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Abstract. Cable-stayed bridges are often used in modern bridge engineering for connecting two
geographical points of long distance. A special load case to cable-stayed bridges is earthquake, which can
produce horizontal as well as vertical movements on the pylons of the bridge. These movements may be
transient in nature, i.e., only resulting in the transient vibration of the bridge, but causing no damage
consequences. In some extreme cases, they may cause permanent subsidence on one or more pylons of
the bridge. In this paper, the effect of pylons’ subsidence on the dynamic deformations of the bridge and
on the cables’ strength is thoroughly studied. Conclusions useful to the design of cable-stayed bridges will
be drawn from the numerical study.
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1. Introduction

Cable-stayed bridges have been developed since the beginning of the 18™ century as described by
Leonard (1972), but they have been of great interest to engineers only in the last 60 years,
particularly due to their special shape and also because they constitute an alternative solution to
suspension bridges for connecting two geographical points of long distance (Troitsky 1988). The
main reasons for their delayed application were difficulties in their static and dynamic analysis,
various non-linearities, absence of computational capabilities, as well as lack of high strength
materials and construction techniques. Nowadays, numerous studies emerged in the literature
concerning the static behavior of cable-stayed bridges, such as the studies by Fleming (1979),
Kollbruner et al. (1980), Bruno and Grimaldi (1985), Gimsing (1997), Khalil (1999), Virgoreux
(1999), Michaltsos et al. (2003) and Freire ef al. (2006). Among the studies concerning the dynamic
analysis of cable-stayed bridges are the ones by Fleming and Egeseli (1980), Nazmy and Abdel-
Ghaffar (1990), Abdel-Ghaffar and Khalifa (1991), Chatterjee et al. (1994), Bruno and Golotti
(1994), Achkire and Preumont (1996), Michaltsos (2001), Konstantakopoulos et al. (2002), Wang et
al. (2010) and Mozos and Aparicio (2010). The stability aspects of cable-stayed bridges have also
been studied by Ermopoulos et al. (1992), Bosdogianni and Olivari (1997), Michaltsos (2005),
Michaltsos et al. (2008), Michaltsos and Raftoyiannis (2009) and Raftoyiannis et al. (2010, 2012).
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Fig. 1 Cable layout: (a) Fan system, (b) Harp system and (c) Parallel system of cables

In all the above studies, pylon foundation and soil type are two crucial parameters in the design,
which have mostly been assumed to be under the normal condition.

A special load case to cable-stayed bridges is earthquake, which can produce horizontal and
vertical movements on the pylons of the bridge. These movements may be transient in nature, i.e.,
only resulting in the transient vibration of the bridge, but causing no damage consequences. In some
extreme cases, they may cause permanent subsidence on one or more pylons of the bridge. In this
paper, the effect of vertical motion or subsidence of the pylons on the deformations of the bridge
and on the cables’ strength will be thoroughly studied, using the method introduced for the fan
system by Michaltsos et al. (2003) and Michaltsos (2005), which is extended herein for the harp
system as well. By this method, one can establish the equation that gives the forces of the cables in
relation to the deck’s deformation, which allows us to convert the problem of cable-stayed bridges
to the solution of a continuous beam (i.e., the bridge deck) without cables.

As it is known, the cable layout of a cable-stayed bridge can be divided into three basic types as
shown in Fig. 1: the fan system, the harp system and the parallel system of cables. In particular, the
parallel system can be regarded as a special case of the harp system. Regarding the harp system of
cables, it is a common practice to place the anchorages on the pylons (see Fig. 1(b)) within a short
length d usually equal to 4/7, with 4 indicating the pylon height, in order to achieve the greatest
efficiency of the cables. As a consequence, a harp system of cables is similar to the fan system with
height equal to (h-d/2) or (h-d/3).

2. Statement of the problem

[T ]

Let us consider the bridge in Fig. 2 with the pylons “a” and “b”. The bridge is stayed by p cables

9

on the left side of pylon “a” and on the right side of pylon “4”, and by x cables on the right of

pylon “a” and on the left of pylon “b”. Usually, for a harp system, it is assumed p= x.
Assuming that, when subjected to a seismic action, the pylons move as follows

e, = a,sinQt

e, = a,sinQ,(t+ 6) (1a)
For the i-th cable on the right-hand side of pylon “a” in Fig. 2, one gets
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Fig. 2 Relative displacement of two neighboring pylons due to a fault movement

e,cos @; + fsin@, + (s; + As;)cosA@;, = s;+w;cos @; or because cosAp, =1 we get
As;+ fsin @; + e,cos @; = w;COS @; (1b)

By taking into account the relation As; = s; P,/E, A;, Eq. (1b) becomes

= (w;—e,)cos 9, (lc)

s;
E. A
Similarly, for a cable on the left side of pylon “a”, one gets
s, P .
ﬁ—fsm(pj = (w;—e,)cos @, (1d)
c 4
3. The fan system
3.1 Pylon’s stressing

The deformation f(z) at the point 4 (z) of the pylon in Fig. 3 is: E,[,(2)f" = —P.(z—h) or

e = -t h)d s+ e,

flz) = Jd j )dz +ciz+c, (2a)
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Fig. 3 Deformed configuration of the pylon
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Fig. 4 Forces acting on the pylon due to the cables

With the boundary conditions are: f{0) = f'(0) = 0, one obtains from Eq. (2a)

= Jo(2) P, (2b)
where: f,(z) = .[d.[ Pz - h)d +DP§EZ h)dJ [J.d P.(z— h)d}

z=0

2
For I, (z) = I, = constant, it will be f(z) = _Z(z-3h) , which for z =/ gives
6E,1,

T 3E] (2¢)
3.2 Relation between P and w

3.2.1 Sparse arrangement of cables

With reference to Fig. 4, the total deformation at the top of the pylon due to the horizontally
acting forces is
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Sy = f()| S P;sing,— Y Prsing, | (3a)
i J
Applying Eq. (1b) to both sides of the pylon, one gets
A COS @,
left side b—sm Puj jZlP sing,; — ,ZIP sing,,| +P; = le( e,)

right side jgsm(pm[ZP sing,; — ZP sin (pa,j +P, = %%l’(w,—ea)

i=1 j=1 i

where: b, = Efz and b, = ES;L

ctr

(3b)

Multiplying the first of Eq. (3b) by sing,; and adding the p equations for the cables considered,
and then multiplying the second of Eq. (3b) by sing,; and adding the x equations for the cables
considered, one obtains the following relations

left side 7, Z M(ZP sin,; — ZP Sm%’j + ZP sing,; = Z sm2(/’a (w,—e,)

.1 i=1 j=1

right side foz smb (p“’(ZP sing,; — ZP sin %J + ZP sing,; = Z SInZ(0‘”( —e,)

¢ j=1 i=1

(¢)

Subtracting the above two equations to each other, one finally obtains

1 sin2 (oaj sin2 (pa, 3
Co T T AL +1){Z o Z T2, e")}

i=1

P K P o _ K
where: @, = ZPjsin(paj— ZPisin(pai, A, = Z%, A, Z sin” (0‘” (3d)
j=1 ' =

j=1 i=1
From Eq. (3b), one can easily obtain the cables’ stresses as follows

P = Z 2w, —e,) - [, =24,

J J

P = =, +f, =, (3e)

i i
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Fig. 5 Pylon force equilibrium under a dense arrangement of cables

3.2.2 Dense arrangement of cables
Let us consider next a dense arrangement of cables in which the distances & and ¢, between two
adjacent cables satisfy the following conditions
O«a,—a and 5« Ay~ Upyy (4a)

Thus, one may consider a distributed load ¢. (x) applied from position ¢ to position «, and from
position ¢, to position &, ,, which for position “7” is

1
q:(x) = E'Pi (4b)
Following the notations of Fig. 5, one has
h—h - h—h
s; = =, sing;, = #, COSP; =
o A=)+ x] J=h,)" ]
h—h, ) {=x; h—h,
s, = , sing, = , Cos@; = (4¢)
cos ¢ Jeh—h)? + (0x,)? Jeh—h)? + (0x))?

9

and through a process similar to the one of §3.2.1, one obtains for pylon “a

q(x) = = Le(w,—e,) £, Le,
’ ba] ' ba]
Guix) = Lo (w,—e ) + £, Pe,
bai bai
ap . a(p+ k) .
where: ®, = 1 SlI12%j(wj—ea)aij— J' %(w,-—ea)dxi
f(‘)([aj +Iai+ 1) 1 2baj 2bai

ap+1)
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Fig. 6 Cable arrangement in a harp system

“sin’ g, “P 9 sin’ g,
1, = '[—”ldxi, 1, = j —%dx; (4d)
’ b . : b .
al Y a(p+1) a
Similarly, for pylon “4” one obtains
COS @y ; sin @, ;
qy(x) = L (w,—e,) ~ 7L,
bj bj
COS @, Sin @, sin @y,
ui(x) = L (w,— ) + £, LD, + e L
bi bi bi
bk . b(k+p) .
20, 20..
where: @, = - +11 — Sl;b(pb’(wj—eb)abcj— I %%’(wi—eb)dxi
Jo( bj T Api ) 1 bj bkt 1) bi
*sin? P P) i
Iy = [—Pdx, 1,,= | =y, (4e)
o b,
b1 b bx+1) D

4. The harp system

The harp system of cables is the most commonly used cable arrangement in bridge engineering
(see Fig. 6). It is obvious that the change of the cables’ direction should follow a law that will be
characteristic for the bridge. The most commonly used law is the one shown in Fig. 6, according to
which, the cables are anchored at equal distances y on the pylon, J, on the left side of the deck and
o, on the right side of the deck. Easily, the following relations can be written

ly—X,, X
Ot " W "h, O = n—h,
- li—Xp _ X ()
PL sin oy’ 7 sing,
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Fig. 7 Pylon stressing due to cables

The deformation of a pylon subjected to the horizontal forces of the attached cables is shown in
Fig. 7. The reactions induced at the end of the pylon are

The displacements at each section of the pylon are given by the following relations

Vo = prpﬁ Mo = thpxp
1 1

" p-2
E[pfpfl = Mg_ZV0+ Z(Z_hi)Pxi for Zth7
1

" p-1
E[pfp = M;_ZVU—" Z(Z_hi)Pxi for Zth7
1

The following continuity conditions must be satisfied

ForiCh ) = folh )y fooalh ) = folh )

Integrating Eq. (6b) one obtains

1

(6a)

(6b)

(6¢)
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2p 2
ELf, , = zM, ZP —th,Pm-i-c o
(6d)

2p1

Elfp—zM —V+ ZP thP +e,

" xi

2
+ h—L“P

The first condition of Eq. (6¢) gives: ¢, = ¢,_, > Pro-- By a similar process, one finally

p—1
obtains: ¢, = ¢, + % Z h?Px,.. Since, f,(0) = 0 one gets ¢, =0, and thus,
1

¢p = 32 hiPy (6e)
i=1
Eq. (6d) can be integrated to yield
2 3 3p-2 22p72
E[pfp—l :Z_M)_Z_V0+Z_pri—_2h,le+ZC +kp_1
2 6 6 1 2 1
3p 1 2p 1

2
ELf, = 22 —% ; Z . 2Zh,Pm+zc +k,

Introducing the preceding equations into the second equation of Eq. (6¢) and following a similar
process, one obtains

___Zhl xi (6f)
i=1

Thus, the deformation of the pylon can be obtained as follows

Elfp<z)———zP +Z zh, ; zzh, = z P, for z2h,, (69

i=1 7 =1
4.2 Relation between P and w

4.2.1 Coarse arrangement of cables

1 S o0 S o
B tti = — b, = =L h ==L 7
y s€ lng a EI p[ ECAP[ > pr EcApr ( )

applying Eq. (1b) and employing Eq. (6g), one obtains the following relations

3 2
left side a sin’ gop[( fp A,- 7, A, - iy A, + L A3) +P,, = (_WL%)SinQ%C
6b, 26, " 2b," &b, 2b,
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3

o . h 0 h 1 (w,—e,) .
right side a sin®> ¢ ,( PA,+ —£L-A, +—£LA4, AJ +P,, = —L—=sin2¢, (8a)
"\ 6b, 2b, 2b, ° 6b, a 2b, p
where: Ay = Y (Pey=Pyi)
i=p
Al = Zhi(Pxir_Pxi[)
i=p
p-1 5
4, = Zhi(Pxir_Pxi[)
i=1
p-1 3
A3 = Zhi(Pxir_Pxif) (8b)

i=1

By repeating the first line of Eq. (8a) from p to » and adding the results, then by repeating the
second line of Eq. (8a) also from p to » and adding the results as well, one obtains two equations
which can be subtracted from each other to yield

(20,4 1)4,+ 20,4, +20,4,- 20,4, = 5,+ F, ©a)

By multiplying the first line of Eq. (8a) by 4, repeating the results from p to » and adding the
obtained expressions, then by performing the same procedure for the second line of Eq. (8a), and
finally by subtracting the two results, one obtains

20,4, +(20,+ 1)4,+£0,4,- 20,4, = S, + F, (9b)

Following the same procedure, but multiplying firstly by h/ZJ and then by hf, and repeating the
outcome from 1 to p— 1, one obtains the following equations

- %'RSAO + ‘2-’1134/11 + (§R3 + 1),42 - §R2A3 =T,+D,
(9c,d)
- gR6A0 + %ZRSAI + %’R4A2 + (_ §R3 + l)A3 = T,+ D,

n m n m

where: 0, = %Siﬂz% +y %Sinz%c
ir il

i=p i=p

p—1;m p—1,m
i. 2 P2
R, = Zb—’sm o, + stm Oy

i=1ir i=1 "
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Sm Z _51n2¢1r ir Z ﬁsn’lzwlﬂwl(
il

T, = Z % Z b, —sin2 g, w;,
=ey %—sinz(p,-, tey Z—f(sinz(pi(
i=p T i=p !
p—1,m p—1,;m
m = ez—snl (p7r+ez_81n q)l[ (96)

lr lf

i=1 i=1
From the system of Egs. (9a) to (9d), one obtains the terms A4,, 4;, A>, A; and from Eq. (8a) one
obtains the stresses of the cables, which are

3 2 2 3
P = Bty o) ol Leg, - Lo g, Moy, So )
b, 6b, ° 2b,"' 2,7 &b,
3 2 2 3
Ppr = ﬂﬂ( pl )+a( hp Ao_ hp Al_ hp A2+ hp A3) (9f)
b, 6b, " 20,7 26, &b,

4.2.2 Dense arrangement of cables
Let us consider next a dense arrangement of cables, as shown in Fig. 8. Assume that the distances
o, and O, between two adjacent cables satisfy the conditions

o, «a,—a, and 0.« ay,— A, (10a)
For this case, we consider a distributed load ¢, (x) applied from position ¢ to position ¢, and

from position ¢, +; to position @,, which at position x, are

1
qzr(xr) = EPP,,COS Por (IOb)

'

Following the notations of Fig. 8, Eq. (5) become

¢ X X,
ang, = , lang,
h,—h, h,—h,
l,— .
Se = [-_)C[, Se = ‘X, (11)

sin @, sin @,

Eq. (7) can be written as follows
1 l,—x, b

a =

=L = 12
EI,’ " EA.sing, E. A, sing, (12)
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Fig. 8 Harp system of cables with dense arrangement
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Fig. 9 Pylon stressing due to a dense arrangement of cables

z—h

. . 1
One can express x, and x, with respect to coordinate z as follows: p = , X, = a,— poy,

and x, = @, ., T pJ,, or finally

z—hy z—hy

X = O — 5(” Xy = n+1+ 5r (13)

In addition, from Eq. (10) one can write the following based on Fig. 9
P, = P,sing, = 8q.tang,, P, = P;sing, = 5q.tang, (14)

Then, Eq. (8b) can be written as follows

hﬂ
‘20 = .[(er_PxC)dx

z
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h”
Zl = JZ(er_Pxﬂ)dx
;42 = J-ZZ(er_Px[)dx
h]
Ay = [(P,,—P,)dx (15a)
h]
and the system of Egs. (9a) to (9d) becomes
an < 4”5 .AaA 5 4”5 e LT
—= +1)Ao+— A+ =0142—=0,4;5 = S, + F
( 6Q3 2Q2 ! 2Q1 2 6Q 3
ar 5 . (anA Z 4R 5. 4A 7 e LT
4 A0+(- +1)A +90,4,-90.4; = 5, +F
6Q4 2Q3 1 2Q2 2 6Q1 3 1T F
as 5 .45 5 . [(am - ap 3 =T
—=RsA,+ =R4A +(—R +1)A —=RyAs = T,+D
6 5 2 4411 2 3 2 6 2413 2 2
~9RoA, + 4R, + SR+ (- 9R; + 1) 4 = T+ D (15b)
6 2 2 6
hom B om
= Z .2 4 .2
where: O, = '[b_r sin"@.dz + Ib_( sin” ¢, dz
R, = j?._ sin“@,dz + j——sm @,dz
h, h,
h m h m
o _ (Z . "
Sn = Izbrsm2 (p,.w,dz—J’Zb[sm2 Qw,dz
= o A
= J’E——brsm2¢,wrdz—.[-2-1-)—[51n2(péw€dz
hl hl
Frn = e
l_)m = eRm (150)

By solving the above system of equations, the coefficients A,, 41, A, and A; are determined.
Consequently, the stresses of the cables can be determined as follows

coS @,

asin 3_ 2_
q..(x,) = (wf—ea)——(p‘(Z_Ao_Z_A

zZ= 1~
-4+ 17))
b, h, Vg0 27127 6™
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: 3 2
_ cos g, asm(p,(z - =z 1—)

= 2Py — + A, —=A,—24,+ -4 15d
qzr(xr) b (Wr ea) b 6 B 1 2 2 6 3 ( )

r r

5. The deformations of the deck

The deformations of a bridge deck subjected to the vertical movements e, = ¢, (f) and ¢, = ¢, (f) of

the pylons “a” and “b” supports as shown in Fig. 2 due to earthquake, can be given as follows
based on the relation

wx, 1) = wi(x, 1) Fwo(x, 1) = g,(x) - e,(t) + g,(x) - ey(1) + w,(x, 7) (16)

where w; is the movement of the bridge deck (beam) as an undeformed body, and w, is the elastic
deformation of the bridge deck as elastic beam. In addition, g; (x) and g,(x) are the influence
functions of a simply supported beam (or of a three-span continuous beam). The equation governing
the motion of the bridge deck is

Eydyw’ + e+ myiv = g(x) + p(x) + 3 P,o(x —x,) = q(x, w) (17)
4

where E, is the modulus of elasticity of the bridge deck,
1, is the moment of inertia of the cross-section of the bridge-deck,
¢y 1s the damping coefficient of the bridge-deck,
my, 1s the mass per unit length of the deck,
w (x) is the total vertical displacement of the deck and
g (x) is the dead load of the bridge,
p (x) is the live load
P, are concentrated loads (dead or live) at positions x = x,,
q (x, w) are the forces due to the cables and
O (x) is the Dirac-delta function.

By the use of Eq. (17), Eq. (16) becomes

Eylyw, + ey, +myv, = —mE(x, )= cF(x, 1) + g(x) + p(x) + 3 P,8(x—x,) — q(x, w) (18)
@

where: F(x, 1) = g.(x) - e, (1) T g5(x) - e4(7)

Here, one is searching a solution of the form
w, = 3 Z,(0)T, (1) (19)

where T, () are the unknown time functions (under determination) and Z, (x) are arbitrarily chosen
functions of x that satisfy the boundary conditions of the deck. In this case, the shape functions of
the corresponding continuous beam, which has the same characteristics as the bridge deck, but
without cables, are chosen. Substituting Eq. (19) into Eq. (18), one gets
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Eb[bZZX;T” + cbZZ”Tn + mZZnTn = g(x)+px)+ ZPq,é‘(x —-X,)— q(x, [ws + ZZ”T”D (20a)
n n n @ n

Remember that Z, satisfies the equation of the free motion of a beam, which has the same
characteristics as the bridge deck but without cables. By multiplying the preceding equation by Z,
integrating the outcome, and taking into account the orthogonality conditions, one obtains the
following equation

L L
To+2pT,+ @)T, = rp{ j[—F— 2BF + g+ p(x)]Z,dx — Jq(x, (ws + ZZnT,,D Zpdx} (20b)
0 0 n
where: f = £boand T, = !
2m P L 5
mIZpdx

0

Here w, are the eigenfrequencies of the beam, which has the same characteristics as the bridge
deck but without cables. Eq. (20b) can be written in the following form

To+2pTo+ @, T, = Cy Ty +CpyTy+ ...+ C,,T,+R, (20c)
with p = 1 ton
where:

A 0, L
Co = —Fk( JAajZdexl + J.(Aai—i_Abj)Zikde—’_ JAbiZikdx3]

0 0 0

a, L7 o ly
_Fk{_Fa : ( _[Bajzakdx1 - _[ BaiZbkdxz](IAajZakdxl - IAaiZbkdx2]
a, 0 0

ap+l

by bisp 53 3
-F, - (JBbbekdxz - J Bbichdx3J(JAbbekdx2 - JAbiZdex3j } (20d)
b, 0 0

bk+]

R, = Fp(g [, + '[p(x)Zpdxj

0 0

0 ly ly
_Fp( IgalZapdxl + Igazszdxz + Iga3Zcpdx3j (ea + 21360)

0 0 0

0 Ly (5
_Fp[ .[galzapdxl + JgaZprdXZ + jgaBZcpdxf%j (éa + 2ﬁea)

0 0 0
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0
IAbiga3Zcpdx

0
(

IAbigbschdx

)

b

Zapdxl + J(Aai +Abj)ga2prdx2 +
0

3} T €,
3} "€
[l [2

JAajZapa’x1 - JAaiprdxz)
0 0

b

Z,pdxy + J(Aai + Ap)) 8oy pdxy +
0

- ea)dxl - J Bai(ga2ea + 8n€p— ea)dx

api

by b/(+p ly l3
_Fb( thj(gazea + 8uey—ep)dx, — .[ Byi(8az€at gp3es — eb)dx3J ( IAijhpde - IAbiZcpdxl%j }
by by 0 0
(20e)
and:
A, = cos %f’ A, cos (pai, A, = cos gobf’ A, COS @y,
/ L b,; ! by, by,
= sin2 (/)af’ B, sin2 (oai, Y= sin2 (pbf, B, - sin2 @,
2b,; 2b,; 2by, 2b,,
. fo
F,= —2>—  F, = ————— 20
AUt l T Ryt L)+ 200
In order to solve Eq. (20c), one applies Laplace’s transformation. To this end, one sets
LT () = §,(5)
LR, (1) = @ ,(s) (21a)
and with the initial conditions 7,(0) = T,(0) = 0, one gets
LT, (1) = 5-8,(5)
LTx(1) = 5°-S,(s) (21b)
Therefore, Eq. (20b) becomes
CpSi+CpSy+ ...+ (s +2f5+ @, +C,)S,+...+C,,S, = @, 2lc)
with: p=1ton
Solving the preceding linear system of equations, one finally finds
N
_ M) 21d)

P

M,(s)
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with M,, of higher degree than the polynomial N, Thus one can apply the Heaviside rule to obtain

T,(1) = LS (s) (21e)

Therefore,
w(x, 1) = wi(x, 1) +w,(x, 1) = gu(x)e,(r) + gy(x)ey(r) + > Z,T, (211)

6. Numerical results and discussion

In order to study the influence of the dynamic subsidence of the pylons on the deck deformation
and on the cables stresses, one considers a cable-stayed bridge of the fan system with two kinds of
pylons, i.e., one with slender pylons of /,=100*], and the other with stiff pylons of 7, = 1000%*7,.

The characteristics of the bridge are
Li=L;=250m, L2=480m, h,=130m, 7=240m, a; =20m, &, =240 m, ¢, +; =60 m,
U+ x=230m, b; =250m, b;,=420m, b, 1 =10m, b;.,=230m, 6, =8.8 m, 5,=9.6 m,
m=1000 kg/m, g=10000 dN /m, [,=1.4m*, Eb=FEc=2.1 - 10"°dN/m?
The eigenfrequencies of the bridge-deck, as a three-span beam without cables are
o, =0.358726 sec”!, @, =0.889219 sec”!, w; = 1.09658 sec™’, @, = 3.20926 sec™
while for the shape functions of the above beam and the influence functions g; (x) and g, (x) see

Michaltsos and Raftoyiannis (2012).
6.1 Both pylons with the same oscillation
Let us consider that both pylons oscillate according to the following equation

e, =e, = 0.03-¢"'Sin(8 1)

a

(22)
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as shown in Fig. 10. By applying the formulae of §4 and 5, one obtains the results plotted in Fig. 11,
where the movements of the middle of the spans are shown both for the stiff and for slender pylons.
From these results, the influence of the rigidity of the pylons can be clearly observed.

In the plots of Fig. 12, one can observe the deformed shape of the bridge deck at different instants
of the pylons’ movement both for the stiff and slender pylons. Finally, in Fig. 13 the tensions of the
cables at different instants of the pylons’ movement are also shown. For both pylons with equal
motions, the bridge distress is higher, while for pylons with different motions (due to different soil
properties), the bridge distress is lower. Thus, the stiffness of the pylons reduces dramatically the
seismic action and its influence on the bridge.

6.2 Two pylons with different oscillations
Let us consider now that each pylon oscillates differently according to the following equations
e, =003-¢"7'Sin(8-1), e, = 0.02-¢"'Sin(8-1+1) (22)

as shown in Fig. 14.

By applying the formulae of §4 and 5, one gets the results plotted in Fig. 15, where the
movements of the middle of the spans are shown both for the stiff and for slender pylons. The
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Fig. 11 Dynamic displacements at midspan for stiff and slender pylons
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vertical motion of the pylons is significant when they are located at a distance that is less than 0.8
to 1.0 times of the earthquake’s focus depth. Again, the influence of the rigidity of the pylons can
be clearly observed.

In the plots of Fig. 16, the deformed shape of the bridge deck is shown at different instants of the
pylons’ movement both for the stiff and slender pylons, each moving differently.

Finally, in Fig. 17 the tensions of the cables are shown at different instants of the pylons’
movement for pylons with different motions.
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Fig. 18 Deformations of the bridge-deck

6.3 One pylon with permanent subsidence

By applying the formulae for the case with only one pylon undergoing permanent subsidence and
for both the stiff and slender pylons, one obtains the results plotted in Fig. 18 for the deck
deformations and those in Fig. 19 for the tensions of the cables. From these figures one can see that
for stiff pylons, the bridge deck oscillates in a quite different manner and suffers severe negative
moments in comparison to the case of slender pylons, while the majority of the tension cables is
relieved. The instantaneous developed deck deformations and cable tensions, mainly at the
beginning of the seismic action, are significantly greater and in the case of slender pylons they may
lead to collapse and disaster. Also, the cables may become non-active, i.e., with negative values or
no pulling action on the deck.

6.4 Both pylons with permanent subsidence
By applying the formulae for the case of both pylons undergoing permanent subsidence for both

the stiff and slender pylons, one obtains the results plotted in Fig. 20 for the deck deformations and
those in Fig. 21 for the tensions of the cables. A comparison of the results shown in these figures
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with the ones in Figs. 18 and 19 shows that if both pylons subside permanently, the bridge deck
deformations are quite similar, but higher for slender pylons, and the same holds true for the tension
cables in contrast to the case of a single pylon subsidence.

6.5 Influence of earthquake frequencies

In this paragraph, the influence of the earthquake frequency on the bridge motion is studied for
the case of stiff pylons with the same motion according to Eq. (23)

—0.5-¢

e, =e, =003-¢ = ¢, = 0.03-¢ " 'Sin(12 - 1) (23)

a

Sin(8-¢), e,

From the results plotted in Fig. 22, one observes that the influence of earthquake frequency is
generally significant. Specifically, if the earthquake frequency is increased by 50%, the amplitude of
the bridge deck motion drops by 60-70%. It should be pointed out that the seismic frequencies are
usually higher than 10 sec™’. Frequencies with values less than 10 sec™' bring about much bigger
deformations and cable tensions.

7. Conclusions

On the basis of the representative cable-stayed bridge models considered and the analyses
performed in this paper, the following conclusions can be drawn:
* A simple and efficient model for preliminary study of the cable-stayed bridges subjected to
different cases of loadings and pylons’ motion is presented herein.
* The vertical motion of the pylons is significant when they are located at a distance that is less than
0.8 to 1.0 times of the earthquake’s focus depth. Thus, it is rather an unusual case to consider in
engineering practice. Nevertheless, one must examine the consequence of these loadings because of
their catastrophic effect.
* An important (but expected) conclusion is the significant influence of the pylons’ stiffness on both
the deck deformations and tensions of the cables. This stiffness reduces dramatically the seismic
action and its influence on the bridge.
* The seismic frequencies are usually higher than 10 sec™'. Frequencies with values less than this
bring about much bigger deformations and cable tensions.
* The instantaneous developed deck deformations and cable tensions, mainly at the beginning of the
seismic action, are significantly greater and in the case of slender pylons they may lead to collapse
and disaster.
» At some instants, mainly at the beginning of the seismic action, the cables may become non-
active, i.e., with negative values or no pulling action on the deck.
* For both pylons with equal motions, the bridge distress is higher, while for pylons with different
motions (due to different soil properties), the bridge distress is lower.
* For the case with only one pylon undergoing permanent subsidence, the deformations and cable
tensions developed are higher. Therefore, the pylons must be designed with the possible greater
stiffness.
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