geometric values that were assumed constant.

5.1 Structural optimization of two |-girder composite cable-
stayed bridges under the action of dead and live loads

Chapter 2 introduces the Discrete-Phases Approach that has two main characteristics. First,
the variables are divided into two categories: (i) main variables: number of stay-cables, I-
girder inertia, concrete slab thickness, tower cross-section external dimensions; (ii)
secondary variables: I-girder dimensions, stay-cable areas and pre-tensioning forces. While
the main variables are considered as design variables to be optimized via RCGA, the
secondary variables are optimized indirectly by discrete phases. Secondly, the way the
Discrete-Phases Approach was implemented simplifies the addition of new phases to

account for other effects.

For considering the action of permanent and live loads, the Discrete-Phases Approach is
composed of five phases: (i) Phase 1 determines I-girder dimensions to minimize the cross-
section area; (ii) Phase 2 calculates stay-cables cross-sectional areas; (iii) Phase 3
determines stay-cables pre-tensioning forces, displacements and internal forces due to dead
loads; (iv) Phase 4 estimates displacements and internal forces of the bridge under the
action of live loads; and (v) Phase 5 combines the results from Phases 3 and 4 to check if

they satisfy the ULS and SLS criteria.

Two design objectives were tested: (1) lightest deck mass; (i1) lowest material cost. Three
load cases were considered: (i) dead and truck plus lane live loads; (ii) dead and lane live

loads; (iii) dead load. The following conclusions can be drawn from this chapter:

) The displacements obtained for the optimal solution in both deck and towers
had very small values, demonstrating the efficiency of the design performed by

the Discrete-Phases Design Approach together with RCGA and FEM.



(i)

(iii)

(iv)

)

(vi)
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For the lightest deck mass as objective function, the tower cross-section
dimensions tended to reach their upper bounds in order to provide a very rigid
tower. The tower height above the deck also tended to reach its upper bound
value to increase the angle of inclination of stay-cables, and consequently the

capacity of supporting the deck.

The displacements of both deck and towers approached the limiting constraints
of all optimal solutions that considered deck mass as the objective function.
This allowed the construction of curves that relate deck rigidity, towers stiffness
and stay-cables mass and can be used for any type of deck and tower cross-

sections.

Stay-cables mass increase/decrease with an increase/decrease of deck mass,
once the stay-cable cross-sectional areas were determined using a continuous

beam FEM model of the deck.

By considering the truck in live load analysis, the deck mass value increased up
to 12% when compared to optimum solutions that only consider uniformly
distributed live load. These results demonstrate the importance of considering

both truck and uniformly distributed live loads in the optimization process.

When material cost was considered as the objective function, the optimal
solutions could not be directly compared to the ones for the lightest deck mass.
Despite this, when the solutions present analogous tower cross-section, their

material cost differs by less than 5%.
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5.2 Comparison between the theoretical and experimental
wind responses of a full aeroelastic model test of a
cable-stayed bridge

A comparison between the wind response of a cable-stayed bridge predicted by theoretical
and experimental approaches was performed. In the theoretical approach, buffeting
equivalent static forces due to turbulent wind flow were calculated taking into account
static force coefficients provided by the static sectional model test, and other parameters
such as gust spectral density, aerodynamic admittance, and joint acceptance function. Wind
loads were then applied to the finite element model of a cable-stayed bridge case study to
obtain mean and peak displacements of the deck and towers. These results were compared
to the corresponding displacements obtained from the experimental approach, i.e. the full

aeroelastic model test of the same bridge.

Some sources of uncertainties that can explain the differences in results between the two
approaches were identified: (i) the theoretical vertical turbulence intensity profile could not
be checked against the experimental one; (i) in the lack of flutter derivatives values
provided by dynamic sectional model tests, the theoretical approach considered
approximated aerodynamic damping ratio equations; (iii) the theoretical approach also
considered approximated aerodynamic admittance functions, which are naturally taken into
account by the experimental approach; and (iv) unlike the theoretical approach, the
experimental approach considered the features of the terrain and was able to identify other
phenomena like vortex shedding and flutter. Despite the uncertainties summarized above,
the theoretical-experimental correlations presented in Chapter 3 were very good for
rotations, and more than satisfactory for drag and lift displacements at the deck. The
correlations showed that the theoretical approach overall can successfully estimate the

displacements of the experimental approach.
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5.3 Structural optimization of two I-girder composite cable-
stayed bridges under the action of dead, live and wind
loads

As suggested by the bibliography presented in Chapter 1, the objective of Chapter 4 was
to cover a gap in the literature, which is the consideration of buffeting wind loads during
the optimization process of cable-stayed bridges. The structural optimization of steel-
concrete composite I-girders cable-stayed bridges under the action of permanent loads, live
loads, mean and peak buffeting wind loads was performed through the numerical tool used
in Chapter 2 that is based on FEM, RCGA and Discrete-Phases Approach. In order to
account for the wind effect, three new phases were added to the Discrete-Phases Approach:
(1) for performing free vibration analysis; (i1) for determining displacements and internal
forces due to mean and peak buffeting wind loads; and (iii) for estimating the critical wind

velocities for aeroelastic phenomena.

A cable-stayed bridge case of study was optimized for obtaining the lowest material cost
for the structure. Three basic wind velocities were evaluated, and different SLS parameters
were assessed. Three load combinations were considered: (i) dead and live loads (DL+LL);
(i1) dead, mean and buffeting wind loads (DL+WL); (iii) dead, live, mean and buffeting

wind loads (DL+LL+WL). The conclusions that can be drawn from this chapter are:

) Discrete-Phase Design Approach’s advantage related to the practicality of

incorporating new phases to account for other effects has been verified.

(i) The results showed that the load combinations DL+LL+WL and DL+WL tend
to be the most critical case for lower and higher wind velocities, respectively.
This demonstrates the importance of considering wind loads even for the lowest

value of basic wind speed (Vo,1).

(i11))  The same relations between deck rigidity and tower longitudinal stiffness were
observed with the increase of basic wind speed, independently of the SLS

parameters adopted for the structural optimization process.
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(iv)  The results demonstrated that by considering critical wind velocities of
aerodynamic phenomena as constraints, the material cost increased up to
10.8%, demonstrating the relevance of these constraints in the optimization

process.

Overall, this thesis contributes by providing a new procedure for structural optimization of
cable stayed-bridges based on FEM, RCGA, and Discrete-Phases Design Approach. This
procedure simultaneously reduces the number of design variables, and facilitates future
implementation of additional load cases. Moreover, this thesis demonstrated the
significance of considering truck live loads, the importance of evaluating buffeting wind

loads and assessing critical wind velocities for aeroelastic phenomena.

5.4 Recommendations for future research

For future research, the following suggestions are made in order to complement this study:

= Add anew phase to the Discrete-Phase Design Approach to calculate the loads due
to vortex shedding excitation, instead of considering its critical velocity as a design

constraint.

= Add new phases to the Discrete-Phase Design Approach for considering seismic

analysis and to evaluate construction stages.
= Add a new phase for performing fatigue analysis.
= Account for the dynamic interaction vehicle-structure.
= Account for the fluid-structure interaction.
= Account for creep and shrinkage of concrete.

Additionally, other parameters can be included to:
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Perform structural optimization for longer spans of cable stayed bridge, with

different proportions of main and side spans.

Consider different number of stay-cables per spans.

Consider different tower cross-sections along the height and consider the

thicknesses of the hollow concrete box cross-section as design variables.

Consider different deck I-girder inertia of deck cross-section along the bridge

length.
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Appendices

Appendix A: Examples of cable-stayed bridges constructed in the last 40 years.

Table A. 1: Concrete cross-section cable-stayed bridges (Svensson, 2012).

Cross-section Bridge Name Country Year | Main span (m)
Thin concrete Diepoldsau Bridge Switzerland | 1985 97
beams Evripos Bridge Greece 1993 215
River Leven Bridge Scotland 1995 115.2
2 concrete East Huntington Bridge USA 1985 274
girders Rosario-Victoria Bridge | Argentina | 2000 330
Helgeland Bridge Norway 1991 425
Brotonne Bridge France 1977 320
2" Panama Canal
Box girder Bridge Panama 2004 420
Barrios de Luna Bridge Spain 1983 440
Skarnsundet Bridge Norway 1991 530

Table A. 2: Steel cross-section cable-stayed bridges (Svensson, 2012).

Cross-section Bridge Name Country | Year | Main span (m)

Alamillo Bridge Spain 1992 200

Rhine River at Ilverich Bridge | Germany | 2002 287

Rhine River Wesel Bridge Germany | 2009 335

. Sava at Ada Bridge Serbia 2011 376

Box girder - -

St. Nazaire Bridge France 1975 404

Tatara Bridge Japan 1999 890

Sutong Bridge China 2008 1088
Russki Bridge Russia 2012 1104

2 box girders Stonecutters Bridge China 2009 1018
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Table A. 3: Composite steel-concrete cross-section cable-stayed bridges (Svensson,

2012; Pedro & Reis, 2016)

Cross-section Bridge Name Country Year | Main span (m)
Heinola Bridge Finland 1994 165
Elbe River Bridge Germany 2008 192
Burlington Bridge USA 1993 201
Quincy Bridge USA 1987 274
Cape-Girardeau Bridge USA 2004 350
i Industrial Ring Road Bridges Thailand 2006 398
2 plate girders . .
Nanpu Bridge China 1991 423
Second Severn Crossing | o i) wales | 1996 456
Bridge
Alex Fraser Bridge Canada 1986 465
Arthur Ravenel Bridge USA 2005 471
John James Audubon Bridge USA 2011 482.5
Rion-Antirion Bridge Greece 2005 560
Erqi Yangtze River Bridge China 2011 616
3 plate girders Hooghly Bridge India 1992 457
i Baytown Bridge USA 1995 381
4 plate girders ; ;
Ting Kau Bridge Hong Kong | 1998 475
Xupu Bridge China 1997 590
2 box girders Yangpu Bridge China 1993 602
Queensferry Crossing Bridge Scotland 2017 650
Karnali Bridge Nepal 1993 325
Truss deck Mercosur Bridge Venezuela - 360
Oresund Bridge Bzvrfizrr‘k 2000 490
Hybrid Baluarte Bridge Mexico 2013 520
References

Svensson, H. 2012. Cable-Stayed Bridges. 40 Years of Experience Worldwide. 1 ed. Ernst

& Sohn GmbH & Co.KG.

Pedro, J.J., and Reis, A.J. 2016. Composite cable-stayed bridges: state of the art.
Proceedings of the Institution of Civil Engineers - Bridge Engineering, 169(1): 13—

38.
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Appendix B: I-girder dimensions for width-to-thickness limit ratio of Class 3 in order

to minimize the cross-section area.
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Appendix C: I-girder dimensions for width-to-thickness limit ratio of Class 2 in order

to minimize the cross-section area.

Figure C. 1: I-girder depth as a function of the Class 2 I-girder inertia.
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Figure C. 2: Bottom flange width as a function of the Class 2 I-girder inertia.
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Appendix D: Finite element modelling of concrete-steel composite two I-girders deck

translational
mass

Figure D. 1: Finite element modelling of concrete-steel composite two I-girders deck

according to Wilson et al. (1991).

The composite steel-concrete deck modelled as a spine is positioned at the concrete slab
elevation to provide the correct geometry of the model. Two horizontal rigid links, both
with length equal to the half distance between I-girders, are considered to give the correct
offset of the stay-cables. In addition, two vertical links with length equal to the distance
between the shear centre and the centroid are considered in order to provide the proper
torsional and transversal behavior of the deck (WILSON et al., 1991). The stay-cables
anchorages at the deck are positioned at the connection of the horizontal and vertical rigid
links. Translational masses and rotational masses are applied to the model in order to

calculate the mass matrix to be used in the dynamic analysis.

Reference

Wilson, J.C, and Gravelle, W. 1991. Modelling of a cable-stayed bridge for dynamic
analysis. Earthquake Engineering and Structural Dynamics, 20(8): 707-721.
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Appendix E: Aerodynamic coefficients and flutter derivatives

B
« "y

Figure E. 1: Geometry of plate girder section model evaluated by Lin et al. (2005).
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Figure E. 2: Drag coefficients (Lin et al., 2005).
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Figure E. 3: Lift coefficients (Lin ef al., 2005).

Cm

0.08 — .
Plate girder

Model 2-1 (/11=13.3)
Model 2-2 (BH=10)
Model 2-3 (B/H=6.7)
Model 2-4 (B/H-4)

0.04

012 T

L L L L L L L |
6 -4 2 0O 2 4 6

Attack angle (degree)

I
10 -8

Figure E. 4: Torsional coefficients (Lin ef al., 2005).
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Figure E. 5: Flutter derivative Hi"* (Lin ef al., 2005).
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Figure E. 6: Flutter derivative A2" (Lin et al., 2005).
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