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OutlineOutline
Project BackgroundProject Background

What have been done and what have we learnedWhat have been done and what have we learned

How the results affect stay cable designHow the results affect stay cable design

What questions have been raised and the What questions have been raised and the 
follow on worksfollow on works
How other researchers responded to the issuesHow other researchers responded to the issues

What is left to be doneWhat is left to be done



Project BackgroundProject Background
Observations in field and wind tunnel tests   Observations in field and wind tunnel tests   

A criterion concluded from a recent wind A criterion concluded from a recent wind 
tunnel study raised concernstunnel study raised concerns

No sufficient available data for inclined No sufficient available data for inclined 
cable aerodynamicscable aerodynamics

D =160 mm
f =1.6 Hz
m=100 kg/m

Sc=48

Ur=108 ζ=0.24%

U=10 m/s



ObjectivesObjectives
Confirm the existence of dry inclined 
cable galloping

Clarify the excitation mechanisms

Assist in developing a more reliable 
stay cable design guideline



what have we learnedwhat have we learned

What has been doneWhat has been done

andand



—— Dynamic model wind tunnel testsDynamic model wind tunnel tests

FacilityFacility

Open circuit

Max. wind speed: 39 m/s

Working section
m(L)m(H)m(W) 1263 ××

−− Propulsion wind tunnel (NRCC/IAR)Propulsion wind tunnel (NRCC/IAR)

PHASE IPHASE I



Cable modelCable model
Length:     6.7 m
Diameter: 160 mm
Unit mass: 60.8 kg/m

α
In-plane

Out-of-plane
In-plane

Out-of-plane



Testing ProgramTesting Program

58.758.7353529.429.420203B3B
0035350035353A3A

54.754.76060454545452C2C
0060600060602A2A

54.754.7454535.335.330301C1C
0045450045451B1B

Model cable angles Model cable angles 
(deg.)(deg.)

FullFull--scale cable scale cable 
angles (deg.)angles (deg.)

Model Model 
SetupSetup

θ β Φ α



Onset  wind velocity:  
U= 32 m/s

Max. double amp.: 
about  1D

AeroelasticAeroelastic responsesresponses
Divergent type (Setup 2C)Divergent type (Setup 2C)

0 5 10 15 20 25 30 35 400

0.15

0.3

0.45

0.6

0.75

Wind Speed (m/s)

N
on

di
m

en
si

on
al

 R
es

po
ns

e 
A

m
pl

itu
de

 (A
/D

)

0 20 40 60 80 100 120 140 160
Reduced Wind Speed

0

18

36

54

72

90

A
ng

le
 o

f M
ot

io
n 

D
ire

ct
io

n 
(D

eg
.)

Dir. angle
Amplitude

o60=Φ
o7.54=α

o45=θ
o45=β



LimitedLimited--amplitude vibrationamplitude vibration

Setup 2A Setup 1B

Setup 1C Setup 3A
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Comparison with other studiesComparison with other studies
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—— Static model wind tunnel testsStatic model wind tunnel tests
PHASE IIPHASE II

Model:Model:

O.D. : 88.9mm

Length: 3.0m

Wind tunnel:Wind tunnel:

2m(H) × 3m(W)

Umax : 140m/s

Circular cylinder

Closed-circuit



Pressure tap arrangementPressure tap arrangement



Testing programTesting program

Model orientation

Wind speed: 15 − 99m/s

Same Reynolds number in the dynamic 
and static tests

Sampling rate: 400Hz, 1200Hz

Vertical angle: 90°, 60°, 54.7°

Yaw angle: 0°−120°

Static wind tunnel test



Static wind tunnel test

Critical condition of the divergent motionCritical condition of the divergent motion

5050--6060
(R(Ree=2.9=2.9--3.53.5××101055))

3030°°54.754.7°°StaticStatic

3232
(R(Ree=3.3=3.3××101055))

54.754.7°°
(spring rotation (spring rotation 

angle)angle)

6060°°DynamicDynamic

HorHor. Angle. AngleVerVer. angle. angle
Wind speed Wind speed 

(m/s)(m/s)

Model orientationModel orientationModel TestsModel Tests



U=55m/s

θs=54.7°

βs=30°



Iced cable galloping Dry inclined cable galloping

∂CL/∂α + CD < 0

Possible excitation mechanismPossible excitation mechanism

(∂CL/∂βs)/A + CD < 0???



Drag force coefficients (Drag force coefficients (θθss=54.7=54.7°°))

20 25 30 35 40
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Model yaw angle  θs  (in degrees )

D
ra

g 
co

ef
fic

ie
nt

 C
D

Ring 2
Ring 4

Re=288925 
U=50 m/s  

20 25 30 35 40
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Model yaw angle  θs  (in degrees )

D
ra

g 
co

ef
fic

ie
nt

 C
D

Ring 2
Ring 4

U=55 m/s  
Re=317820 

20 25 30 35 40
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Model yaw angle  θs  (in degrees )

D
ra

g 
co

ef
fic

ie
nt

 C
D

Ring 2
Ring 4

U=57 m/s  
Re=329370 

20 25 30 35 40
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Model yaw angle  θs  (in degrees )

D
ra

g 
co

ef
fic

ie
nt

 C
D

Ring 2
Ring 4

U=60 m/s  
Re=346710 



20 25 30 35 40

-0.4

-0.2

0

0.2

0.4

0.6

Model yaw angle  θs  (in degrees )

Li
ft 

co
ef

fic
ie

nt
 C

L

Ring 2
Ring 4

Re=288925 

U=50 m/s  
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Lift force coefficients (Lift force coefficients (θθss=54.7=54.7°°))



Significant decrease 
of CD

Negative slope of 
CL-βs curve

A mechanism similar to
classical galloping
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Application of Den Hartog criterionApplication of Den Hartog criterion



Application of Den Hartog criterion (ContApplication of Den Hartog criterion (Cont’’d)d)
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stay cable designstay cable design

How the resultsHow the results

affectaffect



Dynamic test results have been considered 
in the Post Tensioning Institute Guideline

Appreciation from bridge engineers 

Now wind tunnel tests on cables of long span
cable-stayed bridges is mandatory

Attracted interests from both academic and 
industrial side internationally


