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Structural Optimization

Widely Used Technique (e.g., aerospace, automobile, defense)

But Not So Common in Civil Engineering

Many Uncertainties

Reliability Based Design Optimization Considers

Uncertainty Parameters EXxplicitly



Benefits & Payoffs

Beara > 4 Viable
.\~ »
% Sustainable
Equitable

Robust Optimum Design + Reduce Carbon Emission
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What Is Optimization?

Design variable — x=(x1, X2, ..., Xn)

Obijective function— minimize f (x)
such that
Side limits — Ibi<xisubi 1=1,2,...,n
and
g1(X) < by
Constraints 4 g2(x) < b2

\

gm(X) < bp




General Optimization Flow Chart

Uncertainty in Analysis?
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Uncertainty in Parameters

[ Deterministic Approach J { Stochastic Approach J
v vV
Deterministic system Statistical properties of
response system response
J
Safety factor l l Reliability index
Over/under-designed [ Robust system ]

system




Two Methods

Sampling Methods /Moment Methods \

* Monte Carlo Samplin
plline - [15t Order Reliability Method |

e Latin Hypercube Sampling . 2nd Order Reliability Method

« Importance Sampling iy

o 100




First Order Reliability Method (FORM)

Limit State Function:  G(X)

Probability of Failure: Pf =

X, —
Xl and X2 » ui = : ﬂxi

(Txi

Eurocode for bridges (EN1990)

B=5.2 for 1 year period

B=4.3 for 50 years
B=3.8 for 100 years (P;=7E-5)

ﬁ random variables
= R(X) - S(X) R: resistance S: Load

P[G(x) < 0] = D(—f)

reliability index

- mean values
o,;- standard deviation u-

G(u)=0

=

B=minyU"-U




Adding Reliability

« Determine 7

l ] RIA method
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Reliability Analysis of flutter

What is Flutter?

Aerodynamic instability of flexible structures
Fluid structure interaction

Coupling of modes

Zero effective damping

Mod. Fluid

Pressure & More Struct.

Velocity Field Deform.
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Scanlan’s Formulation

D, PP P BR (V) PP P BR (V)

1 * * * . 1 2 2 * * *
f= L (=5 VKB Ho HD BH, [+ 2 VKA Hy HL o BHG w
M, BA, BA' B°A)|¢] BA; BA, B°A (4

Mi+Ca+Ku=f =Cu+Ku = (A—I)w,e” =0

w, = f frequency

.
é/_ — J . _ . -
j /_ajz + p structural damping  ;=0— flutter instability

ﬂj:“jiiﬂj{
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Methods for Flutter Analysis

Full Bridge Model Test Hybrid Method
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Flutter analysis for Different Deck Shapes

1. Definition of the Deck Baseline Geometry and Design Range

— (@1 +10%B +10%H -10%B -10%H =— — -10%B +10%H —— +10%B —-10%H
27.0m

11.27 m

- : —
18.1m 0.1B
B 1
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Flutter analysis for Different Deck Shapes

1. Definition of the Deck Baseline Geometry and Design Range

— G1 +10%B +10%H -10%B -10%H — — —-10%B +10%H - +10%B -10%H
27.0m
11.27111
H i
18.1m 0.1B
B |
2. Sampling Plan of Computational [" ]
Fluid Dynamics (CFD) Models |
Gl
I
< —5F
_ AB (%)
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Flutter analysis for Different Deck Shapes

3. CFD Simulations by OpenFoam (kw-SST turbulence model)
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Flutter analysis for Different Deck Shapes

4. Wind Tunnel Test Validations

mEg Experimental —
A4 s Numerical —
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Flutter analysis for Different Deck

5. Kriging surrogate model construction

Cpla=07)
Cula=07)
Cula=0)

6. Quasi-steady formulation to define flutter derivatives
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Shape

Modified FEM

P and w

Multi-Modal
Analysis

Mode 1 (lateral)
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RBDO Formulation: Shape & Size

Design Optimization Reliability Analysis
6 design variables: _
J P 7 random variables:
ABrange Lo /dz
_}<‘,- > 0.12
\\\\\ T J% (1(:;51; N\
e —e——— =S & (1:()6 [ \‘\ ‘g
AHrange d 0.04 ,ff \\\ ‘ 3
n,o‘z) ] _
Obj Func. 0 20 40 60 80
Min: bridge deck volume Ly y
: fxw(xw)=—exp(—ﬂ)oexp{—exp(—ﬂ)}
Constraints: B B B

gl:|probabilistic flutter |«

g2: side limits G(x) =V, (X)—X,

g3: deck max. vertical displacement

under overload case X;: rand. variables of force coeff.
g4: max main cable stress X,,: rand. variable of extreme

N

19




—

Flowchart: RBDO

Design optimizatiorn

Initial values, do, Xo

|
v

\

Marlab: Calculate girder

mech. properties, Ix, 1, J, A &

main cable area

L

Matlab, Abagus
Calculate initial cable
gcometry-+stress

[
v v

Abagus: Abagus:
static modal
analysis analysis

2]

Zu mode shapes

Reliability analysis

-
|

xu= [Cr, Crr, Cp, Cr’°, Carr’, Cp’, xm

h 4

transform Xz —wux

|
-

v

flutter derivatives (QS)

!

compute:

Y

| nat. freq.

|
I
call surrogate
model

Cr, Crar, Cp, Cr’°, Crr’, Cp’

check constraints

Yes
optimal design?

av
vy, Yo
7

!
G(u)
oG

ou,

£

!

converge

— optimization algorithm

!

modifies d /
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[ ]
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Final design
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Application Example: Great Belt East Bridge

— Gl +10%B +10%H  — — —10%B—10%H — — —10%B+10%H —— +10%B —10%H
, 27.0m ,
T T127m

H

_ 02H AN =

—_— : J —_

0.1B 18.1m 0.1B
T B 1

Scanlan’s G1 Section
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Flutter Analysis: Initial Design

Mode Shapes and Frequencies

31.76m

Mode Type Frequency (Hz) 27 00m
2 VS 0.098 e 7 9
5 VS 0.131 oo . .
11 LS 0.186 = 18.11m 4
12 LS 0.195
13 LA 0.213 Q:H[Eg: ?c?,_loo, 10] (mm)
14 LS 0.213
15 VS 0.216
18 VS 0.249
19 LA 0.275
20 VS 0.282
21 TS/ILS 0.285
22 VS 0.285
23 VA 0.286 V,=78.2 m/s
24 TS/LS 0.290 K=0.47

V: vert. L: lat. T: tors. S: symm. A: asymm.
22



Reliability Analysis of GB Bridge

L. ] ¥ Random variables of force
Limit State Function: G =V, (X) — X, coefficients

Probability of Failure: p — p[G(d,x) < 0]

Random variables:
— Case A: Extreme Wind Velocity

— Case B: Force Coefficients, Derivatives, Extreme Wind Velocity

case | andomvar |_cv |5 _p._Lv.0vep) L v(uep

0.07 12.01 1.57E-33 78.20 13.22

0.2 758 1.73E-14 62.13 12.33
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RBDO Formulation

6 Design Variables 7 Random Variables
AB << : . 3 '/;2 :;:IE a
range —-<< < - e 0.06 \ 9

I B ///% - .
Yj__\z__Jd ’ 0o 0 4 60 80
AH range .
f,,(X,) = exp(- XW“‘)-exp[ exp(~ } DS410
' B B ﬁ
Ge RBDO formulation: \ Initial Design
Minimize: Bridge Girder Volume p=7.58

Subject to: g PlV.(x)—x, <0|<P U
1 f W f

g, 1 —10% < AH, AB <10%; £,,:5 mm <7, <25 mm

g.:z,<z (z =L/500;L=1624m
T (= ) Target
\_ &, 0, =563Vpa ) NI
Reliabilities
=6 and 8
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RBDO Results

B'=6.0 t1: top plate
¥-60  t2:bottom plate
: t3: upper side
t4: lower side

H, B (%)
.

Plate thicknesses (mm)

2
0 FE
72 4 i L L 1 L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
[teration [teration
T=8.0
67-80 B'-8.0
16 i FTTTTITRATIN T PP S TR

—H— f---A-i-- g

H, B (%)
w
Plate thicknesses (mm)

0F BA LA LD L A AAABAASL AL
0 5 10 15 20 0 5 10 15 20
[teration Iteration
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. 2
Deck cross sectional area (m ™)

RBDO Results

Objective Function
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RBDO Results

Objective Function

- S RBDO Results Summary

: , obj. func.

Inltlal 78.2 12.0 10.0 10.0 10.0 -

569.45 10.00 451 6.48 6.63 6.24 6.24  -26.07
BSZ.1O 10.00 -0.32 9.51 11.82 8.02 9.58 -4.76

/< \'\ B7=8.0 />
initial
/

B7=6.0 N
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1. RBDO Provides Accurate & Competitive Optimum Design for Considering
Uncertainty Explicitly.

2. Fully Numerical Approach of Flutter Velocity Computation Permits the Shape
Optimization of Bridge Decks.

3. More Probabilistic Constraints in the Future Study (aerodynamic instabilities,

turbulence effects, traffic loads, temperature loads...)
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Thank youl!

Thank You for Your attention.

| hope You enjoyed the presentation



