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

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

1. Introduction

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

Experience teaches that wind has a great importance with regard to this construction tec
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whereby its role is more critical when the wind climate at the site is severe or the struct
sensitive to dynamic wind actions due to tall and flimsy piers or long cantilever arms. How
despite this attribute, the methods proposed by codes to take wind effects into account 
balanced cantilever erection stages are still rather crude (AASHTO 1996). In addition, research in
this field is quite limited (Dyrbye and Hansen 1997, Mendes and Branco 2001) and aim
studying only the longitudinal shear force and the torsional moment induced by the mean
velocity and by the longitudinal turbulence over the deck, completely ignoring wind actions on
and, even more, the role of the lateral and vertical turbulence components and of the 
shedding.

Starting from above premises, a complete model of the pier and of the cantilever arms has been
formulated, including the variable curvature of the bridge deck and all other typical struc
properties in order to suit actual engineering solutions and guarantee a broad band of applic
the construction sector. The model is subjected to the mean wind velocity, assumed orthog
the bridge plane, to the three spatial components of the atmospheric turbulence and to the
shedding (Schmidt 2001). It furnishes the statistical parameters of the six internal forces (the axi
force, two shear forces, two bending moments and the torque) along the pier, each expresse
sum of its static, quasi-static and resonant parts. The static and the quasi-static parts are de
by the influence function technique (Kasperski 1992, Holmes 1994, Davenport 1995). The re
part is calculated by taking all dominant vibration modes into account (Solari 1989, Dave
1995, Holmes 2002). Analyses are carried out in the frequency domain by the classic meth
process theory and random dynamics. Due to such properties, the proposed method genera
model developed by the second author and his research group from cantilever vertical str
(Piccardo and Solari 1998, 2000, 2002) to bridges during balanced cantilever erection stages
completes and extends the approaches formulated in Dyrbye and Hansen (1997), Mend
Branco (2001).

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

2. Structural geometry and wind loading model

Let us consider a Cartesian reference system with origin at O on the soil; z coincides with the pier
axis; y is parallel to the deck axis, x is perpendicular to the bridge plane. Fig. 1 shows the struct
geometry, where Hp is the height of the pier, Hd is the height of the deck centre, R and L are the
lengths of the right and left cantilever arms, respectively, bp and bd are reference widths of the pie
and of the deck, respectively. The structure is assumed as statically determined due to 
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 velocity u is aligned with x (Fig. 2); u ,
v  and w  are the longitudinal (x), lateral (y) and vertical (z) turbulent fluctuations treated here a

′
′ ′
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namic
stochastic stationary Gaussian independent processes. Furthermore u / u << 1, v / u << 1 and w / u
<< 1. 

Coherently with the wind loading model proposed in Piccardo and Solari (2000), the aerody
actions on the pier (Fp) and on the deck (Fd) are defined as :

(1)

(2)

where t is the time; 0� z� Hp; -R� y� L ; κ = 1,2,3 correspond to the forces along x, y, z and κ =
4, 5, 6 correspond to the moments around x, y, z ;  and  are the mean values of Fpκ and Fdκ,
respectively;  and  are, respectively, the nil mean fluctuations of Fpκ and Fdκ around 

′ ′ ′

Fpκ z;t( ) Fpκ z( ) F ′pκ z;t( )+=

Fdκ y;t( ) Fdκ y( ) F ′dκ y;t( )+=

Fpκ Fdκ

F ′pκ F ′dκ Fpκ

Fig. 1 Structural geometry

Fig. 2 Structural scheme and reference system
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(3a)

(3b)

(4a)

(4b)

where ρ is the air density; λpk and λ dk are the κ-th components of the vectors {λp} = {1 1 1 bp bp

bp} T and {λp} = {1 1 1 bd bd bd} T, respectively; Σε is the sum of four loading terms with indice
ε = u, v, w, s, associated with the three turbulence components (u , v  and w ) and with the wake
excitation (s ); cpκε and cdκε are the κ,ε - th elements of the aerodynamic matrixes of the pier and
the deck, respectively :

(5)

where cdp, clp, cmp and cdd, cld, cmd are the drag, lift and torsional moment coefficients for t
pier and for the deck, respectively; c'dp, c'lp , c'mp and c'dd, c'ld , c'md are the angular derivates o
cdp, clp, cmp and of cdd, cld, cmd, respectively;  and  are the root mea
square (rms) values of the drag, lift and torsional moment wake coefficients for the pier and f
deck, respectively, whereby ; Ju= 2Iu , Jv= Iv, Jw= Iw, Js= 1, where ,

,  are the turbulence intensities, σu, σv, σw are the rms values of u', v', w' ;
f *

pκε and f *
dκε are the ε - th component of the row vectors:

(6a)

(6b)

where u* =u /σu, v * =v /σv, w* =w / σw are the reduced turbulence components; s*
pκ  and s*

dκ  are
the κ-th reduced components of the wake excitation of the pier and of the deck, respectively, 
as stochastic stationary Gaussian processes independent of u*, v*  and w* (Solari 1985); γpκε and γdκε
are nondimensional shape functions that make the model suitable for variable properties of t
and of the deck, respectively.

The cross-power spectral density function (cpsdf) of the atmospheric turbulence is expresse

(7)

Fdκ

Fpκ z( ) 1
2
---ρu

2
z( )bpλpκcpκuγpκu z( )=

Fdκ y( ) 1
2
---ρu

2
Hd( )bdλdκcdκuγdκu y( )=

F ′pκ z;t( )
ε∑ F′pκε z;t( ); F ′pκε z;t( ) 1

2
---ρu

2
z( )bp= λpκcpκεγpκε z( )Jε z( )fpκε

* z;t( )=

F ′dκ z;t( )
ε∑ F ′dκε y;t( ); F ′dκε y;t( ) 1

2
---ρu

2
Hd( )bd= λdκcdκεγdκε y( )Jε Hd( )fdκε

* y;t( )=

′ ′ ′
′

cp[ ]

cdp 0 0 0

0 cdp c′lp+ 0 c̃lsp

0 0 0 0

0 0 0 0

0 0 0 0

0 c′mp 0 c̃msp

; cd[ ]

cdd 0 c′dd cld– 0

0 0 0 0

cld 0 cdd c′ld+ c̃lsd

0 0 0 0

cmd 0 c′md c̃msd

0 0 0 0

==

c̃dsp c̃lsp c̃msp, , c̃dsd c̃lsd c̃msd, ,

c̃dsp c̃dsd 0= = I u σu u⁄=
I v σv u⁄= Iw σw u⁄=

fpκ
* z;t( ){ } u*

0 z;t,( ) v*
0 z, ;t( ) w*

0 z;t,( ) spκ
* z;t( ){ }=

fdκ
* y;t( ){ } u* y Hd;t,( ) v* y Hd, ;t( ) w* y Hd;t,( ) sdκ

* z;t( ){ }=

′ ′ ′

Sε
* M M ′;n,( ) Sε

* z;n( )Sε
* z′;n( )cohε M M ′, ;n( ) ε u′ v′ w′, ,=( )=
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 2001):

point
ering
where n is the frequency; M is a point of coordinates y, z; M  is a point of coordinates y , z ;
S*

ε (z; n) is the psdf of ε *(M; t); cohε(M, M ; n) is the coherence function of ε* (M; t) and ε * (M ; t).
The analyses developed here are based on the following spectral equations (Solari and Piccardo

(8)

(9)

where du= 6.868, dv=dw= 9.434 ; Lε is the integral length scale of the ε turbulence component in x-
direction; Cyε and Czε are the exponential decay coefficients of the ε turbulence component along y
and z, respectively. Fig. 3 shows the particularisation of Eq. (9) to the analysed structure.

The cpsdf of the wake excitation is expressed as :

(10)

where M and M  are points belonging both to the pier or to the deck. If M and M  belong to the
pier, q=p and r =z; if M and M  belong to the deck, q=d and r =y.  and  are the
psdf of the wake excitation of the pier and of the deck, respectively;  is the two-
coherence function. They are given by the relationships (Vickery and Clark 1972, Engine
Sciences Data Unit 1990) :

(11)

(12)

′ ′ ′
′ ′

Sε
* z;n( )

dεnLε z( ) u z( )⁄

1 1.5dεnLε z( ) u z( )⁄+[ ]5 3⁄---------------------------------------------------------------- ε u′ v′ w′, ,=( )=

cohε M M ′, ;n( )
2n Cyε

2 y y′– 2 Czε
2 z z′– 2+

u z( ) u z′( )+
----------------------------------------------------------------------–

 
 
 

exp ε u′ v′ w′, ,=( )=

Ss
* M M ′;, n( ) Sqκ

* z;n( )Sqκ
* z′;n( )cohq r r ′;n,( )=

′ ′
′ Spκ

* z;n( ) Sdκ
* y;n( )

cohq r r ′;n,( )

Sqκ
* r ;n( ) 1

πBqκ r( )nqκ r( )
---------------------------------------

1 n– nqκ r( )⁄
Bqκ r( )-------------------------------

2

–
 
 
 

exp=

cohq r r, ′ ;n( ) r r ′–
Lqbq

---------------–
 
 
 

exp=

Fig. 3 Two-point coherence function (ε = u , v , w )′ ′ ′
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where  is the shedding frequency; bp(z) and bd(y) are the current widths
of the pier and of the deck, respectively; Sp and Sd are the Strouhal numbers of the pier and of t
deck, respectively; Ypκ and Ydκ are the κ-th components of the vectors {Yp}={2 1 0 0 0 Ypθ}

T and
{ Yd}={2 0 1 0 Ydθ 0}T, respectively, where Ypθ and Ydθ are appropriate shape factors (Solari 198
Bqκ(r ) is the bandwidth spectral parameter; q is the correlation length (in bq’s) of the vortex
shedding. It is assumed that the wake excitation of the pier and of the deck constitute indep
random processes.

3. Wind-induced effects

Wind-induced effects on the cantilever arms of the deck may be determined easily by gener
the model proposed in Piccardo and Solari (2002) from vertical to horizontal structures. How
the most important effects for the bridge stability during erection are those induced by wind alon
the pier and, especially, the internal forces at the pier base. Let us define by Ei(r) the i -th
component of the internal force at height r along the pier (Fig. 2), where E1 is the shear force in x-
direction; E2 is the shear force in y-direction; E3 is the normal force in z-direction; E4 is the
bending moment around the x-axis; E5 is the bending moment around the y-axis; E6 is the torque
around the z-axis (Fig. 4). These quantities are expressed as :

(13)

where  is the mean static effect and  is the zero mean fluctuating effect, splitted
herein in two parts, namely the quasi-static part  and the resonant part .

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

(14)

(15)

nqκ r( ) YqκSqu r( ) bq⁄ r( )=

Ei r ;t( ) Ei r( ) E′i r ;t( ) ; E′i r ;t( )+ E′Qi r ;t( ) E′Di r ;t( )+= =

Ei r( ) Ei′ r ;t( )
E′Qi r ;t( ) E′Di r ;t( )

Ei r( ) Ei κ

κ 1=

6

∑ r( ) ; Ei κ r( ) Fpκ
0

Hp

∫ z( )ηpiκ z r,( )dz Fdκ y( )ηdiκ y r,( )
R–

L

∫ dy+= =

E′Qi r ;t( ) E
κ 1=

6

∑ ′Qiκ r ;t( ) ; E′Qiκ r ;t( ) F
0

Hp

∫ ′pκ z;t( )ηpiκ z r,( )dz F
R–

L

∫ ′dκ y;t( )ηdiκ y r,( )dy+= =

Fig. 4 Internal forces along the pier
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e to

and
f

where  and  are, respectively, the contributions to  and to  du
the κ-th loading component;  is the influence function for the pier, i.e., the i -th internal
force at height r of the pier due to a unit static action Fpκ at the height z of the pier;  is
the influence function for the deck, i.e. the i -th internal force at height r of the pier due to a unit
static action Fdκ at a point of the deck with coordinate y. They represent the κ, i -th terms of the
following matrixes :

(16a)

(16b)

where Φ (�) is the Heaviside’s function (Φ = 0 for �<0; Φ = 1 for �� 0). Fig. 5 depicts the non-null
terms of these matrixes.

The resonant part of the effect  is defined as :

(17)

where  is the resonant part of the effect due to the j -th mode of vibration (j = 1, ..n) ;
 and  are the κ-th components of the inertial actions that, applied quasi-statically 

simultaneously along the pier and along the deck, respectively, induce the j -th resonant response o
the i -th internal force. They are given by :

(18a)

(18b)

where nj is the j -th natural frequency;  and  are the κ-component of the j -th mode
of vibration pertinent to the pier and to the deck, respectively; pDj is the resonant part of the j -th

Eiκ r( ) E′Qiκ r ;t( ) Ei r( ) E′Qi r ;t( )
ηpiκ z r,( )

ηdiκ y r,( )

ηp z r,( )[ ]

Φ z r–( ) 0 0 0 0 0

0 Φ z r–( ) 0 0 0 0

0 0 Φ z r–( ) 0 0 0

0 z r–( )Φ z r–( )– 0 0 0 0

z r–( )Φ z r–( ) 0 0 0 0 0

0 0 0 0 0 Φ z r–( )

=

ηd y r,( )[ ]

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 Hd r–( )– y 0 0 0

Hd r– 0 0 0 1 0

y– 0 0 0 0 0

=

E′Di r ;t( )

E′Di r ;t( ) E
j 1=

n

∑ ′Dij r ;t( ) ;=

E′Dij r ;t( ) F
0

Hp

∫
κ 1=

6

∑ ′Dpjκ z;t( )ηpiκ z r,( )dz= + F
R–

L

∫
κ 1=

6

∑ ′Ddjκ y;t( )ηdiκ y r,( )dy

E′Dij r ;t( )
F ′Dpjκ F′Ddjκ

F ′Dpjκ z;t( ) µpκ z( ) 2πnj( )2ψpjκ z( )pDj t( )=

F′Ddjκ y;t( ) µdκ y( ) 2πnj( )2ψdjκ y( )pDj t( )=

ψpjκ z( ) ψdjκ y( )
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Fig. 5 Influence functions for the pier (a) and for the deck (b)
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levant
by the
modal coordinate; µpκ and µdκ are, respectively, the κ-th component masses of the pier and of t
deck per unit length; they denote translational (κ = 1, 2, 3) or rotational (κ = 4,5,6) masses according
to whether  and  are translational or rotational parts of the mode. Replacing Eq
into Eq. (17) provides:

(19)

where mij is the influence effect mass of the structure for the j -th mode of vibration :

(20)

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

ψpjκ z( ) ψdjκ y( )

E′Dij r t,( ) 2πnj( )2pDj t( )mij r( )=

mij r( ) mij κ
κ 1=

6

∑ r( ) ;=

mij κ r( ) µpκ
0

Hp

∫ z( )ψpjκ z( )ηpiκ z r,( )dz= + µdκ
R–

L

∫ y( )ψdjκ y( )ηdiκ y r,( )dy

Fig. 6 Most relevant modes of vibration
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 where
(21a)

(21b)

whose κ, j -th terms are, respectively,  and ; ζ1, ζ2, ζ3 and ζ4 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 separat
mean value of the maximum effect Ei during the period T over which the wind velocity is averaged
may be expressed as :

(22)

where σQi(r ) and σDij (r ) are the rms values of  and , respectively; gi(r ) is the
peak factor, defined as :

(23)

where vi is the zero-up-crossing frequency given by the relationship :

(24)

which results sufficiently accurate for flexible structures, as those studied here, i.e. structures
the background part of the velocity is much lower than the resonant part. 

ψp z( )[ ]

z Hp⁄( )
ζ1 0 0 0 0 0

0 z Hp⁄( )
ζ2 0 0 0 0

0 0 0 0 0 z Hp⁄( )
ζ3

0 0 0 0 0 0

=

ψd y( )[ ]

Hd Hp⁄( )
ζ1 0 0 0 ζ1 Hd Hp⁄( )

ζ1 Hd⁄ 0

0 Hd Hp⁄( )
ζ2 yζ2 Hd Hp⁄( )

ζ2– Hd⁄ 0 0 0

y Hd Hp⁄( )
ζ3 0 0 0 0 0

0 0 y R⁄( )
ζ4 0 0 0

=

ψpjκ z( ) ψdjκ y( )

Ei max, r( ) Ei r( ) gi r( ) σQi
2 r( ) σDij

2 r( )
j 1=

n

∑+⋅+=

E′Qi r ;t( ) E′Dij r ;t( )

gi r( ) 2 vi r( )T[ ]ln
0.5772

2 vi r( )T[ ]ln
---------------------------------+=

vi r( )

nj
2

j 1=

n

∑ σDij
2 r( )

σQi
2 r( ) σDij

2 r( )
j 1=

n

∑+

-----------------------------------------------=
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The variance of the quasi-static part of the effect is given by :

(25)

where SEi (r ; n) is the psdf of : 

(26)

where δ = 1,2,3 correspond to forces along x,y,z and δ = 4,5,6 correspond to moments around x,y,z;
 is the cpsdf of  and ,  is the cpsdf o

 and ,  is the cpsdf of  and  (Eq. (4)). Thes
quantities are defined as :

(27a)

(27b)

(27c)

where ε =u,v,w,s; Mp= (0;z), ,  and ;  and
 are defined as :

(28a)

(28b)

Special expedients should be used to solve Eq. (25), especially with reference to the upper 
integration with regard to the contribution of the vortex wake Piccardo and Solari (2000).

The variance of the j -th resonant part of the effect is given by :

(29)

where ξj is the damping coefficient of the j -th mode of vibration;  is the j -th modal mass :

(30)

σQi
2 r( ) SEi r ;n( )dn

0

∞

∫=

E′Qi r ;t( )

SEi r ;n( ) SFpκFpδ
0

Hp

∫
0

Hp

∫ z z′;n,( )ηpiκ z r,( )ηpiδ z′ r,( )dzdz′
δ 1=

6

∑
κ 1=

6

∑=

+ SFdκFdδ y y′;n,( )
R–

L

∫
R–

L

∫ ηdiκ y r,( )ηdiδ y′ r,( )dydy′

2 SFpκFdδ
R–

L

∫
0

Hp

∫ z y;n,( )ηpiκ+ z( )ηdiδ y( )dzdy

SFpκFpδ z z′, ;n( ) F ′pκ z;t( ) F ′pδ z′;t( ) SFdκFdδ y y′;n,( )
F ′dκ y;t( ) F ′dδ y′;t( ) SFpκFdδ z y, ;n( ) F ′pκ z;t( ) F′dδ y;t( )

SFpκFpδ z z′;n,( )
ε

f pκε z( ) f pδε z′( )Sε
* Mp M′p ; n,( )∑=

SFdκFdδ y y′;n,( )
ε

f dκε y( ) f dδε y′( )Sε
* Md M ′d ; n,( )∑=

SFpκFdδ z y;n,( )
ε

f pκε z( ) f dδε y( )Sε
* Mp Md;n,( )∑=

M ′p 0;z′( )= Md y;Hd( )= M ′d y′;Hd( )= f pαε z( )
f dαε y( )

f pκε z( ) 1
2
---ρu

2
z( )bpλpκcpκεγpκε z( )Jε z( )=

f dκε y( ) 1
2
---ρu

2
Hd( )bdλdκcdκεγdκε y( )Jε Hd( )=

σDij
2 r( )

mij r( )
mj

--------------
2πnj

4ξj
------- SpDj nj( )⋅=

mj

mj mjκ
κ 1=

6

∑ ; mj κ µpκ
0

Hp

∫= z( )ψpjκ
2 z( )dz µdκ y( )ψdjκ

2

R–

L

∫+ z( )dy=
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SpDj (nj ) is the psdf of pDj (r ) :

(31)

Aeroelastic effects may be included into this framework by expressing the modal dampin
coefficients as the sum of a structural part and of an aerodynamic part. Lock-in phenomena 
by the resonant shedding of vortices along the pier seem to be almost impossible due to th
mass at the top constituted by the cantilever deck arms. Lock-in phenomena caused by the r
shedding of vortices along the arms seem to be not so frequent due to the high Scruton num
reinforced concrete decks, , where  and  are, respectively, the ave
mass per unit length and the average width of the tip third). However, they may be cons
through the non linear aerodynamic damping model proposed by Vickery & Basu (1983).

An example of the calculation of the effect E1 is provided in Appendix I. All other effects may b
determined analogously (Schmidt 2001).

The gust factor Gi(r ) is defined traditionally as the ratio between the mean value of the maximum
effect (r) and the mean effect . However, this method cannot be applied in this ca
since some mean effects could be zero. To circumvent this difficulty and to retain the use of a
quantity which is quite representative from an engineering viewpoint, the following gust e
factors will be calculated :

(32)

where  for i = 1,2,3 and  for i=4,5,6.

5. Applications

The application and the implications of the proposed model are illustrated with reference 
Otira Viaduct and the Limassol - Paphos bridge. The Otira Viaduct is a cast-in-place bridge built in
balanced-cantilever stages using form travellers. It consists of four spans measuring 87, 13
and 87 m for a total length of 442 m; it carries Highway 73 through the Arthur’s National Pa
New Zealand. The Limassol -Paphos bridge in the Republic of Cyprus was erected in bal
cantilever stages using a self-launching overhead gantry to place the precast segments. It co
five spans measuring 38.5, 55, 55, 55 and 38.5 m. Fig. 7 shows the geometry of the two 
during the worst balance-erection stage. Table 1 provides a list of main structural parameters
2 shows, for each bridge, the modal properties associated with the modal shapes depicted in
Table 3 lists the main aerodynamic parameters as derived from literature; much better results ma
be obtained through wind tunnel tests.

Both structures are built on an homogenous terrain with a roughness length z0= 0.05 m. The mean

SpDj n( ) SFpκFpδ
0

Hp

∫
0

Hp

∫ z z′, ;n( )ψpjκ z( )ψpjδ z′( )dzdz′
δ 1=

6

∑
κ 1=

6

∑=

+ SFdκFdδ
R–

L

∫
R–

L

∫ y y′, ;n( )ψdjκ y( )ψdjδ y′( )dydy′+ 2 SFpκFdδ
R–

L

∫
0

Hp

∫ z y;n,( )ψpjκ z( )ψdjδ y( )dzdy

Scd 4πmdξd ρbd
2( )⁄= md bd

Ei max, Ei r( )

Gi r( ) Ei max, r( ) E
*

r( )⁄=

E* r( ) E1 r( )= E* r( ) E5 r( )=
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lic o
wind velocity profile is described by the power law (z)=uref(z/Hp)β, where β = 0.16, uref = (Hp)
and T= 10 minutes. The integral length scales of the three turbulence components are Lu(z) =

u u

Fig. 7 Geometry of the Otira Viaduct, New Zealand (a) and of the Limassol-Paphos Bridge, Repubf
Cyprus (b)

Table 1 Main structural parameters

Parameters Otira Viaduct Limassol - Paphos Bridge

Pier
Height [m] Hp = 43.3 Hp = 48.25
Width [m] bp = 3.50 bp = 3.60
Mass [kg/m] mp = 12000 mp = 16250

Deck

Cantil. lengths [m] L = R = 66.95 L = R = 27.20
Height [m] Hd = 50.0 Hd = 50.0
Width [m] bd(y) = 7.70−5.00( |y|/R)0.5 bd(y) = 2.75
Mass [kg/m] md(y) = 24400−12200( |y|/R)0.5 md(y) = 19300
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e

cribed

 Otira
ind-

elated
dered. It

ay be
300 (z/300)ε, Lv(z)=0.25Lu(z) and Lw(z)=0.10Lu(z), where ε = 0.26; the turbulence intensities ar
Iu(z)=1/ln(z/z0), Iv(z)=0.75Iu(z) and Iw(z)=0.50Iu(z); the exponential decay coefficients are:
Cyu= Czu= 10, Cyv=Cyw=Czv=6.5, Czw=3 (Solari and Piccardo 2001). q=1; Yqθ = 0.9,

(q= p,d), B0κ = 0.08.
Wind-induced internal forces along the pier were evaluated by implementing the method des

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

Viaduct for uref= 26.0 m/s. Tables 4(b) and 4(c) show the main results of the analysis of the w
induced response of the Limassol-Paphos Bridge for uref = 12.0 m/s and uref= 26.0 m/s, respectively.
All tables point out, for each internal force at the base of the pier, the different contributions r
to the mean static part, to the quasi-static part and to the resonant part for each mode consi
is apparent that each mode in Fig. 6 contributes to the resonant part of only one effect.

Lock-in effects due to the resonant shedding of vortices along the cantilever deck arms m
ignored due to the high Scruton numbers, Scd = 135 and Scd = 256, involved by the Otira Viaduct

Bqκ
2 z( ) B0κ

2 2I u
2 z( )+=

Table 2 Modal properties

j
Otira Viaduct Limassol - Paphos Bridge

Nat. frequ.
nj [Hz]

Structural
damping ξ j

Shape
factor ζ j

Nat. frequ.
nj [Hz]

Structural
damping ξj

Shape
factor ζj

1 0.33 0.01 1.7 0.48 0.01 1.7
2 0.15 0.01 1.9 0.35 0.01 1.8
3 0.14 0.01 1.0 0.45 0.01 1.0
4 1.54 0.01 2.0 3.50 0.01 1.4

Table 3 Main aerodynamic parameters

Parameters Otira Viaduct Limassol - Paphos Bridge

Pier

cdp 1.50 1.70
c�lp -4.10 -4.00
c�mp 0.40 0.50

lsp 0.50 0.50

msp 0.04 0.03
Sp 0.11 0.10

Deck

cdd 1.60 1.80
c�dd -0.20 0.00

lsd 0.06 0.10
cld 2.30 1.50
c�ld 9.00 15.00

msd 0.07 0.10
cmd 2.75 1.00
c�md -1.85 2.00
Sd 0.15 0.15

c̃
c̃

c̃

c̃
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and by the Limassol-Paphos Bridge, respectively.
Fig. 8 refers to the Limassol-Paphos Bridge and depicts the dependence of the gust effect

Table 4 (a) Wind-induced internal forces at the base of the pier of the Otira Viaduct for uref = 26.0 m/s

i |Ei | σQi σD1 σD2 σD3 σD4 ν i [Hz] gi Ei, max Gi

1 4.89E+05 N 1.16E+05 1.68E+05 0 0 0 0.27 3.37 1.18E+06 N 2.
2 0 1.18E+04 0 1.88E+05 0 0 0.15 3.19 6.01E+05 N 1.2
3 5.98E+05 N 1.83E+05 0 0 0 6.91E+04 0.55 3.57 1.30E+06 N 2.
4 0 2.29E+06 0 1.78E+07 0 0 0.15 3.19 5.73E+07 Nm 2.2
5 2.59E+07 Nm 6.11E+06 8.21E+06 0 0 0 0.27 3.37 6.04E+07 Nm 2.
6 0 1.20E+06 0 0 5.30E+06 0 0.16 3.21 1.74E+07 Nm 0.6

(b) Wind-induced internal forces at the base of the pier of the Limassol - Paphos Bridge for uref = 12.0 m/s

i |Ei | σQi σD1 σD2 σD3 σD4 νi [Hz] gi Ei,max Gi

1 4.47E+04 N 1.14E+04 5.33E+03 0 0 0 0.20 3.29 8.61E+04 N 1.
2 0 3.43E+03 0 1.64E+04 0 0 0.34 3.44 5.78E+04 N 1.2
3 2.04E+04 N 1.27E+04 0 0 0 3.13E+03 0.84 3.69 6.88E+04 N 1.
4 0 1.31E+05 0 8.91E+05 0 0 0.35 3.44 3.10E+06 Nm 1.6
5 1.94E+06 Nm 4.83E+05 2.51E+05 0 0 0 0.22 3.31 3.74E+06 Nm 1.
6 0 3.35E+04 0 0 6.07E+04 0 0.39 3.48 2.41E+05 Nm 0.1

(c) Wind-induced internal forces at the base of the pier of the Limassol - Paphos Bridge for uref = 26.0 m/s

i |Ei | σQi σD1 σD2 σD3 σD4 νi [Hz] gi Ei,max Gi

1 2.10E+05 N 5.37E+04 4.75E+04 0 0 0 0.32 3.42 4.55E+05 N 2.
2 0 1.24E+04 0 6.68E+04 0 0 0.34 3.44 2.34E+05 N 1.1
3 9.59E+04 N 5.97E+04 0 0 0 2.71E+04 1.45 3.84 3.48E+05 N 1.
4 0 4.91E+05 0 3.62E+06 0 0 0.35 3.44 1.26E+07 Nm 1.3
5 9.10E+06 Nm 2.26E+06 2.23E+06 0 0 0 0.34 3.44 2.00E+07 Nm 2
6 0 1.50E+05 0 0 4.73E+05 0 0.43 3.51 1.74E+06 Nm 0.1

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



16 Stefan Schmidt and Giovanni Solari
Gi(0) (Eq. (32)) on the mean wind velocity uref . It stresses that uref = 12 m/s induces a vortex
shedding along the pier, resonant with the second mode of vibration (Table 4(b)).

Table 5 (a) Percent contributions of different loading components corresponding to Table 4(a)

E1,max E2,max E3,max E4,max E5,max E6,max

up 6 0 0 0 3 0
ud 35 0 46 0 40 0
u'p 7 0 0 0 4 0
u'd 39 25 27 26 41 75
v'p 0 1 0 0 0 0
w'd 13 74 26 74 12 25
s'p 0 0 0 0 0 0
s'd 0 0 1 0 0 0

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

E1,max E2,max E3,max E4,max E5,max E6,max

up 23 0 0 0 15 0
ud 29 0 30 0 37 0
u'p 30 0 0 0 21 0
u'd 17 1 10 1 26 86
v'p 0 3 0 1 0 0
w'd 1 35 60 37 1 14
s'p 0 61 0 61 0 0
s'd 0 0 0 0 0 0

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

E1,max E2,max E3,max E4,max E5,max E6,max

up 21 0 0 0 13 0
ud 25 0 27 0 33 0
u'p 27 0 0 0 19 0
u'd 25 4 10 4 33 87
v'p 0 6 0 4 0 0
w'd 2 90 63 92 2 13
s'p 0 0 0 0 0 0
s'd 0 0 0 0 0 0

Table 6 Bending moments E4 at the pier bases in accordance with AASHTO

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
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Tables 5(a), 5(b) and 5(c) correspond to Tables 4(a), 4(b) and 4(c), respectively. They show, feach
internal force, the contributions provided by the static actions due to the mean wind velocity ( )
and by the fluctuating actions due to the three turbulence components (u , v , w ) and to the wake
excitation (s ). The contributions due to , u  and s  are splitted between the pier and the deck
show the influence of each element. The turbulence components v  and w  cause actions only on
the pier and on the deck, respectively. The sum of the contributions in each column provid
100% of . Grey boxes denote effects and loading components taken into account by pr
analyses concerning this topic (Dyrbye and Hansen 1997; Mendes and Branco 2001). It is a
that neglecting other effects and other loading components oversimplifies the problem
underestimates the final results.

The same concept applies to AASHTO Specifications (AASHTO 1996). They recommend a
conventional load to take into account out-of-balance conditions that may produce a crucial b
moment around x-axis ( ) at the base of the pier. Adopting the scheme in Fig. 9, wd= 0.24 kN/m2

(5 psf) is an uplift load on one cantilever arm; wp=wpbK2, where wpb=1.92 kN/m2 (40 psf) is a
uniform pressure over the pier, corresponding to a base wind velocity ub= 44.7 m/s (100 mph), K=
up/ub where up ~ 1.5uref is the peak value of the design wind velocity; , where 
and  are the base bending moments, around x-axis, due to wd and to wp, respectively. Table 5
shows a comparison between the results provided by the proposed method and by AA
Specifications. It is apparent that these specifications are easy to apply but their results are very
rough and, in some cases, extremely unsafe. Since balanced cantilever erection is quite com
the United States, particular concern emerges from the application of AASHTO method to ca
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 ba
cantilever erection stages of bridges. The structure is immersed in a wind field characterise
mean wind velocity profile orthogonal to the bridge plane and by a 3-D turbulent m

u
′ ′ ′

′ u ′ ′
′ ′

Ei max,

E4
*

E4
* E4d

* E4p
*+= E4d

*

E4p
*

Fig. 9 AASHTO conventional load to take into account out-of-balance conditions
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Aerodynamic actions on the pier and on the deck arms are schematised as the sum of the
due to the oncoming wind flow, i.e., to the mean wind velocity and to the longitudinal, latera
vertical turbulence components, and to the vortex wakes. The structure has a linear elastic be
with viscous damping. Geometrical, mechanical and aerodynamic properties of the bridg
modeled in such a way as to guarantee a broad band of applications in the engineering sec
model provides the statistical parameters of the six components of the internal forces along th
i.e., the normal force, two orthogonal shear forces and bending moments, and the torque
effect takes into account the static part, the quasi-static part and the resonant part of the re
The static and the quasi-static parts are calculated by the influence function technique, i.e., by
all vibration modes into account. The resonant part of the response is determined by select
most significant modes of vibration. Effects along the deck may be easily determine
generalising the methods described in (Piccardo and Solari 2002) from cantilever vertical stru
to cantilever horizontal structures.

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

These considerations agree with the experimental research carried out in (Aas-Jakobsen,
Strφmmen 1999), where wind-induced accelerations at the tip of the arms of a bridge d
balanced cantilever erection were measured. The primary conclusion was that the vortex sh
caused by moderate mean wind velocities may produce significant vertical movements of cantilever
arms.

The model formulated and the results obtained suggest a lot of perspectives for improvin
extending this work. First, it is apparent that, after assessing a theoretical model, wind tunne
and full-scale measurements should be carried out to check and calibrate the procedure or, 
to estimate the aerodynamic model parameters. Second, it should be pointed out that the 
approach is so complex as to require its implementation in a computer; in the perspective of m
its use more user-friendly in the engineering sector and for applications into standards and
closed form solutions like those developed for cantilever vertical structures (Piccardo and 
1998; 2000; 2002) should be very appropriate. Third, this method provides information o
single components of the internal forces along the pier; further analyses aimed at eva
combination rules based on cross-correlation statistical properties are fundamental to compl
model. Finally, generalising this model to the erection stages of cable-stayed bridges inc
aeroelastic effects should be very appealing. Concerns are currently addressed to al
developments. 
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Appendix I - Computation of E1

The effect E1(r ) is the alongwind shear force at height r of the pier. Replacing Eq. (3) into Eq. (14), it
mean value results :

(33)E1 r( ) 1
2
--ρbpcdp u

2

r

Hp

∫ z( )γp1u z( )dz
1
2
--ρbdcdd u

2

R–

L

∫ Hd( )γd1u y( )dy+=
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 the
deck;
:

 of
where the nondimensional functions γp1u and γd1u are given by :

(34)

Based on Eqs. (25)~(28), the variance of the quasi-static part of E1 is defined as :

(35)

where ,  and  are, respectively, the contributions due to the actions of
longitudinal turbulence over the pier and over the deck, and of the vertical turbulence over the 

 is the covariance of the actions of the longitudinal turbulence over the pier and over the deck

(36a)

(36b)

(36c)

(36d)

Based on Eqs. (29) - (31), the variance of the resonant part of E1 is defined as :

(37a)

(37b)

where, Eq. (37b) applies for equal cantilever length(R=L); furthermore, from Eqs. (20) and (30) :

(38)

(39)

SDp111u, SDd111u, SDd111w, SDd155u, SDd155w and SDd155s are, respectively, the contributions due to the actions
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ence

34) are
the longitudinal turbulence over the pier and over the deck, and of the vertical turbulence over the deck; SDd115u,
SDd115w, SDpd111u and SDpd115u are related to the cross-correlation of the actions of the longitudinal turbul
over the pier and over the deck :

(40a)

(40b)

(40c)

(40d)

(40e)

(40f)

(40g)

(40h)

(40i)

(40j)

All these quantities are associated with the first mode of vibration (Fig. 6).
Finally, the nondimensional shape functions appearing in Eqs. (36) and (40) and not defined by Eq. (

given by :
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