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Abstract. Nowadays balanced cantilever construction plays an essential role as a sophisticated erection
technique of bridges due to its economical and ecological advantages. Experience teaches that wind has
great importance with regard to this construction technique, but methods proposed by codes to take wind
effects into account are still rather crude and, in most cases, completely lacking. Also research in this
field is quite limited and aimed at studying only the longitudinal shear and the torque at the pier base,
caused by the mean wind velocity and by the longitudinal turbulence actions over the deck. This paper
advances the present solutions by developing a new procedure that takes into account all wind effects bott
on the deck and on the pier. The proposed model assumes the mean wind velocity as orthogonal to the
bridge plane and considers the effects produced by all the three turbulence components and by the vorte
shedding. The applications point out the role of each loading component on different bridge configurations
and show that disregarding the presence of some effects may imply oversimplified results and relevant
underestimations.

Key words: alongwind vibrations; atmospheric turbulence; bridges; cantilever erection stages; crosswind
vibrations; maximum response; torsional vibrations; vortex shedding; wind engineering; 3D wind-induced
effects.

1. Introduction

Balanced cantilever construction of bridges arose from a need to overcome construction difficulties
in spanning deep valleys and river crossing without the use of conventional falsework, which may
be impractical, economically prohibitive, or detrimental to environment and ecology. Cantilever
construction, whether cast-in-place or pre-cast, eliminates such difficulties since erection proceeds
from the piers and the structure is self-supporting at all its stages. From first applications in the
50’s, until today, this technique has been developed rapidly and more and more major projects using
balanced cantilever erection are beingttall over the world.

Experience teaches that wind has a great importance with regard to this construction technique,
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whereby its role is more critical when the wind climate at the site is severe or the structure is
sensitive to dynamic wind actions due to tall and flimsy piers or long cantilever arms. However,

despite this attribute, the methods proposed by codes to take wind effects into account during
balanced cantilever erection stages sill rather crude (AASHTO 1996). In addition, essch in

this field is quite limited (Dyrbye and Hansen 1997, Mendes and Branco 2001) and aimed at
studying only the longitudinal shear force and the torsional moment induced by the mean wind
velocity and by the longitudinal turbulence over the deck, completely ignoring wind actions on pier

and, even more, the role of the lateral and vertical turbulence components and of the vortex
shedding.

Starting from above premises, a complete model of the pier and of the caraiegehas been
formulated, including the variable curvature of the bridge deck and all other typical structural
properties in order to suit actual engineering solutions and guarantee a broad band of application ir
the construction sector. The model is subjected to the mean wind velocity, assumed orthogonal to
the bridge plane, to the three spatial components of the atmospheric turbulence and to the vorte»
shedding (Schmidt 2001). It furnishes thetist@al parameters of the six internal forces (the axial
force, two shear forces, two bending moments and the torque) along the pier, each expressed as tf
sum of its static, quasi-static and resonant parts. The static and the quasi-static parts are determine
by the influence function technique (Kasperski 1992, Holmes 1994, Davenport 1995). The resonant
part is calculated by taking all dominant vibration modes into account (Solari 1989, Davenport
1995, Holmes 2002). Analyses are carried out in the frequency domain by the classic methods of
process theory and random dynamics. Due to such properties, the proposed method generalises tt
model developed by the second author and his research group from cantilever vertical structures
(Piccardo and Solari 1998, 2000, 2002) to bridges during balanced cantilever erection stages. It alsc
completes and extends the approaches formulated in Dyrbye and Hansen (1997), Mendes an(
Branco (2001).

The model was applied to examine three realised bridge projects in balanced cantilever erection
stages (Schmidt 2001), whereby only an extract of two examples is reproduced here for the sake o
space. Comparisons with results provided by AASHTO provisions (AASHTO 1996) and by
previous contributions to this field (Dyrbye and Hansen 1997, Mendes and Branco 2001) point out
the role of the different wind loading components on different bridge configurations. They also
show that disregarding the presence of some effects may imply oversimplified results and relevant
underestimations. The conclusions discuss the progress and the prospects involved by the propose
model but, in the meanwhile, the necessity of checking and calibrating it through wind tunnel tests
and full-scale experiments.

2. Structural geometry and wind loading model

Let us consider a Cartesian reference system with origihaat the soil;z coincides with the pier
axis;y is parallel to the deck axig,is perpendicular to the bridge plane. Fig. 1 shows the structural
geometry, wheréH,, is the height of the pieHy is the height of the deck centig,andL are the
lengths of the right and left cantilever arms, respectiglandby are reference widths of the pier
and of the deck, respectively. The structure is assumed as statically determined due to a fixed
restraint at the base of the pier and to a rigid connection between the deck and the pier.

The bridge is immersed in a wind field whose mean wind velocityaligned withx (Fig. 2);u’,
v’ andw' are the longitudinalxj, lateral §) and vertical Z) turbulent fluctuations treated here as
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Fig. 1 Structural geometry

Fig. 2 Structural scheme and reference system

stochastic stationary Gaussian independent processes. Furthefmore< 1,v'/u << 1 andw'/u

<< 1.
Coherently with the wind loading model proposed in Piccardo and Solari (2000), the aerodynamic

actions on the pief) and on the deck—() are defined as:
For(zit) = Fox(2) + Fic (z31) 1)
FaeVit) = Fac(y) + Foc (Vi) @
wheret is the time; 6= z= H,; -R=y=<L; k = 1,2,3 correspond to the forces alogy, zandk =

4, 5, 6 correspond to the moments arouny z; Fpx and Fac« are the mean valueskgf and Fyy,
respectively;F,, and-g, are, respectively, the nil mean fluctuatiorts,oand Fqx aroundFp«
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and Fax . They are defined as:

_ 1 -
Fo(2) = 50" (DbpAp o2 (3a)
— 1 -
For(Y) = 50U (Ha) Do auCaru Varu(Y) (3b)
] ] ] 1 1 *
Fo (Z1) = 3 Foe (220 Fpee (210) = 500 (DDAnCouclpre(DIeDpre(t)  (4)
€ 2

] ] ] 1 = * .
FdK (Z,t) = ZEFdKE (y,t), FdKE (y,t) = Epuz(Hd)bdAdKCdKeydKe(y)‘Js(Hd)fdke(yat) (4b)

wherep is the air densityA, and A g are thek-th components of the vectord{} = {1 1 1 b, b,

b} T and {Ap} = {1 1 1 by by by}, respectively, is the sum of four loading terms with indices
€=U, V,w, s, associated with the three turbulence componentsv( andw') and with the wake
excitation €'); Co andcq, are thek,e-th elements of the aerodynamic matrixes of the pier and of
the deck, respectively:

Cop O 0 O] Cag O Chg—Cyg O
0 Cyp+Clp O Cisp 00 O 0
[c,] = 0 0 0 0. [c] = Cig O Cyg+ Clg Cisa (5)
0 0 00 00 0 0
0 0 00 Cng0 Chg  Cmsd
0 Cpp O Emsy 00 0 0]

where Cyp, Cp, Cmp @nd Cqq, Cia, Cma are the drag, lift and torsional moment coefficients for the
pier and for the deck, respectively/s,, Cip, Cmp andcyq, Ciq, Cma are the angular derivates of

Cdps Cips Cmp @Nd 0fCqq, Cig, Cma, respectively;Casp Cisp, Cmsp  anasa Cisa, Cmsa ~ are the root mean
square (rms) values of the drag, lift and torsional moment wake coefficients for the pier and for the
deck, respectively, whereb§ssp = Cosa = 0 Jy=21,, =1y, Iy=Ilw, Js=1, wherel, = g,/u ,

l, = o/u, |, = g,/u are the turbulence intensities,, ¢, o, are the rms values af, V', W';

f e andf 4. are thee-th component of the row vectors:

{f2.(z0)} = {u(0,z1) V(0,zt) W(0zt) S (z1)} (62)
{fac (i} = {U (Y, Hgt) vV (Y, Hgt) W (y, Hgit) Si(zit)} (6b)

where u' =u'/g,, v’ =V' /o, w =w'/ g,, are the reduced turbulence compones}s; and sy are
the k-th reduced components of the wake excitation of the pier and of the deck, respectively, treated
as stochastic stationary Gaussian processes independéntvofandw” (Solari 1985);)pk: and yaxe
are nondimensional shape functions that make the model suitable for variable properties of the pier
and of the deck, respectively.

The cross-power spectral density function (cpsdf) of the atmospheric turbulence is expressed as:

S (M, M";n) = /S (z;n)S;(Z;n)coh,(M,M";n) (e=u',Vv',w) (7
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where n is the frequencyM is a point of coordinatey, zz M’ is a point of coordinatey’, Z';
S: (z n) is the psdf of"(M;t); coh(M, M’ ; n) is the coherence function ef(M;t) ande™ (M’ ; ).
The analyses developed here are based on the following spectral equations (Solari and Piccardo 2001)

d.nL.(2)/u(2)
[1+ 1.5d,nL,(2)/u(2)]”°

S:(zn) = (e=u,v,w) (8)

0 2n,/Czly—y|*+ C2|z- Z|°0
JCly =Y+ Chlz=21"0 o

coh, (M, M';n) = expr - -
O u(z) +u(z) O

whered,=6.868,d,=d,=9.434 ;L. is the integral length scale of tlseturbulence component ix

direction; C,; and C,. are the exponential decayefficients of thee turbulence component alornyg

andz, respectively. Fig. 3 shows the particularisation of Eq. (9) to the analysed structure.
The cpsdf of the wake excitation is expressed as :

S:(M,M’;n) = /S, (z;n)S;,(Z;n)cohy(r,r";n) (10)

whereM andM' are points belonging both to the pier or to the decM dnd M’ belong to the
pier,g=p andr=z; if M andM’ belong to the deckj=d andr=y. S;,(z;n) andS,(y;n) are the

psdf of the wake excitation of the pier and of the deck, respectigely,(r,r';n) is the two-point
coherence function. They are given by the relationships (Vickery and Clark 1972, Engineering
Sciences Data Unit 1990):

S(r;n) =

O [1—n/nq,<(r)TD (1)

1
A/_anK(r)an(r)expD BqK(r) O

Ulr—r|
cohy(r,r';n) = expi-
0 Lqb

nafC2 |y -5
coh (A, ML ny =exp {—ﬁ}

(12)
q

[ [

acq,)

h (M, M, { n C'i,y2+C‘(fE[H‘—z)z
RS v’”)‘expl‘ T aCH,)

{ 7
coh‘(Mg,M;;n) = exp{— Miﬂ}

T2+ Tz

s

Fig. 3 Two-point coherence functios € u’', v', w')



6 Stefan Schmidt and Giovanni Solari

where ng,(r) = Yq,Su(r)/by(r) is the shedding frequendy(z) andby(y) are the current widths

of the pier and of the deck, respectivey;andS; are the Strouhal numbers of the pier and of the
deck, respectivelyY,, and Yy are thek-th components of the vector&§={2 1 0 0 0 Y6} ' and

{Y&}={2 0 1 0 Yy, O}", respectively, wher&,s and Y4 are appropriate shape factors (Solari 1985);
Bu(r) is the bandwidth spectral paramet.Z, is the correlation length (itv,s) of the vortex
shedding. It is assumed that the wake excitation of the pier and of the deck constitute independen
random processes.

3. Wind-induced effects

Wind-induced effects on the cantilever arms of the deck may be determined easily by generalising
the model proposed in Piccardo and Solari (2002) from vertical to horizontal structures. However,
the most important effects for the bridge stability durmgction are those induced by wind along
the pier and, especially, the internal forces at the pier base. Let us defikgrpythe i-th
component of the internal force at heighdlong the pier (Fig. 2), whetg is the shear force ir-
direction; E, is the shear force iy-direction; E; is the normal force ire-direction; E, is the
bending moment around theaxis; Es is the bending moment around theaxis; Eg is the torque
around thez-axis (Fig. 4). These quantities are expressed as:

E(r;t) = Ei(r) + E{ (1;t) ; Ej (r;t) = Eg (1;t) + Epy; (131) (13)

where Ei(r) is the mean static effect akd (r;t) is the zero mean fluctuating efigiteds
herein in two parts,amely the quasi-static palq; (r;t)  and the resonant Bgr(r;t)

Using the influence function technique, the mean static effect and the quasi-static part of the effect
are given by:

— 6 _ — Hp— L —
Ei(r) = Z Eic(r) ; BEi(r) = _[0 pFPK(Z)npiK(Z! r)dZ+I_R Fac(Y) Naik(y, 1)dy (14)

6 H L
Ebi (r,t) = Z E’QiK (rat) ; E’QiK (r,t) = ‘[0 pF;JK (Z;t)npiK(Z! r)dZ+I_R F’dK (y;t)r]dik(y! r)dé_5)

Fig. 4 Internal forces along the pier



3-D wind-induced effects on bridges during balanced cantilever erection stages 7

where Ei«(r) andEq;, (r;t) are, respectively, the contributiond=itg) andqta(r;t) due to
the k-th loading component,;.(z r) is the influence function for the pier, i.e.j-theinternal
force at height of the pier due to a unit static actiép, at the height of the pier; ng,(y, r) is

the influence function for the deck, i.e. th¢h internal force at height of the pier due to a unit
static actionFq, at a point of the deck with coordinaye They represent the,i-th terms of the
following matrixes:

d(z—7) 0 0O 00 O
0 o(z—1) O 00 O
[np(z 1] = 0 0 ®(z-r)0 0 0 (16a)
0 —(z=no(z-r) 0 0 0 0
(z=1d(z-17) 0 0 0 0 0
i 0 0 0 0 0&®(z—r)
1 0 0 0 0O
0 1 0 0 0O
0 0 1 0 0 O
[na(y. D] = (16b)
0 —(Hy-r)y 0 0 O
Hy—r 0 0 0 1 0
oy 0 00 0 0

where @(e) is the Heaviside’s function®=0 for e<0; ®=1 for e = 0). Fig. 5 depicts the non-null
terms of these matrixes.
The resonant part of the effeet,; (r;t) is defined as:

Ep (rit) = 3 Eby (1) |
2

6 H 6
Epj (r;t) = Z _[0 prij (z:1) Npik(z, r)dz+ Z _[_RdejK (Y:t) Naik(y, r)dy (17)

K= K=1

where Ep;; (r;t) is the resonant part of the effect due tojtlte mode of vibration (=1,.n);

ppix and Fpg;,  are the-th components of the inertial actions that, applied quasi-statically and

simultaneously along the pier and along the deck, respectively, indugdhthresonant response of
thei-th internal force. They are given by:
boix (Z11) = Hpu(2)(271)° Wi (2) P (1) (18a)
Foai (Y51) = Hax(y) (271)" () Py (1) (18b)

wheren; is thej-th natural frequencyi,;(z2) and,(y) are tkecomponent of th¢-th mode
of vibration pertinent to the pier and to the deck, respectiyilyis the resonant part of theth
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Equation Function Equation Function
T
Np11 = P(z-1) Nai1 =1
r’(
V.,
Np22 = O(z-1) Nz =1
f :
' \
N = D(z1) i Nass = |
I S
MNpa2 = -(2-1)D(z-1) Nasz = -(Hg1)
Naz =Y
Npst = (z-1)D(z-1) Ngs1 = Hyr
Tass = 1
Npes = P(z-1) MNast = -Y

(@)

(b)

Fig. 5 Influence functions for the pier (a) and for the deck (b)
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modal coordinatep,, and Uy are, respectively, the-th component masses of the pier and of the
deck per unit length; they denote translationaf {, 2, 3) or rotational K=4,5,6) masses according

to whethery,,; (z) andpq,(y) are translational or rotational parts of the mode. Replacing Eq. (18)
into Eq. (17) provides:

Epy; (r,t) = (27m;)?pp;(tymy (r) (19)

wheremy; is the influence effect mass of the structure forj ttie mode of vibration:
6
my(r) = z my(r) ;
k=1

my . (r) = I:pllpx(z) Woi(2) Npin(Z r)dz"‘f_;ﬂdK(Y) Wei(Y) Nair (Y, 1)dy (20)

Fig. 6 shows the shape of the four modes of vibration that usually cause the most relevant
resonant effects on the bridge pier during construction. Their expressions may be given by the
matrixes :

Mode 1 Mode 2

Fig. 6 Most relevant modes of vibration
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(ZH)* 0 000 O
2
[Ll/p(Z)] — 0 (Z/Hp) 0 0O 0 (21a)
0 0 0 0 OZH)®
0 0O 000 O
(Ho/H)® 0 0 0 Zu(He/Hy)/Hg 0
2 2
)] = 0 (Ho/H)® —yZ(Ha/H,)“/Hy 0 0 0 (21b)
y(H/H)® 0 0 0 0 0
.o 0 (/R“ 0 0 0]

whose k, j-th terms are, respectivelyy,;(z) andly; () (i, {2, {3 and {4, are suitable
nondimensional coefficients providing the shape of the modes.

4. Maximum effects
Assuming that damping is small and natural frequencies of similar modes are well separated, the

mean value of the maximum effdet during the period” over which the wind velocity is averaged
may be expressed as:

Exmad) = [E(D] +0,() 0080 + 3 08,(1) (22)

i=1

where 0gi(r) and op;(r) are the rms values dEq,; (r;t)  arteh; (r;t) , respectivel{r) is the
peak factor, defined as:

gi(r) = y2In[vi(r)T] + S T] (23)

wherevV; is the zero-up-crossing frequency given by the relationship :

n
z nZog;;(r)
i=1

w(r) = (24)

G+ 3 By (1)
i<

which results sufficiently accurate for flexible structures, as those studied here, i.e. structures where
the background part of the velocity is much lower than the resonant patrt.
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The variance of the quasi-static part of the effect is given by :
0%i(r) = [ Se(rin)dn (25)
0
where&; (r; n) is the psdf ofEg; (r;t)
6 6 H, H,
SEi(r;n) = Z Z D’O ‘[0 SFpKFpé(Z: 1:”)’7piK(Z, r)npié(zla I‘)dZdZ
K=156=1
L L
[ [ Seakrdo(¥s Y iM) Naik(Ys 1) NaisY's r)dydy
-R7-R
Hy L
+2 [ Sepuras2 Vi) Tpuc(2) oY) dzcy| (26)
0 “-R

where d=1,2,3 correspond to forces alorgy,z andd=4,5,6 correspond to moments arou)g z;
Seokrps(Z Z5n) is the cpsdf of Fp, (zt)  andF,; (Z';t)  Srakras(Y: Y'iN) is the cpsdf of
Fae (v;1) and Fgs (Y'51) L Sepwras(z i) is the cpsdf ofF, (z;t)

andy;s (v;t) (Eq. (4)). These
guantities are defined as:
Sepcrpa(z ZiN) = Y, Foue (D Fpse (2)SH(Mp, Mpin) (27a)
Srakras(Ys Y = Y, Faee (V) Fae () SH(Ma, Mg i) (27b)
Sepeas(z Vi) = 5 Foee (2) Faze () S (M, M) (27¢)

where e=u,v,w,s; M,=(0;2), M} = (0;Z'), My = (y;Hg) and Mgy = (y';Hg) ;f_po,e(z) and
f 4qe (Y) are defined as:

— 1 _

fpee (2) = 50" (DDppsCorcpee(2)3:(2) (28a)
— 1 _
dee (y) = Epuz(Hd)bdAdKCszysz(y)‘Js(Hd) (28b)

Special expedients should be used to solve Eq. (25), especially with reference to the upper limit of
integration with regard to the contribution of the vortex wake Piccardo and Solari (2000).
The variance of thg-th resonant part of the effect is given by:

" 2 .
o3 (1) = [m'_T“)] %’ Byoy() (29)

J

whereé; is the damping coefficient of teth mode of vibrationjn; is the-th modal mass :

6 H, L
M= Y Mo M= [ oD Y502+ [ padY) Pau(2)dy (30)
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Sooj (ny) is the psdf ofpp; (r) :

Soln) = 3 z[ 1 Sroneol® 230 U2 (2 22

Kk=10=1

+I_I_RI_;SFdKFd6(y: Y0 Waj(Y) Yaje(y') dydy + 2_[:p_[_LRSFpKFd6(Za Yin) Wi (2) Ll’djé(Y)dZdY} (31)

Aeroelastic effects may be included into tHimmework by expressing the modal damping
coefficients as the sum of a structural part and of an aerodynamic part. Lock-in phenomena causec
by the resonant shedding of vortices along the pier seem to be almost impossible due to the large
mass at the top constituted by the cantilever deck arms. Lock-in phenomena caused by the resona
shedding of vortices along the arms seem to be not so frequent due to the high Scruton number o
reinforced concrete deck§¢ = 4,/ (pbd) , wherg dnd are, respectively, the average
mass per unit length and the average width of the tip third). However, they may be considered
through the non linear aerodynamic damping model proposed by Vickery & Basu (1983).

An example of the calculation of the effégtis provided in Appendix I. All other effects may be
determined analogously (Schmidt 2001).

The gust factoGi(r) is defined traditionally as the ratio between thean value of the maximum
effect Ei max {) and the mean effedEi(r) However, this method cannot be applied in this case,
since some mean effects could be zero. To circumtresitdifficulty and to retain the use of a
qguantity which is quite representative from an engineering viewpoint, the following gust effect
factors will be calculated :

Gi(r) = Ei,max(r)/E (1) (32)

whereE (r) = Ey(r) fori=1,2,3 andE (r) = Es(r) foi=4,5,6.

5. Applications

The application and the implications of the proposed model are illustrated with reference to the
Otira Viaduct and the Limassol - Paphos bridge. The Otira Viaduct is a cast-in-place Huildge
balanced-cantilever stages using form travellers. It consists of four spans measuring 87, 134, 134
and 87 m for a total length of 442 m; it carries Highway 73 through the Arthur's National Park in
New Zealand. The Limassol-Paphos bridge in the Republic of Cyprus was erected in balanced-
cantilever stages using a self-launching overhead gantry to place the precast segments. It consists ¢
five spans measuring 38.5, 55, 55, 55 and 38.5 m. Fig. 7 shows the geometry of the two bridges
during the worst balance-erection stage. Table 1 provides a list of main structural parameters. Table
2 shows, for each bridge, the modal properties associated with the modal shapes depicted in Fig. 6
Table 3 lists the main aerodynamic parameters as derivedliteyature; much better results may
be obtained through wind tunnel tests.

Both structures are built on an homogenarsain with a roughness length= 0.05 m. The mean
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Parameters Otira Viaduct Limassol - Paphos Bridge
Height [m] Hp = 43.3 Hp = 48.25
Pier Width [m] b, = 3.50 b, = 3.60
Mass [kg/m] m, = 12000 m, = 16250
Cantil. lengths [m] L=R=66.95 L=R=27.20
Deck Height [m] Hq = 50.0 Hq = 50.0
Width [m] by(y) = 7.70-5.00(y|/R)*® ba(y) = 2.75
Mass [kg/m] my(y) = 24400-12200(y|/R)%® my(y) = 19300

wind velocity profile is described by the power lawz)=Ur(z/H,)?, where f=0.16, Urer= T (H,)
and T=10 minutes. The integral length scales of the three turbulence compameritg(z) =



14

Stefan Schmidt and Giovanni Solari

Table 2 Modal properties

Otira Viaduct

Limassol - Paphos Bridge

] Nat. frequ. Structural Shape Nat. frequ. Structural Shape

n; [Hz] dampingé; factor n [Hz] dampingé; factor ¢
1 0.33 0.01 17 0.48 0.01 1.7
2 0.15 0.01 1.9 0.35 0.01 18
3 0.14 0.01 1.0 0.45 0.01 1.0
4 154 0.01 2.0 3.50 0.01 14

Table 3 Main aerodynamic parameters

Parameters Otira Viaduct Limassol - Paphos Bridge

Cap 1.50 1.70

Cip -4.10 -4.00

. Cmp 0.40 0.50
Pler Clsp 0.50 0.50
& msp 0.04 0.03

S 0.11 0.10

Cdd 1.60 1.80

C 4d -0.20 0.00

Clsd 0.06 0.10

Cid 2.30 1.50

Deck Cld 9.00 15.00
€ msd 0.07 0.10

Cmd 2.75 1.00

Cmd -1.85 2.00

S 0.15 0.15

300 (z300Y, L,(2)=0.29.,(z) and L,(z)=0.10,(2), where £=0.26; the turbulence intensities are
lW(2)=1/In@Z/2), 1, (2)=0.794(2) and 1(2)=0.50,(z); the exponential decay efficients are:
Cy.=Cx=10, C,=Cy,=C,=6.5, C,,=3 (Solari and Piccardo 2001).£4=1; Y4 =0.9,
B2.(2) = B{, +212(2) (= p,d), Bo=0.08.

Wind-induced internal forces along the pier were evaluated by implementing the method described
above within the computer program MathCAD 2000 Professional.

Table 4(a) shows the main results of the analysis of the wind-induced response of the Otira
Viaduct for ur=26.0 m/s. Tables 4(b) and 4(c) show the main results of the analysis of the wind-
induced response of the Limassol-Paphos Bridgeufer 12.0 m/s andies=26.0 m/s, respectively.

All tables point out, for each internal force at the base of the pier, the different contributions related
to the mean static part, to the quasi-static part and to the resonant part for each mode considered.
is apparent that each mode in Fig. 6 dbotes to the resonant part of only one effect.

Lock-in effects due to the resonant shedding of vortices along the cantilever deck arms may be
ignored due to the high Scruton numbe$s;= 135 andSg = 256, involved by the Otira Viaduct
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Table 4 (a) Wind-induced internal forces at the base of the pier of the Otira Viadugt$dt6.0 m/s

[ |Eil Ooi Ob1 Ob2 Obs Obs  Vi[Hz] g E;, max G

1 489E+05N 1.16E+05 1.68E+05 0 0 0 0.27 3.37 1.18E+06 N 2.41
2 0 1.18E+04 0 1.88E+05 0 0 0.15 3.19 6.01E+05 N 1.23
3 B5.98E+05 N 1.83E+05 0 0 0 6.91E+04 0.55 3.57 1.30E+06 N 2.65
4 0 2.29E+06 0 1.78E+07 0 0 0.15 3.19 5.73E+07 Nm 2.21
5 2.59E+07 Nm 6.11E+06 8.21E+06 0 0 0 0.27 3.37 6.04E+07 Nm 2.33
6 0 1.20E+06 0 0 5.30E+06 0 0.16 3.21 1.74E+07 Nm 0.67

(b) Wind-induced internal forces at the base of the pier of the Limassol - Paphos Bridge=fd2.0 m/s

[ |Ei| 0o Ob1 Ob2 Obs Ops  Vi[HZ] g Eimax G

1 447E+04 N 1.14E+04 5.33E+03 0 0 0 0.20 3.29 8.61E+04 N 1.93
2 0 3.43E+03 0 1.64E+04 0 0 0.34 3.44 578E+04 N 1.29
3 204E+04 N 1.27E+04 0 0 0 3.13E+03 0.84 3.69 6.88E+04 N 1.54
4 0 1.31E+05 0 8.91E+05 0 0 0.35 3.44 3.10E+06 Nm 1.60
5 1.94E+06 Nm 4.83E+05 2.51E+05 0 0 0 0.22 3.31 3.74E+06 Nm 1.93
6 0 3.35E+04 0 0 6.07E+04 0 0.39 3.48 2.41E+05 NmO0.12

(c) Wind-induced internal forces at the base of the pier of the Limassol - Paphos Bridge=f@6.0 m/s

[ |Ei| Ooi Ob1 Ob2 Obs Ops  Vi[HZ] g Ei max G

1 2.10E+05N 5.37E+04 4.75E+04 0 0 0 0.32 3.42 455E+05 N 2.17
2 0 1.24E+04 0 6.68E+04 0 0 0.34 3.44 2.34E+05 N 1.12
3 959E+04 N 5.97E+04 0 0 0 2.71E+04 145 3.84 3.48E+05 N 1.66
4 0 491E+05 0 3.62E+06 0 0 0.35 3.44 1.26E+07 Nm 1.38
5 9.10E+06 Nm 2.26E+06 2.23E+06 0 0 0 0.34 3.44 2.00E+07 Nm 2.20
6 0 1.50E+05 0 0 4.73E+05 0 0.43 3.51 1.74E+06 Nm 0.19

4 9 14 19 24 29 34 4 9 14 19 24 29 34
Uref [m/S] Uref [m/s]

Fig. 8 Gust effect factors at the base of the pier of the Limassol-Paphos Bridge

and by the Limassol-Paphos Bridge, respectively.
Fig. 8 refers to the Limassol-Paphos Bridge and depicts the dependence of the gust effect factor:
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Table 5 (a) Percent contributions of different loading components corresponding to Table 4(a)

El,max E2,max E3,max E4,max E5,max E6,max
Up 6 0 0 0 3 0
Ug 35 0 46 0 40 0
u'p 7 0 0 0 4 0
U'y 39 25 27 26 41 75
Vo 0 1 0 0 0 0
Wy 13 74 26 74 12 25
Sp 0 0 0 0 0 0
<4 0 0 1 0 0 0

(b) Percent contributions of different loading components corresponding to Table 4(b)

El,max E2,max E3,max E4,max E5,max E6,max
U, 23 0 0 0 15 0
Ug 29 0 30 0 37 0
u'p 30 0 0 0 21 0
U'y 17 1 10 1 26 86
Vv 0 3 0 1 0 0
Wy 1 35 60 37 1 14
Sp 0 61 0 61 0 0
S4 0 0 0 0 0 0

(c) Percent contributions of different loading components corresponding to Table 4(c)

El,max E2,max E3,max E4,max E5,max E6,max
Up 21 0 0 0 13 0
Ug 25 0 27 0 33 0
u'p 27 0 0 0 19 0
U'y 25 4 10 4 33 87
Vv 0 6 0 4 0 0
Wy 2 90 63 92 2 13
Sh 0 0 0 0 0 0
S4 0 0 0 0 0 0

Table 6 Bending moments, at the pier bases in accordance with AASHTO

= E Ex Es mx E4 max
[kNm] [kNm] [kNm] [kNm] =
Otira Viaduct (ief = 26.0 m/s) 4836 5474 10310 57300 5.56
Paphos Bridgeu = 12.0 m/s) 1061 1960 3021 3100 1.03
Paphos Bridgeus = 26.0 m/s) 1061 9179 10240 12600 1.23

Gi(0) (Eq. (32)) on the mean wind velocitys. It stresses thatles =12 m/s induces a vortex
shedding along the pier, resonant with the second mode of vibration (Table 4(b)).
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Fig. 9 AASHTO conventional load to take into account out-of-balance conditions

Tables 5(a), 5(b) and 5(c) correspond to Tables 4(a), 4(b) and 4(c), respectively. They shagh for
internal force, the contributions quided by the static actions due to tmean wind velocity § )
and by the fluctuating actions due to the three turbulence componénts (w') and to the wake
excitation €'). The contributions due to u' ands' are splitted between the pier and the deck to
show the influence of each element. Thébtlence components andw' cause actions only on
the pier and on the deck, respectively. The sum of the contributions in each column provides the
100% of Ei,max . Grey boxes denote effects and loading components taken into account by previous
analyses concerning this topic (Dyrbye and Hansen 1997; Mendes and Branco 2001). It is apparen
that neglecting other effects and other loading components oversimplifies the problem and
underestimates the final results.

The same concept applies to AASHTO Specifications (AAS 1996). Theyrecommend a
conventional load to take into account out-of-balance conditions that may produce a crucial bending
moment arounc-axis (€, ) at the base of the pier. Adopting the scheme in Figy90.24 kN/nt
(5 psf) is an uplift load on one cantilever armi=wy,K? where w,,=1.92 kN/nf (40 psf) is a
uniform pressure over the pier, corresponding to a base wind velpeidd.7 m/s (100 mph)X=
Up/U, Whereu, ~ 1.5U is the peak value of the design wind velocil;, = E;q + Ejp, , WhEig
and E;, are the base bending moments, arouaxis, due towy and tow,, respectively. Table 5
shows a comparison between the results provided by the proposed method and by AASHTO
Specifications. It is apparent that these specifications are easy to appllgeir resultsare very
rough and, in some cases, extremely unsafe. Since balanced cantilever erection is quite common i
the United States, particular concern emerges from the application of AASHTO method to calculate
the wind-induced effects of bridges involving this erection technique.

6. Conclusions
A general method has been formulated to determine the wind-induced effects during balanced

cantilever erection stages of bridges. The structure is immersed in a wind field characterised by a
mean wind velocity profile orthogonal to the bridge plane and by a 3-D turbulent model.
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Aerodynamic actions on the pier and on the deck arms are schematised as the sum of the action
due to the oncoming wind flow, i.e., to the mean wind velocity and to the longitudinal, lateral and
vertical turbulence components, and to the vortex wakes. The structure has a linear elastic behaviou
with viscous damping. Geometrical, mechanical and aerodynamic properties of the bridge are
modeled in such a way as to guarantee a broad band of applications in the engineering sector. Th
model provides the statistical parameters of the six components of the internal forces along the pier,
i.e., the normal force, two orthogonal shear forces and bending moments, and the torque. Eact
effect takes into account the static part, the quasi-static part and the resonant part of the response
The static and the quasi-static parts are calculated by the influence function technique, i.e., by taking
all vibration modes into account. The resonant part of the response is determined by selecting the
most significant modes of vibration. Effects along the deck may be easily determined by
generalising the methods described in (Piccardo and Solari 2002) from cantilever vertical structures
to cantilever horizontal structures.

This model represents an extreme galisation of the previous methods suggested by code
provisions (AASHTO 1996), textbooks (Dyrbye and Hansen 1997) and scientific papers (Mendes
and Branco 2001). They enabled to take into consideration only a limited sub-set of the complex
phenomena induced by wind on bridges during balanced cantilever erection stages. The
comparison between previous partial approaches and the more general method developed her
demonstrates that several effects traditionally disregarded may play a fundamental role depending
on the properties of the structure considered and that current techniques may involve unsafe
evaluations.

These considerations agree with the experimental reseacfed out in (Aas-Jalbsen,
Strgmmen 1999), where wind-induced accelerations at the tip of the arms of a bridge during
balanced cantilever erection were measured. The primary conclusion was that the vortex shedding
caused by moderate mean wind véles may produce significant vertical nmemments of cantilever
arms.

The model formulated and the results obtained suggest a lot of perspectives for improving and
extending this work. First, it is apparent that, after assessing a theoretical model, wind tunnel tests
and full-scale measurements should be carried out to check and calibrate the procedure or, at leas
to estimate the aerodynamic model parameters. Second, it should be pointed out that the preser
approach is so complex as to require its implementation in a computer; in the perspective of making
its use more user-friendly in the engineering sector and for applications into standards and codes
closed form solutions like those developed for cantilever vertical structures (Piccardo and Solari
1998; 2000; 2002) should be very appropriate. Third, this method provides information on the
single components of the internal forces along the pier; further analyses aimed at evaluating
combination rules based on cross-correlation statistical properties are fundamental to complete the
model. Finally, generalising this model to the erection stages of cable-stayed bridges including
aeroelastic effects should be very appealing. Concerns are currently addressed to all these
developments.
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Appendix | - Computation of E;

The effectE(r) is the alongwind shear force at heightf the pier. Replacing Eq. (3) into Eq. (14), its
mean value results :

= 1 Ho_2 1 Lo
Ei(r) = épbpcdp_[r "W(2) Vo1u(2)dz+ éPdeddI_RU (Ha) Yaru(y) dy (33)
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where the nondimensional functiogg, and yy, are given by:

bp_(z)cdp(z) . by(y) Caa(y)

yplu(z) = bp Cdp ’ ydlu(y) = bd Cdd (34)
Based on Eqgs. (25)~(28), the variance of the quasi-static pBfti®fdefined as:
a(%l(r) = a(%lpu(r) + U(%ldu(l’) + U(%ldw(l’) + 2CQ1pdu(r) (35)

where 03,,,(r) , 03,44(r) andod,q,(r) are, respectively, the contributions due to the actions of the
longitudinal turbulence over the pier and over the deck, and of the vertical turbulence over the deck;
Coipau(r) is the covariance of the actions of the longitudinal turbulence over the pier and over the deck:

2 ng H, H, _ _ . ,
GB1pu1) = [argoby] 1T @ 1pau(2) DT (2)3(2) ()8 (M, My )dzdzan — (36)

2n L L
Uczgldu(r) = [%pDZ(Hd)bdcdeu(Hd)} Io I_RI_R Yaru(¥) Yaru(Y') Si (Mg, My; n)dydy dn (36b)
1 2 ' 2 n L L 1\ o* '
GB10u(r) = | 500" (HD( Coa ~Cia) (M) | [ [ Voral)¥analy )Su(Mo, M; n)dydycn (36c)

1 _ n, Hp L _ . .
Comanlr) = | §eancaad (M)A HID50a | T T a2 ens YIS, (M M mdzdyin,

Based on Egs. (29) - (31), the variance of the resonant paitisfdefined as:

my;(r)7?

[‘7D11(r)]2 = [ = } %  Sop111u(N1) + Soa111u(N1) + Spar1mw(N1) + Spaissu(N1) + Soarssw(ny)

*+ Spp1sss(N1) + 2 Bpg1su(N1) + 2 BBpgrasw(Ng) + 2 BBpparan(ng) + 2 Bppansu(ng)] (37a)
0812(r) = 0813(r) = 014(r) = 0 (37b)

where, Eq. (37b) applies for equal cantilever ler@ti(); furthermore, from Eqgs. (20) and (30) :

H, L
() = [ (@) (@ Hp) izt [ () (Ho/ Hy) “dy (38)

_ Hp 27, L 27, L 27,
my(r) = [ (22 Ho) “dz+ [ pan(y)(Ho/Hp) mdy+ [ pos(y) EE(Ho/Hp) /Hady  (39)

Sopr11ws Sa11ws a1 Soaissn Spassw anNd Sasss are, respectively, the contributions due to the actions of
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the longitudinal turbulence over the pier and over the deck, and of the vertical turbulence over tBg;degk;
Soarsw, Sopairw aNd Sppairs are related to the cross-correlation of the actions of the longitudinal turbulence
over the pier and over the deck:

1 Hy Hy = _2,, 1z e '
Soprau(M) = 30°DFchf ] "Voau(D o) (DT (2)3, (2 () EHiED Esu(mp,Mp;nl)o!(z;(l)za |

22,

Spariw(M) = 4P u (Hd)bdcdez(Hd)I I Varu(Y) Varu(Y' )(Hd/Hp) Su(Mg, Mg; n;)dydy (40b)

Sooundne) = 300 (HF( Sha = i) (M [ Yena) Vnl¥) (o Hp) S5 Mgy M ny)clyly

(40c)

1 1 L L ] ZZ 261 * ]
Spassu(M) = ZP2U4(Hd)bé‘C%dJ&(Hd)I_RI_R Vasu(Y) Yasu(Y )H_lg(Hd/Hp) Si(Mg, Mg; n;)dydy  (40d)

27,
Spassw(M) = 1P2U4(Hd)bé‘0 dJZ(Hd)I I Vasw(Y) Vasw(Y' )Hg(Hd/Hp) Sw(Mg, Mg; n;)dydy
(40e)
1 2.4 ~2 L L ' ZJZ. % * '
Spaisss(N1) = zPu (Ha)bdCasaf [ Vass(¥) Vass(y )H_Z(Hd/Hp) Ss (Mg, Mg; n;)dydy (40f)
-R"-R d

Spansu(M) = ‘P u (Hd)JZ(Hd)bgcddedI I ydlu(y)yd5u(y) (Hd/Hp) Su(Mdde: n,)dydy

(409)
Spa11sw(Ny)
= 3080 (MR (D s = ) [ Ho iy D (H/ ) S5 M M oy
SDpdlllu(nl)
Hy L .
= %prPCdPDZ(Hd)bdcdeu(Hd)IO IRyplu(Z)uz(Z)Ju(Z) Yaru(Y) [Hig EH_E]]Z (M, Md;nl)dyd?‘lo_)
- i
SDpdllSu(nl)
= 1T MDD (0, | 18D s R s v, i)y
J

All these quantities are associated with the first mode of vibration (Fig. 6).
Finally, the nondimensional shape functions appearing in Egs. (36) and (40) and not defined by Eq. (34) are
given by :
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v (y) = ba(y) Gaa(y) —cia(y). VoY) = ba(y) Cam(y)
diw by Cyg—Cq b Cam '
VoY) = bi(y) cam(y) . VoY) = b(y) Cmsd(¥)
o b Cam b3 Chnsa

(41)
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	Fig.�8�Gust effect factors at the base of the pier of the Limassol-Paphos Bridge
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	Fig.�9�AASHTO conventional load to take into account out-of-balance conditions

	E*4d
	[kNm]
	E*4p
	[kNm]
	E*4
	[kNm]
	E4,�max
	[kNm]
	E4,�max
	E*4
	Otira Viaduct (uref = 26.0 m/s)
	4836
	5474
	10310
	57300
	5.56
	Paphos Bridge (uref = 12.0 m/s)
	1061
	1960
	 3021
	 3100
	1.03
	Paphos Bridge (uref = 26.0 m/s)
	1061
	9179
	10240
	12600
	1.23





