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Line-like structure

mGorsexio bridge (16 kms west of Genoa, 144 meters span, 177
meters high)

#Wind pressure measurements to perform first a Gaussian and next
a non-Gaussian static analysis
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Wind pressure measurements

wRefined grid
0O Wind properties : turbulence intensity, correlation, etc...
O Topography, structure geometry, etc...
O Structural responses of interest : global or local

Conclusion

Annexe
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Wind pressure measurements

wRefined grid
0O Wind properties : turbulence intensity, correlation, etc...
O Topography, structure geometry, etc...
O Structural responses of interest : global or local

Conclusion Annexe

mCoarse grid
O Inaccurate estimation of cumulants of the structural responses
O Scale effects (Central limit-theorem)
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Scale effects
mAerodynamic fluctuating resultant force
¢
f(t) = [y p(x, t)dx

O zero-mean fluctuating non-gaussian aerodynamic pressures p(x,t) (s.d. op)

sCumulants of 7(t) - level of correlation in the aerodynamic field

O High
2 o p22 ~ ~

I I of =Ll MF=V3p Vef = Vep

O Low
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Scale effects
mAerodynamic fluctuating resultant force

= [ p(x, t)dx—F(t) = SN pi(t) Ax;

O zero-mean fluctuating non-gaussian aerodynamic pressures p(x, t) (s.d. op)

sCumulants of 7(t) - level of correlation in the aerodynamic field

O High

2 p2,.2 ~ ~
I I of =Ll MF=V3p Vef = Vep
O Low

NAN AN DA g2 .
W U W W 0f773,f77,f_>0

Evolutions of the cumulants of f(t) and of structural responses ?
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2Model of the wind velocity field

s

0O Random stationary 1-d

O Fluctuating gaussian turbulence component u(¢&, t) with standard deviation o,

0O Wind velocities perfect
O Turbulence intensity [0

S.):// scaled coordinate [0; 1]

U+ u(é,t)

- - - -

\
T 1
(: length of the structure

irection wind flow

ly correlated in the small direction (line-like structure)
.1;0.5]
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=Model of correlation : decaying exponential function !

pij = e_élfi_fj‘

O Integral length scale (mean gust dimension) : L, N\, correlation \,
O EC 1 : Reference integral length scale L, of 300m at the reference height of 200m

O Parameter ¢ = > and change of variable s; = |&; — &j|
u

99

pls)=e

0.8

0.6
¢ increases
0.4

D AN A B4
\ ARG

L L L
0.005 0.01 0.05 0.1 0.5 1
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1
mBernoulli's equation p(§, t) = E,odC (U + u(¢, t))?

€

P>

Z//v/v//

p(&.1)

#Gaussian aerodynamic pressures (quadratic term neglected)

pE) = 5 pdCU + pdCU ui(s, 1)
= a+bu(&t)

mCross-cumulants of order 2 (covariances) between aerodynamic
pressures

2 2
Kop; = b*0pjj
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mSimply supported line-like structure

st Y

p(&,t)

BStructural response

1
R(t) = /0 1(€)p(E, t)de

O /(&) : Response influence function
O Second cumulant (variance)

el
rog = //O 1(ENI(E ) rap(IE: — &])Aide;
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mSimply supported line-like structure

BStructural response

1
R(t) = /O 1()p(€, t)de

O Second cumulant (variance)

1
kar = //0 I(EN () map(1€5 — &1)AEidE;

mConsidered response : reaction on the left
O Response influence function

() =1-¢

Conclusion

Annexe
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=Dyrbye and Hansen! used (i) change of variable s; = | — &;| and
(i) interchange of the order of integration to replace

1
ror = b20? //0 1(E)1())p(s)dend;

by two single integrals
0 27 order influence function

0 2" order joint acceptance function

1
rar = 002 [ k(s)p (5)ds

1Dyrbye, C. and Hansen, S. O. (1988). Calculation of joint acceptance function for line-like structures. Univerfité
Journal of Wind Engineering and Industrial Aerodynamics vol. 31-2, 351-353. de Liege
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mClosed-form solutions
k(s) = 3 (53 —3s5+2)
K2R 2 1 2 2 2
R T LT
b’ey 3¢ @* ¢ @ ¢
0
O Full correlation : 2R( ) fo (s)ds=1/4
HzR( /H2R )
10
08
061
041
Closed-form solution
02F
o i 10 100
¢
Université

de Liége



Introduction Second order analysis Third order analysis Fourth order analysis Conclusion Annexe
o0oo ®00 oooo

Discrete aerodynamic pressure field

N N
Rar > > (E)I(E)R2p(1&i — §)AGAE

-1 =1

Kor(¢)/kar(0)
1.0

N=1

081
06
04l

Closed-form solution
021

O‘I ; 1‘0 100
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Discrete aerodynamic pressure field

N N
rar = Y 1(EDI(E)R2p(I€r — §AE AL

i=1 j=1

kar(¢)/rar(0)

08

0.6

04

021
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Discrete aerodynamic pressure field

N=5

R
N N
rar = Y 1(EDI(E)R2p(I€r — §AE AL
i—1 j—1
t2r(¢)/kar(0)

0.1 1 10 100

Annexe
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Third order analysis
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mBernoulli's equation : p(§,t) = %pdC (U + u(¢, 1))?
’5_>

p(&,1)

#Non-Gaussian aerodynamic pressures

p(&,t) = a+bu(é,t) + c (&, )
O a=1pdCU?, b= pdCU and c = pdC

O quadratic term taken into account
O 3,5 = 3y and ve,p ~ 12/2

_4
Ye,p = 5’73,;7

B Cross-cumulants of order 3 between aerodynamic pressures

K3y, ~ 2b%co’y (pijpik + pijpjk + pikpik)

Annexe
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Analytical approach

®Third cumulant

/// )/(@ fk)"iap (5u75:k)d§,dfjd§k
~ 6b2cal3,//0 1(EN (&) (Ek)p (si) p (sik) dEidEdEx

R3R
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Analytical approach
BReplace triple integral

1
wor = oteal, [ HEEI60 (51) p (510 deidt e
o by three 37 order influence functions (single integrals)

k1(51,52) = ...
k2(51,52) = ...

k3($1,$2) = ...

o and two 3" order joint acceptance functions (double integrals)

1 s1
6:2?03 = 2/0/0 [(ki(s1, 52) + ko(s1, 52))p(51)p(52)] ds2d st

1 pl—s; 5.
2 [ [ ks ol dsds
0 0
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Analytical approach

= Closed-form solutions

rar(p)  e72% (—4e®(¢ +5) + e2*(2¢(2¢ — 7) + 19) + 1)

6b2co? 49

1
O Full correlation : “3R(Q) _ 1
6b2co? 8

ksr(0)/r3r(0)

0.6

Closed-form solution

0.1 1 10 100
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Discrete aerodynamic pressure field

Conclusion Annexe

N N N
K3r ~ 6b%cay > > > (&N (E)I(E)p (si) p (sik) AGAE AL

i=1 j=1 k=1
. t3r(6)/k3r(0) N=1
osh
o6
04f
o2l Closed-form solution
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Fourth order analysis
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mCross-cumulants of order 4 between aerodynamic pressures

Kapy, ~ 4b>0®(12ppipjn)

BFourth cumulant of the reaction

Z% p(E1)
R

kag = 48b°C //// MENEN(ENP (si) p (sik) p (i) dEidE;dEdE
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0000

mQuadruple integral

“AR s ///01 1ENENIEN(ENP (16— &) p (1€ — &) p (1§ — &) d€idg;dEedé

48b2c205

O Interchange of order of integration is challenging for a 4-dimensional domain
O Alternative : 8 quadruple integrals

1 & & 8
fo‘og .oE Jo' e
J

1 & 1§
fofogfg,o

fol ﬁ)&; foéf fglj
ﬁwggm
k&hfm

fo ffi f&i

ﬁgﬁQ~
LR

(& =€) p((& — &) p ((&§ — &)) d&id&jdeeds,
p((&— )M(@éMwa»%%@®
p((& =) p((& — &) p (= (& — &)) d&id&;deeds,
p (& =€) p(= (& — &) p (= (& — &)) d&idg;déxdg,
p (= (& =€) p((& — &) p ((& — &)) d&idg;déxds,
p(= (& =8&))p(= (& =€) p ((& — &)) d&idg;dexde
(= (& —4)) p((& — &) p (— (& — &)) d&dgdgxds
(=& =€) p(— (& —&)) p (= (& — &) d&idgidE,de
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5 Closed-form solution
s = s [15¢% (267 +13) (6(6 + 4) +2)
48b2ca® 40 (% (26 — 3)¢* +6) — 6(¢ + 1))

+63? ((26(64(16¢ — 95) + 1595) — 4275)¢2 + 11130) + 15(¢ + 1)(2¢ + 1)
—5e2?((26(¢b + 3)(3(3¢ + 22) + 31) + 2307) + 2307)]

O Solution may seem unhandy but approximations available (e.g., Taylor series)
r4r(0) 1

O Full correlation : ————~—"— = —
48b2c200 16
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Conclusion
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mSkewness coefficient

mr(P) = N3,R(¢)/Kg;/?2(¢)

O Full correlation : ~3g(0) = 3%" =3I, = 3p

B Excess coefficient

Ver(¢) = kar(8)/r3p(4)

2
O Full correlation : ver(0) = 12 (%) — 1212 = 7ep
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=Evolution of the cumulants
1.04
0.8

0.6

04 Y3r(@)/GBly)

[ — Yer@®)/(1214%)
0.2r

0.1 1 10 100
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000 000 0000

"Ye,r = f(73,R)

31,
0.8F:

0.6F: s

Y3R(¢)

0.4 , VA

02F:"

0.0 0.2 0.4 0.6 0.8 1.0 1212

’YeR((b)
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000 000 0000

"Ye,r = f(73,R)

100 0.01
3L ’
. (Yeps 13p)

Ysr(¢)

04F:

02F:

— Yer(9) =~ %W%R(cb)?;

0.0 0.2 0.4 0.6 0.8 1.0 1212

’YeR((b)

=Could use the approximation Yer(¢) =~ 3v3r(¢)? for this type of
Université

structural response de Lidge |




Introduction Second order analysis Third order analysis Fourth order analysis Conclusion
000 [eele) 0000

mDiscrete aerodynamic pressure field

ti2r(¢) /k2r(0)
1.0 T
08 ‘
:
04 :
:
02 h
' or ; 0 100
¢
v3&/(3L) Yer/(121%,)
1 10 . : N=1
08 08t
06}
06
04 Closed-form solutior
04 : .
02 : :
0.‘I 1 10 100
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mDiscrete aerodynamic pressure field
rar()/kar(0)

01 1 10 100

@
¥3r/(3L) Yer/(121%,)

1.0 1.0
08 08+

0.6
0.6

04+
04

02+

Improvements of the approximations for a same number of sensors ? '

Annexe
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wPerspective
O Numerical admittance® : correction terms on cumulants and cross-cumulants of
order 2, 3 and 4 for discrete aerodynamic pressures field

1

1Denodl, V. and Magquoi, R. (2012). The concept of numerical admittance. Archive of Applied Univelts‘ité
Mechanics vol. 82, 10-11, pages 1337-1354. de Liege
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wPerspective
O Numerical admittance® : correction terms on cumulants and cross-cumulants of
order 2, 3 and 4 for discrete aerodynamic pressures field

1

=May be used

O as is for simple structures : closed-form solutions

1Denodl, V. and Magquoi, R. (2012). The concept of numerical admittance. Archive of Applied Univelts‘ité
Mechanics vol. 82, 10-11, pages 1337-1354. de Liege
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The team...

Thomas Canor Vincent Denoél

-4

...thanks you for your kind attention
Read out more about us on : www.orbi.ulg.ac.be

Contact me at : N.Blaise@ulg.ac.be
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Questions ?
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mOther type of structural responses : 26 — 1
B v3r(¢) = 0 while ver(¢) # 0

10—
0.8 L

[ - KkRr(@)/KkoR(
06 L -0 K3R(¢)/K3R(O)

1 — Kar(@®)/kar(0)
04r === y3r(#)/(3Bly)

[ — Yer@®)/(1214%)
02F

. - ) ; e iy ¢
1 10 100

0.1
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BSpectral analysis
Sujuy(w, 55) = Tu(w, 55)Su(w)

7C\w|s,-j

ru(w>5ij) =€ 2u

O Structural response

1
R = [ 1€)pte.
O Power spectral density

SPin (w) ~ b,-bjS,_,,.u]- (w, sij)

Sele) = [ 1 / 1(6)1(6)Sp (0, €5, €))dEde;
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mSpectral analysis

Suiuj(w, sij) = Fu(w, 5j7) Su(w)

7C\w|sij
Mi(w,sj)=e

O Structural response

R = [ Hepte e

0O Bi-spectrum

Dppjpi (w1, w2) = 2¢;bjbiSuu; (w1) Sujuy (w2) +
2bicjbk5u,-uj- (wl)suj-uk (Wl + UJ2) +
2b;bjcy Suju (w2) Sujuy (W1 + w2)

1 1 1
Dr(wr,ws) = /0 /0 /0 (66 Dplen ... Ed6dgrds
de Liége
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BSpectral analysis

Su;UJ(wv Su) = ru(wz sij)sll(w)

C\w|s,-j
ru(UJ,Sij) =e 2

O Structural response

1
R = [ 1©)pte. e
O Tri-spectrum

TPinPkP/(wlv‘U?vw?’) =-..-

1 1 1 1
TR(W17W27W3):/0/0/0/0l(fi)l(gj)l(fk)l(gl)Tp(wlaw2aw37£i7§jvfkvgl)dfidfjdfkdfl
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