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Jo lpAeywt fr — kM fy) ds

= fé [—k2EIL f3 + GJfé/] ds

Jo (EL + GI)ify — Myfy — pAeswdfy) ds

= fé [—Kk2EL f3 + GJf3] ds
!
mgy = LUI /0 [fl[—% aas 3 (sin (9))® + é cos (¢) (—2 aaz 2 + aay3) (sin (0))?

+ aaq2 ((COS (<Z>))2 + 1) sin (@) + cos (¢) aal,l]kfffgﬁl] ds



lyo 57

T l
miz = Ul'/o [kf12[— (cos (¢))” aay,1 — sin (¢) (aa12 — aagy) (cos (¢))”
+ ((aazz + aay1) (sin (qﬁ))2 —aai) — aa270) cos (¢)

— sin (@) ((sin(¢))2 aas | — aayo + aa2,1>]f2] ds

1

!
may = —5 i [f2*[aaz3 (sin (9))® — cos (¢) (aa13 — 2 aazz2) (sin (4))°

+ (—2 (cos ((]5))2 aain — 2 aa1,2> sin (¢) — 2 cos (¢) aa1 1]k f1B2f3] ds

!
Maos = T /0 [% k[—aag 3 (sin (¢))* + (aa1 3 — aags) cos (¢) sin (¢) + (cos (¢))* aay 2

—+ aa1,2]f1 (33) ﬁ12f32f2] ds

!
Moy = TI/O [% fak[(cos (¢))? aa1 2 + sin (¢) (aa13 — aag2) cos (¢) — aaa 3 (sin (¢))?

+ aa12)B32% f1£57] ds

1
mip = T /0 [— f2B1k f3[(cos (¢))? aar1 + sin (¢) (aar2 — aag 1) cos (¢) — (sin (¢))? aaso

+ aay1]f1] ds

l
mio = 71/0 [—[(cos (¢))? aa11 + sin (¢) (aa12 — aaz,1) cos (¢) — (sin (¢))? aag,

—+ aa1,1]62kf2f3f1] ds

l
mg =T /O [k[(sin (¢))® aas1 — sin (¢) (aa1,1 + aazz) cos (¢) + (cos (¢))” aar 2

+ aaz ] f12B1f3) ds

l
mg =Ty /0 (1282 f3 () E[(sin (gzﬁ))2 aaz 1 — sin (@) (aa1,1 + aagz2) cos (@)

+ (cos (¢))2 aa1 2 + aazq]] ds



PV Sealodgpl ol

I
mig =T /0 [—% [(sin (¢))* aags — sin (@) (aar 2 + aas3) cos (¢) + aay 3 (cos (¢))?

+ aagz ) f1% 32 B12k] ds

l
My = Tl/o [*% f3%k[(sin (¢))” aaza — sin (¢) (aa12 + aaz3) cos (¢) + aa1 3 (cos (¢))?

+ aag2) f1%52?] ds

T l
Moo = _i [Bik[—aay3 (cos (¢))® + sin (¢) (aazs + 2 a1 2) (cos (¢))?
0
+ (=2 (5in (6))? a2 — 2 a0z, ) cos (8) + 2 sin (9) aazal i fs] ds
1 : 4 : 3
msp = —2[]2/0 [~ (cos (¢))" aa12 — sin (¢) (aa13 — aazz2) (cos (¢))
+ ((aaQ,s +2aa12) (sin (¢))? — aa1 9 — 2 aam) (cos (¢))?
— 2 sin (¢) ((sin (¢))? aag — aayy + aam) cos ()
+ 2 (sin (¢))2 aaz,l]kfl?)fz] ds
l
Mo3 = —27——(1] ; [f13k[—aa1,3 (cos (¢))3 + sin (¢) (aag3 + 2 aaq 2) (cos ((15))2

+ <—2 (sin (<Z>))2 aaz2 — 2 aag,g) cos (¢) + 2 sin (¢) aaz 1] f302] ds

m33 =

I
s [ 271 o (6) 0z + €05 (6) (aazs + aar) (s (6)°
+ ((—aal,g + 2 aag2) (cos (¢))* + 2 aar; — (10,272) (sin (¢))*

— 2 cos (¢) ((COS (gb))2 aai 2+ aay 2 + aall) sin (¢) — 2 (cos (gb))2 aay 1] ds

l
me = T1 /0 [—flUf32k51B2 [cos (¢) aa1 2 — sin (@) aag2]] ds

!
Mig = Tl/() [% fikf32B12 82U aay 3 cos (¢) — aaz 3 sin (¢)]] ds
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71

l l l
ms =g [ pan( [ 7%ds) v 2EAn s([ fids)

+ Ufgzk?lB12 (COS (qb) aa12 — sin (qb) aagyg)]fl] ds

I I
mis = 2/ [3EAf" / f1l2 ds + U f3°klB1” (cos (¢) aar 3 — sin (@) aas )] f1] ds
0 0

1
Mog = T1 /0 [—[(sin (¢))? aag 2 — sin (¢) (aaq 2 + aag 3) cos (¢) + (cos (4))? aai 3

+ aag ) B2 f32B1f12k] ds

l
Mag = T1 /O [f28251 £3°[(cos (¢))? aar 5 + sin (¢) (aay,3 — aag2) cos () — (sin (¢))” aaa3

+ aa1,2}kf1] ds

ol
Mg = Ul*/o 12 fa[— (cos (¢))” aay 2 + sin (¢) (aaz 2 — aax3) (cos (¢))”
+ ((aaz,g + aa19) (sin (¢))? — aay o — aa271> cos (¢)

— sin (¢) (&a2,2 (sin (¢))* + aaz2 — aal,l)]ﬁlkfs] ds

l
my =T /0 [—flz[(cos (¢))2 aai 1k — ksin (¢) (aa1,0 + aaz1) cos (¢)

+ (sin (¢))? aagok + 2 pA (¢) w1 + kaagg)] ds

l
ma = kry [ i l(aars = aazy) cos (9)sin (6) + (aar + aaay) cos (¢))

+ aa1o — aa271]] ds

71

l l
my = 2l/ [f1 [Uk'lBQ2 (aaz2sin (¢) — aay 2 cos (¢)) f32+ FEAk (/ féQ ds)]] ds
0 0

!
my = 71/0 [f1UEB2 f3[cos (¢) aar 1 — sin (¢) aag1]] ds
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l
mig = 1 / [fik f3°B2>Ulaay 3 cos (¢) — aaszsin (¢)]] ds
0

l

mu = - ; [fl[—é aaz 2 (sin (¢))3 + % cos (¢) (aa1,2 — 2 aaz ) (sin (gb))2

+ aaq 1 ((cos (0)) + 1) sin (¢) + cos (¢) aar0] f22k] ds

! ! 1 ] 3 1 3 . 2
Mas = 2U2/0 [[=5 02,3 (sin (9))” + 5 c0s (9) (aar3 — 3 aaz) (sin (¢))

+ aar 2 ((cos (¢))2 + 1) sin (¢) + 2 cos (¢) aalvl]flfg?’ sin (@) k| ds

l

o =~ [ hlaara (cos (@) = 2 ((aana -+ 5 0aza ) sin () (cos(6)°
+ (2 (sin (¢))2 aaz + 2 aa2,1> cos (¢) — 2 sin (¢) aa270]f13] ds
- ! 3 ] 1 2
Moy = _6U2/0 [[aa13 (cos (¢))” — 3 sin (¢) (aal,? + 3 aa273> (cos (¢))

+ (3 aaz (sin (¢))* + 3 aa2,2> cos (¢) — 6 aag 1 sin (¢)] f1* cos (@) k] ds

2

l
= TU? /0 [kflf23[_ (Sin (¢))4 aai 2 + cos (d)) (0,(],173 _ aa272) (Sin (¢))3

n33

+ ((aag,g + 2 aa12) (cos (¢))* — aar o — 2 (1,0,271) (sin (¢))?

+ 2 cos (¢) ((COS (¢))? aasa — aar; + aa2,2> sin (¢) + 2 (cos (¢))” aaz1]] ds

!
ngs = 7 /0 2 122[(cos (9)) aazg +sin (¢) (aar 2+ aazz) cos (4)
+ aay 3 (sin (¢))? + aaz )k f32612] ds
n [ 3 2
nas = 5 ; [[aaz3 (cos (¢))” +sin (¢) (aa13 — 2 aaz2) (cos (¢))

+ <—2 (sin (¢))* aa1n — 2 aa1,2> cos (¢) + 2 sin (@) aa,1]Baf3k f1? fo] ds
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!
nig = 7'2/0 [f22Ba(cos (¢))? aag.y + sin (@) (aa11 + aazz) cos (@)

+ (sin (qu))2 aai 2 + aaz ]k f3] ds

T ! c
N3y = 52 /0 [klaay 3 (sin (¢)) + cos (¢) (aaz3 +2aa ) (sin (4))?

+ (2 (cos (¢))? aass + 2 aaz,2> sin (¢) + 2 cos (¢) aag,1] f3f2"Bo] ds

l

ng = - | llaang (sin (9)" + 03 (9) (002 + 2 0a1.2) (5in (6))°
+ (2 aas 2 (cos (<]5))2 +2 aagjg) sin (¢) + 2 cos (¢) aa271]f3k:f2351] ds
72 : 2 4 . 3
nzy = ~502 ; [k f17[(cos ()" aag2 + sin (¢) (aaz 3 + aaq2) (cos (¢))” +
((aal,g — 2 aays) (sin ()2 — 2 aayy + aan) (cos (¢))?
— 2 sin (¢) ((sin (9))? aa12 + aarz + aam) cos ()
+2 (sin (¢))? aay 1] f2?] ds
T2 : k 3 . 2
ni3 = i ; [k[(cos (¢))” aaz 1 + sin (¢) (aaz2 + aai,1) (cos (¢))

+ <(aa172 — aay,) (sin (¢))? — aaro + aa271> cos (¢)

— sin (@) ((sin ((;5))2 aa1,1 + aayq + aa270>]f1f22] ds

!
niy = 7'2/0 [_% fok f3?B182°Ulaay s sin (¢) + aag 3 cos (¢)]] ds

l
ng = 7'2/0 [—B1f1[(cos (gb))2 aaz 2 +sin (@) (aay 2 — aag,1) cos (@)

— (sin (¢))2 aail — aa171]f3k‘f2] ds
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n34 =

l
ng = 72/0 [— f1B2k fa f3](cos ((15))2 aaz 2 +sin (@) (aai 2 — aag,) cos (¢)

— (sin (gb))2 aai 1 — aay )] ds

1

l
nig = 7'2/0 [5 k[aag 3 (cos (6))? + sin (¢) (aa13 — aag2) cos (@)

— (sin (¢))? aa12 — aa12) fabr>f1f3%] ds

l
S /0 (5 fifabs?laa2s (cos (6)° +sin (6) (ann s — aa2.2) cos (0)

— (sin (gb))2 aay s — aal,g]kf;gZ] ds

l
ny = 72/0 [[(cos (¢))* aaz 1+ sin (@) (aa1,1 + aagz2) cos (¢)

+ (sin (¢))? aa12 + aag]f22B1f3] ds

!
= /0 [f2" sin (¢) ]‘7[1 aay 3 (sin (¢))° + cos (¢) (aam + E aa2,3> (sin (¢))°

U2 3 3
+ aas 2 ((cos ((ﬁ))2 + 1) sin (¢) + 2 cos (¢) aaz1]] ds
L
ns = T / [5 fok f3%812U[aaz 2 cos (¢) + aay 2 sin (¢)]] ds
0
72 : 3 . 2
ng4 = 6U2/0 [[aaz3 (cos (¢))” + sin (¢) (aa1,3 — 3 aaz ) (cos (¢))
+ (—3 (sin (¢))* aa1 2 — 3 aa172> cos (¢) + 6 sin (@) aay 1] fok cos (¢) f1°] ds
l
nig = 2% ; [fok[aas,s (cos (¢))® + sin (¢) (aa12 — 2 aaz1) (cos ()

+ (—2 (sin (¢))2 aai — 2 aaLl) cos (@) + 2 sin (¢) aal,o]f12] ds



ol o

T2

l
mi= 2 [ 1215 0ana (in (9))" + cos (0) (; aazy + 1) (sin (6))?

+ aaz ((Cos (#)2 + 1) sin () + cos (¢) aaz,o]k] ds

l
nis = 72/0 [_é fok f3°B1°Ulaas 3 cos (¢) + aay 3 sin (¢)]] ds

!
nsg = 7'2/0 [— faUkpB1 f3[cos (¢) aaz 1 + sin (¢) aar1]] ds

! l
nig = _L;l ) [—EAf; (/0 F1 ds) + U f5k181% Ba (aas g cos (6) + sin (¢) aar )| fa] ds
z z
ne =2 | [fol=EAxfy (| frds)+Ufs’kiB1 B2 (aazs cos (¢) + sin (¢) aar )] ds
L Jo 0

l
mr = [ [ Fokfi?22U a0n 008 (6) + aay asin (9)] ds

l
nao =72 /0 [f1k fs2[(cos (6))° aazg + sin (9) (aarg — aazs) cos ()
— (sin (¢))? aay 9 — aay2)B1Pafo] ds

l
ng = 7'2/0 [—[(cos (¢))? aag ok + ksin (¢) (aa1 o+ aas 1) cos (¢)
+ (sin (<Z>))2 aai 1k +2pA (C) we + kaaz,o]f22] ds

T

l
ngg = (]2/0 [f1](cos (¢))” aas,s + sin (¢) (aaz3 + aay ) (cos ()

+ ((—aag,g + aay 3) (sin (cZ)))2 + aaz 2 — aa1,1) cos (@)

— sin (¢) ((sin (gi)))2 aa1p + aai 2 + a(lgyl)]fQQkﬁgfg] ds



l
ny = Tz/o [faf1l(cos (¢))? aaz, +sin () (aa1,1 — aaz) cos (¢) — (sin (4))* aaro — aarolk] ds

l
noe = TQ/O [—[(cos (¢))? aag,z + sin (@) (aa1.2 + aaz3) cos (¢) + (sin (¢))? a3

=+ aa272]f3252kf2251] ds

l

l
nig = —Lél ; [[—3 EAfQN (/0 f2/2 dS) + Uf33k1523 (COS <¢) aaz 3 + sin (¢) aal,?))]f?] ds

l
nas = rz]ﬁ [(cos (6))° aaz2 + sin (9) (aaz3 + aay 2) (cos (9))?

+ ((—aa2,2 + aay3) (sin (¢))* 4 aags — aam) cos (¢)

— sin (¢) ((sin (¢))% aa12 + aar2 + aa2,1>]f3f1f2251k] ds

l
ﬁﬂém%@”ﬂl

!
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Aabstract

Galloping of cables is a kind of self-excited vibration with high amplitude and low frequency.
In this thesis, based on the curved-beam theory, a nonlinear galloping model considering four de-
grees of freedom (normal, bi-normal and tangential displacement components and twist), bending
stiffness and torsional stiffness, for a horizontal iced cable with eccentricity of cross section, in two
cases simply support cable and elastically constrained on a cable support (normal and bi-normal di-
rections), is formulated. Aerodynamic modeling is also done with the assumption of quasi-steady
theory. The equations of motion include four equations, using a reduced galloping model, the
number of equations has reached two. These two equations that contain quadratic and cubic non-
linearities in both velocity and displacement terms, are discretized via the Galerkin method. By
using Multiple Scale method, for simply support cable in two cases 1:1 and 2:1 internal resonant
and for elastically constrained on a cable support in five cases 1:1, 2:1, 3:1, 1:2 internal resonant
and no internal resonant, Reduced Amplitude Modulation Equations (RAME) is obtained. The
RAME equations are solved and the results are presented for different states of the stiffness of the
support in two directions, normal and bi-normal. Finally, to ensure the accuracy of the results, two
equations of the reduced model are solved by numerical simulation and the results proved by the
reduced model numerically integrated in time history. Wind speed, stiffness of the support in two

directions (normal and bi-normal) and time are as variable parameters in the results.

Keywords: galloping, cable, curved-beam, stiffness of the support, Multiple Scale method, non-

linear, internal resonant
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