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Analysis and Design of Vibration-
Suppressing Systems for Stay Cables
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Introduction
motioneering _ _
’ =  Known cases of vibrations
é = Phenomena and reasons for cable vibrations

1

Methods for assessment of cable vibrations
= Practical formulae for assessment of vibration likelihood
= Analytical methods for response predictions

Design Considerations
= Case Study: Ironton-Russell Bridge

= (Cable vibration analysis
= Vibration-suppressing system
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Bridges with Cable
Vibration Problems

Filky Second Severn Crossing, UK

Fi"l;ik'lu Completed 1996

Fred Hartman Bridge, USA
Completed 1995

Veterans Memorial Bridge,

W. Virginia/Ohio, USA, 1990 Faro Bridge, Denmark
_ Completed 1984
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/Phenomena and reasons for cable vibrations
~ . Sources of Cable Vibrations

amymemenes w - Aerodynamic and aeroelastic instabilities

_B}, motioneering - vortex shedding (low amplitudes — 0.5~1D)
f - rain-wind vibrations (large amplitudes - 1~2 m)
g - dry inclined galloping (large amplitudes - 1~2 m)
m—

= Other probable sources of vibrations
- direct wind buffeting on cables (order of 1D once in 100 years)
- bridge vortex shedding & wind buffeting (large amplitudes - 1~2 m)
- vehicles & pedestrian (typically small)

Note: D — cable diameter
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W 1 Phenomena and reasons for cable vibrations
~ . Why stay cables vibrate?

P>
NS agits = \\‘ \\‘\.
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5 = |Low structural damping

— - structural damping - extremely low 0.03~0.1% of critical, where

aerodynamic damping may be significant, on long cables at
high wind speeds it could be more than 1%

= Low mass — typically 50 - 150 kg/m

= Non-linear structural behavior
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Cable
tension Cable with sag
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Structural properties

Non-linearity of
cable stiffness

Straight element

=

Extension

Response at the instrumentation point

T

\
Frequency - 0.465 Hz
Damping Ratio 0.08%

and very low
structural damping

Vertical deflection (cm)
o

i

On long cables,
low frequencies,

N”l I“”l” I IH I

0.5 15
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Governing stability parameter
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= Scruton number S
y ]

(also called mass-damping parameter)

o 1 — mass per liner length
_ ¢ — structural damping
p —air density
D — outside diameter

= Without damper devices SC IS very low
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“D\:f What do we know of the excitation
"~ phenomena
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g = Vortex shedding A
. = Rain-wind induced vibrations > Generally understood
= Direct wind buffeting

= Dry inclined cable galloping | Complex phenomena,
= Motion-induced vibrations focus of current research

J \
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Instabilities - Vortex Shedding
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2S mode 2p mode

[data from Sherbrooke University — courtesy of Dallaire and Laneville, 2005]

E UNIVERSITE DE
Cable Stay Workshop 2006 - St. Louis, MO SHERBROOKE 9



___ S

CONSULTING ENGINEERS

& SCIENTISTS

/ Cable model

\.\
/" (D-160mm¢)

Wind tunnel testing on cable model

Cables vibration test with moving water rivulet under rain and wind simulations

[courtesy Professor M. Matsumoto] ,"Eﬁﬁl
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Methods for assessment of cable
vibrations
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g = Practical formulae for assessment of vibration likelihood

m—

= Analytical methods for response predictions

Cable Stay Workshop 2006 - St. Louis, MO
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Practical formulae for assessment
of vibration likelihood
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_2.

s ® Onset speed of any instability Vonset) > \/

criteria

= Vortex shedding responses would be small if Sc > 25

» Rain-wind oscillations will not occur if Sc > 10

= Other instabilities Sc > 7
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Il Analytical Methods for Estimation of
. Cable Vibrations
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= VVortex Shedding - Ruscheweyh 1986, ESDU 96030

-

= Rain-Wind Vibrations — not available

* Dry Inclined Galloping — Macdonald 2005

= Tower-Cable-Deck Excitations

Fujino et al 1993, Lilien and Pinto da Costa 1994
Virlogeux 1998, SETRA-LCPC 2002,

Direct Simulations in Time Domain
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Dry Inclined Galloping

= EXxperimental results, turbulence corrected
(Macdonald 2005)
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¥

ritical onset velocity

m—

= Minimum damping
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Dry Inclined Galloping
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Tower-Cable-Deck Interaction
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é » |aboratory tests and full-scale measurements confirm
W= excitation of stay cables due motions of deck and towers
(Andersen at al 1999, Macdonald 2000)

* These interactions are a consequence of frequency
similarity between global bridge modes and the
fundamental modes of the stay cables

Cable Stay Workshop 2006 - St. Louis, MO
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Tower-Cable-Deck Interaction
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ﬁ = This excitation mechanism can cause:
—
= Fatigue of the cable stays
= Discomfort of users on the bridge
* Interruption of the normal bridge operations
» Failures

= All vibration sources must be assessed during the design
of the bridge.

Cable Stay Workshop 2006 - St. Louis, MO
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Tower-Cable-Deck Interaction
Dynamic Response of Cables
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*= Anchorage Displacements
7 4
Along the cable X, = ‘(xfn — xr?]) an . 5. 7
| - éifw
Lateral Y, = ‘(y}n - yﬁ]) a, | ot

= 3. are generalized displacement amplitudes obtained from numerical
predictions of operational responses to wind, traffic, pedestrian, etc.
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Tower-Cable-Deck Interaction
Dynamic Response of Cables
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-& Q.

Modal frequency ratio =
VFME

Fundamental frequency of cable W,

mt" modal frequency of bridge Q.

(estimated from FEA)

Total damping ratio
(€, = aero, &g = structural)

Cable Stay Workshop 2006 - St. Louis, MO
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WD\: Motion-Induced Cable Vibrations

Lateral Excitations
/y’ Perpendicular to the Cable Axis
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Tower

|
Deck ||| Y
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Motion-Induced Cable Vibrations
Excitation Perpendicular to the Cable Axis
at Primary Resonance: r, =1
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100

fnais 2 S
z Peak Modal Response : AR
F - 5 é
2r, I g
A —Y. .—.mn, H( ,ﬂ) =
k,mn mn 7Zk3 é:T,k k E
Mechanical Admittance 1
0.75 1.00 1.25
r 1 Frequency ratio r (excitation/cable)
(s -
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Parametric Excitation
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Longitudinal Excitations

/;V’ Parallel to the Cable Axis
gy
O
z
H
|Deck L
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Parametric Excitation
Excitation Parallel to the Cable Axis at
Parametric Resonance: r, =1, 2

SULTING ENGINEERS

! Parametric instability regions (Nayfeh and Mook 1979)
B 25 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
é | - Zonel
— ‘
A— e, =2
gl-s— ffffff | Higher excitation amplitude |
5 | required to enter Zone 2 | |
g ‘ ‘ ‘ ‘ ~ Zone?2
1 i —
r, =1
0.5 I v — ——————+—
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32

Reduced Amplitude - a
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Parametric Excitation

Excitation Parallel to the Cable Axis at
Parametric Resonance: r, =1, 2

CONSULTING ENGINEERS
| & SCIENTISTS

—
!

= Although instabilities are possible, there is clear case
é identified on an existing bridge.

= The excitation amplitudes (anchorage displacements)
required for triggering cable vibrations could be large.
High winds, over prolonged time durations would be
required to attain an instability condition.

* The increased aerodynamic damping at high wind
speeds is expected to prevent such instabilities from
reaching significant amplitudes

Cable Stay Workshop 2006 - St. Louis, MO 24



Design Considerations
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‘= Cable vibration could be controlled via
é = aerodynamic modifications — effective for rain-wind vibration

rmmw = ncreased damping — has limits of how much damping could be
added, damping is frequency dependent

» frequency detuning — cross-ties effective only for close to In-
cable-plane vibrations

= Selection of Vibration Suppressing System
= depends on the geometry and dynamics of given bridge
= cost effectiveness & contractor capabilities
= maintenance and long-term performance
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— Case Study:
the Single Tower Schema
for Ironton-Russell Bridge

Cable Stay Workshop 2006 - St. Louis, MO
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The Ironton-Russell Bridge
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Schema of the proposed Ironton Russell Bridge

= To span the Ohio River between Ironton, Ohio and Russell, Kentucky
= 35 cables in each cable plane - 18 main span, 17 back span.

= Longest stay cables in North America: 291 m

= Design by Michael Baker Jr.

= Given bridge configuration was not awarded for construction

Cable Stay Workshop 2006 - St. Louis, MO 27
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Cable Vibration Analysis

Cable Stay Workshop 2006 - St. Louis, MO
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Modal Frequency Comparison
Ironton-Russell Bridge
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Buffeting Response Analysis
Ironton-Russell Bridge

Buffeting response
of 30 modes up to 1.9 Hz

Cable Stay Workshop 2006 - St. Louis, MO




& SCIENTISTS

DSB‘IQB‘) YU DA- HEH .ﬁ.i‘ﬂﬂ E-mp
]

Response Analysis

(G Fle Gt Wew It Fomst Mah Symboks Window fel BEES

- lronton-Russell Bridge oo omoaer oo

= ][ Tiwes Hiews Psman = s ry|Esa

21 Transverse sxciation

[-EES]

WAt RN sO00C0
TmeiMemfionsn w11 v| B S U Womd - ¥ - -‘iu"'ﬂ
N [ O [ Wi J ] ] o * a R 5 u il
2 PARAMETRIC RESPONSE OF CABLE
4| Cable Neber [ ) Estimse Lingoadinl Exctativn Resgsnse? [ ¥ ] (¥ or leave task) }
i - ! -
10 N Cble Dota + t Static offect _ A
1 1 Cable Frequency 083 ] Hz a— | A I
13 Tewsverse Duoping  [00H ] ]
1 | Vertical Damping ] 3] T i ¥ L
- 1 Cadlelnclimanon (3530 ]° [Eo—| “ ek o Erry %,
ii Reference Wind Speed [536 ] mis T | m & -_ -~
| 3 Cable End Displacements Press F1 fos bk, AT Paw 2
n De(knxhuw Projestions Tower Anchorage Projecsons End Displacements F T P (o ey T N .
= swm Medsd g . i A - j U A I AR A = 000m &0
= Nm: m:tmwww i) () () e (e (om) (omw (i) e TRt
X Mecrmalised Coordimates. ¥ e i) Normalised Coordingtes L e (0] egull) g1y Yl (DT UM 1w eeble wme wector 1
A 1 NHE A00M 03 DAMAT 0010ME 0 0396 I 0 asa
-] ) 0447 00811 0.0MH06 0 00IHH 058580 ane 0% s e TOTAL RESPONSE
£ ] 3 0473 003153 02442 0T o 000401 -0 0.036 ol ame a1 7
n 4 0483 002411 035504 014086 D065 0 0130 00s6 o D440 i Tom 2 Tord Total Rargriensn
= 5 055 006 040 001 000639 011677 | GU60 0136 0O77 530 M ek im0 (el 0 o= w{ ] e Mg
n ] 0SE3  .DOS3EE .04EDIS 009509 000NTS DONIT G034 0BG 0M3 sl A A S amT oam o Inl- el
3 7 U613 01626 025784 UOIES DOOMM4 003M9  00M 004 0131 0300 ) . Gam aoss 0sie aoes
» 8 0675 010457 02485 014086 D.00SES1 000345 GI3  00S3 OS5 0ZM M WA 130 LR 10 A ol - 715100
% ] 0T QIWS 01480 2% ONIG QGNOT  BIM DT 00 Qi b M4 4T im i TP
£ 1 0758 003515 061790 O0M4I4T -D104F 004 D105 [} 0430 oW 847 LB 0L L3
» 1 0777 000830 046004 D013 D009 0O | 8012 005 0I4  0459 M K e oml i3 .Y ae 08I
&< 3w A L Wel2l T WA G% ams nme aam
o Rl ¥ wam I Bk KA KM G55 176 030 16X - ol e
o R u 7 18 WA ORA BA WA KA KM Ge Lw 08 LHT Rm& *
Al 1 axs 13 T T T T T AT T
R4 1 o0 g A ORA MM KA KK BRI o3 1o =l8lx| 08
E3 R 1 OLLY 03T iE A Ma Ea Wik Wik A a1 Bl -
= R 1 oarM 8M IE BA RA Ra Wik WA WA
n R iy o0 818 3 B M WA WA WM W a0
R o o = 0tda
" oHs 1 o 0B an em b T T T Y
» kX i o3 e T T T Y
» i 14 L) A Ma Ea Wik M M 1
=2 : A Mo omow m— a
o iz FE T T T T Y TrimusisoL]: Lot L L LA
=B - ~H - BEE = .
»oE H % 3 Wa WA WA Wk W D ;]llx.l'--- EE .ﬂq-u-ﬂ:-n
» KB & Frras BA RA B MM N WA I i W Ay
E 3 L] A Ea o Ea Wk WA WA —
LR 3 LE ] Ea Ea Ea Wk WA WA
iy 3 TS WA RARA N NNk
€ 3 B i i J -
1 1% Cabile Frequeney Hoel-allsl H=01B:
12| Trmsverse Dampmg 3 -
| Vertical Dasping - ; s i e
" 1.1 11 i
16 0 = q o
W Zenst e Jl-a't i i ¥, k=onl
" @ 2 1 i aem |
" & TackgTnd
a = (=)
: Zone 2 ,—.;- 1+ 287 . = - L B iR B4l
4% tovpeney
| Requaed Amplinsde for Zome 2 Tnseability e e wads  pesiacor
# | According to Pinte Da Costa
% Foqured oMIE m « infagratin boundary
F] Actual e (0012601 m o
n Meds 1 - 04l ®oo0 DM 0® o 07 e 02 0M 0E 0R
o Redoced Amplude
n LONE 2 INSTABILITY UNLIKELY © * st
k'l
= ]
A O T i
GOEERED Asseninet i ¥
i
Cable Stay Workshop 2006 - St. Louis, MO




SO %

ISULTING ENGINEERS

& SCIENTISTS
6
N
5

Total Peak Response (ft)

Cable Stay Workshop 2006 - St. Louis, MO

Virlogeux Formulation

1§
14

I

ROI ROZ RO3 RO4 ROS RO6 RO7 ROS RO9 RIO RI1 RI2 RI3 RI4 RIS RI6 RI7 RIS R19 R20 R2I

i

i

Cable

R22 R23 R2

Figure 1: Cable Parametric Response

Design Wind Speed - 68.9 mph

Ll

4 R25 R26 R27 R28 R29 R30 R31 R32 R33 R34 R35

32



Response Amplitude (ft)

Total Responses at Design and Service Wind Speeds
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Assessment Conclusions
Ironton-Russell Bridge
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= Stability control demands for Vortex Shedding, Rain-Wind Vibrations
é and Dry Galloping lower than the demands for suppressing

— Motion-Induced Vibrations

= Parametric instabilities — unlikely
= Motion-induced amplitudes would exceed 0.5D criterion

= Largest vibration amplitudes associated with mode 2 of the tower and
mode 3 of the deck

= Vibration mitigation will be required
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Proposed Vibration
Suppressing System
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Proposed Mitigation Scheme
Ironton-Russell Bridge

i
ELDS

= Cross-Tie System to control in-plane motions

= External Lateral Dampers (ELDs) to control sway motions.

Cable Stay Workshop 2006 - St. Louis, MO
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External Lateral Dampers
Design by Motioneering Inc.

E) motioneering
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= ELDs will be installed on 10 of the longest cables.

= Expected to contribute approximately 4% modal damping
to the cables.

GENESIS

Cable Stay Workshop 2006 - St. Louis, MO



External Lateral Dampers
Design by Motioneering Inc.
Conceptual Design by Genesis Structures
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i / | | %
/ i i

. GENESIS
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Accumulation of tensions in a crosstie cable

Cable Stay Workshop 2006 - St. Louis, MO
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Estimation of Cross-tie Tension

Loading Scenarios:

1) winds normal to bridge; and

SULTING ENGINEERS
. &SCIENTISTS
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i

é Loads induced either by:
1

2) winds at skew angles to the along bridge axis

a) a direct buffeting on the cables; or
b) from external excitations such as wind buffeting on the bridge

(motion & parametric excitation will always be present)

Maximum values do not occur for the same wind direction.
For Scenario (1) tie forces due to (a) are minimal and to (b) maximal

For Scenario (2) tie forces due to (a) are maximal and (b) minimal

For this bridge Scenario (2) was found critical

Cable Stay Workshop 2006 - St. Louis, MO 40



Numerical Modeling of Crossties
Ironton-Russell Bridge
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— 1st Vertical cable mode 1%t Vertical fan mode
0.44 Hz 1.12 Hz

SAP2000 nonlinear

Freguencies are de-tuned

E motioneering
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sl Modeling of Crossties and ELD:
" Reduced FEM Cable R35

R35

CONSULTING ENGINEERS

e I W
motioneering WWWW DaShpOt for N
’ ‘;-W{m‘ww Tower
I Excitation
r -
Springs /
Representing
. . Y
Crosstie Stiffness » MW‘W‘
| w.\(w‘h'w.'“ j
Wﬂ Deck
EXCitatiOn

» Reduced FEM of longest cable

= Direct buffeting responses on cables included in the analysis.
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Modeling of Crossties and ELD:
Reduced FEM Cable R35
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E motioneering
[ &

15t Lateral Mode - 0.46 Hz 15t Vertical - 1.11 Hz

SAP2000 nonlinear
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Modeling of Crossties and ELD:
Typical Response Time Histories

R35 Response to buffeting (no mitigation)
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Case Study Conclusions
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—'f = Due to the tower motions, excessive lateral sway motions of the

é longest cables were predicted

r .
= EXcessive in-plane vibration of several cables also predicted,

due to vertical deck motion

= The vibration suppressing system included ELDs and crossties
= The proposed mitigation scheme is expected to reduce

- to less than 0.5D for monthly occurring winds; and
- to approximately 1D during a design windstorm event

Cable Stay Workshop 2006 - St. Louis, MO 45



General Considerations
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{ = Cable vibration assessment should be applied to all cable-stayed
é bridges during their design

L1

» This assessment should include all know vibration phenomena VIO,
buffeting, galloping, tower-cable-deck interaction for bridge modes

that cover the range of possible excitation, e.g. up to 1.5 Hz for wind
and up to 4 Hz if pedestrian or vehicle traffic vibrations are of concern

= Analytical motion-induced and parametric excitation analysis
methods provide good initial estimates of cable vibrations

» Detalled assessments of displacements prediction could be attained
via numerical simulations
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