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Abstract

In this paper, the effect of the stiffness of the rubber pads on the dynamic characteristics of a base-isolated bridge is examined using transfe
functions in the frequency domain. A three dimensional structural model that accounts for continuous mass distribution along each member i
used. Results are obtained for a model of the bridge without isolation pads and for various values of the shear modulus of the rubber. This allow
comparing the values of the predominant frequencies and the dynamic amplification of the motions over an extended range of frequencies. Tt
results are thenampared to the power spectra of the motions recorded at three points of an instrumented pier (the base, the top of the pier, an
the same location on the deck) under an actual earthquake. The modgptain some of the observed behawery well althougtthere are still
some points that cannot be resolved dukatk of sufficient information on thepatial variabilityof the motions.
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1. Introduction properties on the seismic response of a bridged[ In this
paper we evaluate the application to a specific structure, the

Baseisolation is now accepted and recognized worldwide adVlarga-Marga Bridge, near k& del Mar, in the central coastal
an effective method to reduce the seismic demand on structuréggion of Chile. This bridge, built in 1996, was instrumented
and there are already some excellent books related to thaith 21 accelerometers distributed over the deck, along one
design of base-isolated systenis2]. The approach has been Pier, and in the free field. A number of earthquakes have been
extensively use for buildings in the United States, Japan, recorded by these instruments, including one, on July 24, 2001,
New Zealand and ltaly, with excellent results under strongWith peak ground acceleration in the free field o2@in the
ground motions. The application to bridges was a logical stepOngitudinal direction of the bridge, overlg in the transverse
because bridges already have in most cases horizontal stiffned§ection and M5g verticdly. The existence of these data and
bearings that allow thermal deformations of the deck. The usEeSults of ambient vibration tests conducted immediately after
of muiti-layer elastomeric bearings for seismic protection wascOMPletion of the construction provide a unique opportunity
thus a natural extension of the rubber pads used for therm&f evaluate the accuracy of dffent analytical models of the
expansion. A large number of studies have been conductegf'Ucture ad our capacity to predict the observed behavior.
over the hst 15 years to investigate the adequacy of variouStudents at the Unlversn_y of Chile u_nder the supervision pf
types of isolation pads, their neatal properties and behavior two of the authors (Moroni and Sarrazin) have been conducting

under different environmental conditions, and the effect of theilresearCh on base |§olat|pn n general and on the behavior of
the Marga—Margdridge in particular, for the last ten years,

using different structural models and interpreting the recorded
* Corresponding author. data. The work described in this paper is an extension of their
E-mail address: daiwentao@gmail.cortW. Dai). research effort.
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Fig. 1. Overview of Maga—Marga bridge.
2. Structural model Concrete 513"\ 0.45m

|
The Marga—Marga bridge is shown schematicallyig. 1

£ Cenfroid 2-65m
. . . . Steel Girders
spanconnecting the south abutment and pier 1, which is 33 m Y ]

The deck consists of eight spans, all 50 m long except for the
long. The deck is composite with a concrete slab over four steel

I-beams. It was modeled as an equivalent beam with a mass Fig. 2. Cross section of deck.
density, Poisson’s ratio and Young’s modulus of 2940rk§
0.245 and 3B x 10'° Pa, respctively. The centroid of the A =57.75m?), As, = 49.088m?)

equivalent beam cross section is 2.65 m above the top of the { |, — 530578m?), Asx = 49.088m?)
base isolators (rubber pads) and 0.45 m below the upper surface ly = 145578m®), J = 396555m")
(as shown irFig. 2). The properties of the deck cross section

are: for piers 2—6 and piers 1 & 7, respectively, whekg, is the
) 5 ) shear area in th& (longitudinal) direction andl is the ending
{A =8.13(m )4» Asy = 3.85(m4), Asz = 2'25(”1 ) moment of inertia around th¥ axis.
|z =2386(m"), Iy =5.98(m"), J =0.116m") The rubber pads in the structure act as base isolators to

in which A is the area of theetk's cross sections, and A, mitigate t_he motion of the deck due to earthquakes. On the top
are the effective shear areas of the composite cross section in tRE€ach pier, four rubber pads (each under one of the four steel

Y (transverse) and (vertical) direction, respectively; andl, ~ I‘beams) were placed in a line, separately, alongthaxis,
are the bending moments of inertia in tdeand Y direction, @S Shown inFig. 5. They were ombined into one structural
respectively, and is the torsbnal moment of inertia. member in te analgis. _

The piers and their dimensions are illustratedfig. 3. The The rubber pads were made of alternating layers of rubber

formulation used assumes a constant cross section for ea@fd Ste€l, so they have arelatively high axial stiffness and lower
member. Each pier was therefore divided into three memberd®ar stiffness. To model this, equivalent Young's modulus,
according to the variation of the cross section. As shown irFeavi @nd shear modulu§equ were selected to match the axial
Figs. 3and4, the top ad bottom pats (membes) are solid, and shear stifiness according to

while the long member in between is hollow. The mass density, 1 EequiA
Pdson’s ratio and Young’s modulus used in the analysis for Kv = > L S L
the piers are 2500 kgm?, 0.2 and 33 x 10'° Pa, respctively. — EiA i
The properties of the pier cross sections are: K — 1 GeuhAs
2 2 " 3 XL

A =31L6(m%), Asy = 26.86(m") j GjAs j

Iy = 657.385(m%, Agx = 26.86(m%) and

ly = 10533m®), J =37.92(m* where Ex, Gk and Lk represent the Young's modulus, shear

modulus and thickness of thh layer; A and As are the area

_ 2 _ 2
A =6.38(m"), Asy =4.17(m") and shear area of the cross sectiatenotes all rubber and steel

Ix = 6333(m*), Asx = 1.25(m?) layers whilej only denotes the rubber layers.
ly = 4.18m"), J = 12.658m") Rubber is a non-linear material, & andGy of the rubber
for the top member and the middle member, respectively. Th@ads actually depend on the magnitude of the deformation.
properties of the bottom members’ cross sections are: Daza [12] suggested a variation of the shear modulus with
shear strain given b = 6.0 x 10° - y~93764 The legth
A =7425m?), Agy = 63113m?) of the rubber pad members is 0.2 m and the mass density is
ly = 1127672m%), Asx = 63.113m? and 3000 kgme. The cross section properties of the rubber pad

ly = 187.172(m%), J = 552531(m* members are summarized as:
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Fig. 5. Rubber pads on top of pier.
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1 | 20865 | 15 | 105 2
2 26.317 2.0 13.5 Fay s
3 27.138 2.0 13.5
4 26.260 | 2.0 13.5 Fig. 7. Structural model (with rubber pads, free deck).
5 26.082 2.0 13.5
6 |30154| 20 | 135 @—g g
7 30.086 1.5 10.5
7a
!

Fig. 3. Transverse view of pier and its dimensions.

X
15.8m
- Fig. 8. Structural model (withubber pads, constrained deck).
A = 1.109m?)
T T 1 Asy = 0.943m?)
)| I [N 2m  5.5m 2
i B A i Ix = 107.387(m")
Asx = 0.943m?)
ly = 0.037(m®
. ‘ . J = 22.856m%)
I_ for rubber pads on top of the piers, at the north abutment and at
" the south abutment, respectively.
Fig. 4. Cross sections of pier. Figs. 6-8 show the models used in this work. In the
constrained deck moddtig. 8), the deck is constrained in both
A= 1.738m?) A = 0.906(m?) X aqu directions at the left end and only in tiYediredion at
Asy = LATT(MP) Asy = 0.770(m?) the right end.
Ix = 168269m*) Ix = 87.747(m% q 3 Formulation
Asy = 1.477m%) ° | Asx = 0.770(m?)
ly = 0.099m* ly = 0.017(m%) The studies previously conducted at the University of Chile

J = 35.845m"% J = 18672m% used well known computer programs such as SAP with linear



W, Dai et al.

Table 1
Natural frequencies of Marga—Mga bridge from former studies (Hz)
Longitudinal Transverse Vertical

Experimental data 1 May 1996 1.86 1.17 1.42 2.1
Experimental data 2 July 1996 1.71 1.07 1.27 1.9
Segovia 1] No rubber pa_ds 3.85 2 2.22 2.7

5% deformation 15 0.71 102 1.85

No rubber pads 2.01 2.13 2.39 2.77 1.29 1.79 2.67 3.36
Romo [11] Free deck 0.65 2.09 2.24 0.93 2.18 1.87

Constrained deck 2.01 2.03 2.1 2.25 0.93 1.28 2.18
Daza [L2] 0.67 25 2.8 0.96 15 1.88 21 2.56
members and in some cases shalté elements (jate elements 257
in space with stretching ancehding) to model the deck and i S
the geel girders. The analyses were conducted in the time & | : G=6Mpa
domain determining first the natural frequencies and the mode & | R e
shapes.Table 1summarizes soe of the reslts of these studies. &
Romo [11] considered a case with both ends of the deck free in 5
the longitudinal direction and another with the deck constrained £
at one end in this direction. DazdJ) assumed instead the &
exigence of a éngitudinal spring at one end to provide only
alimited constraint. : 4 3 6 T

In this work the analyses were conducted in the frequency Frequency (Hz)

domain determining the transfer functions for the motions

(accelerations, velocities or displacements) at various poin
(locations of the recording instruments) due to unit harmonic

tJéig. 9. Comparison of displacements at the deck inXhdirection due to a
. unit motion at the bases of all piles (free deck).

motions at the base of each pier. These transfer functions could

then be combined to reproduce different motions for each pier, i
but the kck of information on what these motions might have
been limited the studies to the case where all supports move
in phase. The peaks of the transfer functions correspond to
the natural frquencies but only for those modes that will be
exdted. The trasfer functions select therefore the significant
modes from the point of view of the response to an earthquake *
with the same motion at all supports.

The model of the bridge used to obtain the transfer
functions is a three dimensional frame with distributed
masses (in contrast to concentrated or consistent masses;.

No Rubber Pads

G=3Mpa
G=1Mpa

Relative Displacement

Frequency (Hz)

The dynamic stiffness matri(_:es i'_"' the frequency domain forFig. 10. Comparison of displacements at top of pier inXheirection due to a
linear structural members with distributed masses were firsinit motion at the bases of all piles (free deck).

used by Latonal[3] to validate the accuracy of lumped and

consistent mass matrices. Formulations for beam members and It can be seen that, in the longitudinal direction, without

shell elements @re then obtained by KoloakT14], Banerjee
and William [15-17, Doyle [1819], Papalentiou [20],
Gopalakrishnan and Doyl2]] and Yu and Resset R2]. In this

rubber pads, the first two significant peaks of the transfer
function due to the same unit harmonic base motion at all
piers occur at 2.15 Hz and 5.85 Hz, respectively. The first peak

work the dynamic stiffness matrices with distributed masse®ccurs at a frequency very similar to that of the first two modes

were used,ending the formulation of Yu and ReSet P2

reported by Romo (2.01 and 2.13 Hz) for the same case.

to include shear deformation, rotatory inertia and the effect of The rubber pads will change the frequency response

axial forces p3].

4. Results

4.1. Longitudinal direction (X direction)

Figs. 9and10show the trarfer functions of the motions on
the deck and on top gfier 4 due to a unit harmonic motion
in the longitudinal direction X direction) at tle bottom of all

piers.

characteristics of the structure. The equivalent shear modulus
of the rubber pads is 6.0 MPa, which corresponds to a shear
deformation of 0.23% according to the result of a regression
analysis of experimental data reported by Dal3.[It can be
seen that the frequencies at the first two significant peaks have
been reduced to 0.65 and 2.75 Hz. It should be noted that the
amplitude of the peak at 0.65 Hz is larger for the motion of the
deck than for that on top of the pier, whereas at 2.75 Hz, the
displacement of the deck hasdn greatly reduced compared
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Table 2

Effect of rubber pads’ stiffness on longitudil natural frequencies with free deck (Hz)

G of rubber pads (1@Pa) 1stongitudinal 2nd longitudiria 3rd longitudinal 4th longitudial 5th longitudinal
1 035* 1.45 1.7* 2.15 9.55*
1.8 0.45 165 1.95 2.35 9.65
3 0.5* 195 2.2* 2.6 9.75*
4 0.55 21 2.4 28 985
5 0.6 2.3 26 3 9.9
6 065* 2.45 2.75*% 3.15 10*

7 0.65 255 2.92 3.3
8 0.7 305 3.45
9 0.7 32 3.55
10 0.75 3.35 3.7
251 50
45

20 ’ No Rubber Pads 40 I No Rubber Pads|
| ——— G=0Mpa 35 i G=6Mpa
Al - G=3Mpa o I oo G=3Mpa

15 il - G=IMpa 30 i G=1Mpa

20

Relative Displacement
Relative Displacement
(]

Lh

I 2 3 4 5 6 7 E 4 5 6 7
Frequency (Hz) Frequency (Hz)

Fig. 11. Comparison of displacements at the deck inXhdirection due to a  Fig. 12. Comparison of displacements at the top of pier inXrection due
unit motion at the bases of all piles (constrained deck). to a unit motion at the bases of all piles (constrained deck).

with that on top of the pier, showing the effect of the rubber For the case of rubber pads with a shear modulus of 6.0 MPa
pads. There are some small peaks at 2.45 Hz (for the deck) adpd a constrained deck, the first significant peak occurs at
at 3.15 Hz (both deck and top of pier) but they are not veryl-7 Hz (ratherthan the 0.65 Hz for a free deck). This value
significant. The frequency of thirst significant peak agrees 29rees well with experimental data from ambient vibration. It
well with the first natural frequecy reported by both Daza and S followed by two small peaks at 2.5 and 2.85 Hz at the top of
Romo for afree deck. The second small peak for the deck aPier 4. The motion of the deck would be apparently amplified
2.45 Hz and the main peak at 2.75 Hz occur at frequencies vet 6.5 Hz in this case.
similar to thoseeported by Daza (2.5 and 2.8 Hz). For rubber pads with a shear modulus of 3.0 and 1.0 MPa,
For the rubber pads with a shear modulus of 3.0 and 1.0 mpdhe tranfer_functions of the motions both on the deck and on
the first two significant peaks occur now at 0.50 Hz, 2.20 HzOP of thepier have several peaks between 1.5 and 2.0 Hz. The
and 0.35 Hz, 1.70 Hz, respeatly. The displacements of the peaks for other values of the rubber pads’ shear modulus with a

deck are always smaller than those on top of the pier for alfonstrained deck are listed Trable 3 The sgnificant peaks for
frequencies except at the first peak. the three cases shownhigs. 11and12 are again identified by

The frequencies of all the peaks observed in the transfed” 3Sterisk. .
functions aelisted inTable 2for the range of the shear modulus _ ' 19- 13 shows thepower spectra (square of the amplitude
of the pads from 1 to 10 MPa. It should be noted again thal OUrier spectra of the motions) recorded on the Marga—Marga
some of thes peaks are very small. The most significant peaksb”dge in the longitudinal direction under an earthquake that

are marked with an asterisk for the three cases showigim 9 °ccurred on July 24, 2001. In this figure, the motion at the
and10. bottom of pier 4 is labeled as sensor 1, the motion at the top

pier 4 corresponds to sensor 4, and the motion on top of the
ck is from sensor 7.

In all these cases it was assumed that the deck was free%e
The experimental data show:

displace at the ends on top of the rubber pads. A more realisti
assumption is that the motions of the ends of the deck are partly
prevented. The results obtained on fixing the left end of the decla) A significant peak at about 1.5 Hz in the base motion of the
in the longitudinal direction are shown Figs. 11and12. The pier, which is considerably reduced on top of the pier and
true situation is likely to be somewhere in between these two on the deck (the square of the amplitude .5 & 10° at the
extreme cases, but to reproduce it better it would be necessary base, 2 x 107 at the top of the pier and.6 x 10° on the

to have additnal information on the characteristics of the soil deck (a reduction in amplitude by factors ¢7.5 = 2.74
(rock) behind the abutments, data that were not available. at the top of the pier ang/25 = 5.0 on thedeck);
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Effect of rubber pads’ stiffness on longitudinataral frequencies with constrained deck (Hz)

G of rubber pads (10Pa) 1stongitudinal 2nd longitudinal 3rcbhgitudinal 4th longitudinal Stlongitudinal 6th longitudinal
1 1.4* 17 1.8 2 6.5* 9.55*
1.8 1.55 18 1.9 2.05 6.5 9.65
3 165* 2.05 2.2 2.25 6.55* 9.75*
4 1.7 2.2 24 25 6.55 9.85
5 1.7 235 2.55 2.65 6.6 9.9
6 1.7* 25 2.7 2.85 6.6* 9.95*
7 1.75 27 285 2.95 6.6 10
8 1.75 28 3 3.15 6.6
9 1.75 29 3.1 3.25 6.65
10 1.75 3 3.25 3.4 6.65
x 107 Fecha: 24/07/01 FFT Sensor: | 201
H H H : No Rubber Pads
= 25
5 ——— G=6Mpa
I E ......... G:}Mpa
E 10 - § 20 e G=1Mpa
= &
U a
m o
L shossnnndinnflidinnidieaeg 2
. g é
LNVl
A I {.: f ’V :
0 MWl WG S L L e ”
I 2 3 4 5 £
Frequency [Hz] Frequency (Hz)
% 10° Fecha: 24/07/01 FFT Sensor: 4 Fig. 14. Comparison of displacements at the deck intttdirection due to a
: : : unit motion at the bases of all piles (constrained deck).
_ 3 1 The first natural frequency in shear of the soil deposit itself
E from a one dimensional soil amplification analysis is about
3 2 . 1.4 Hz, which explains the peak at about 1.5 Hz in the base
2 motion of the pier. As for ta ampification at 2.7 Hz, one
| ST o - can find fromFigs. 9—12that this is a natwal frequency of the
Aﬁ structure. The motion at the top of pier 4 is amplified by a factor
0 HEY, TR J[ : Asns of about 4 inFig. 12. This suggests an effective value of the
‘ z 3 4 % shear modulus of the rubber pads of about 6.0 MPa.
Frequency [Hz]
% 10° Fecha: 24/07/01 FFT Sensor: 7 4.2. Transverse direction (Y direction)
) EEEE R BER s
In the transverse direction, without rubber pads, the first
_ three significant peaks walllbe at 1.85 Hz,2.70 Hz and
E 4 R | A 4.90 Hz, respectively, as shown Figs. 14 and 15, which
T § illustrate the transfer function of the motion on top of pier 4
= » Pk | due to a unit harmonic motion in the transverse direction at
Ll : : : the bottoms of adlthe piers. The frequencies of the first two
ﬂ\ : J; ];,J\} A\f significant peaks are in relatively good agreement with those of
0 j |L ,';M"‘ﬂms' , 'l"j} W""""‘S the second andird mode in Romo’s model for the same case

Frequency [Hz]

Fig. 13. FFT of recorded longitudinglX) moation of Marga—Marga bridge
during the earthquake of July 24, 2001.

(b) A significant amplification at about 2.7 Hz on top of the
pier, which is not present on the deck (the amplification

ratio of the amplitude is abog/((4 X 108)/(4 x 10") ~ 3.2

from the base to the top oféhpie). The amplitide at the
base of the pier at this frequency was slightly smaller tharthe top of the pier has a significant peak at 5.7 Hz and small
in the free field.

(1.79 and 2.67 Hz), but the peak at about 1.3 Hz that would
correspond to his first natural frequency (1.29 Hz) is extremely
small, suggesting that the mode is not excited when all supports
have the same motion.

For the rubber pads with a shear modules 6.0 MPa and
a oonstrained deck (the deck was always assumed to be
constrained transversely at the two ends), it can be seen that
the motion of the dck has a significant peak at 0.90 Hz and
two small peaks at 1.85 Hz and 4.30 Hz, while the motion of

ones at 0.9 Hz and 1.85 Hz, as shownHigs. 14and 15.
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Table 4

Effect of rubber pads’ stiffness on traverse natural frequencies (Hz)

G of rubber pads (1‘bPa) 1st trasverse 2nd transverse 3rd transverse 4th transverse 5th transverse
1 045* 1.7 4.3 5.2* 7.6*
1.8 0.55 1.75 43 5.25 7.6
3 0.7+ 18* 4,25* 5.35* 7.65*
4 0.75 18 4.3 5.45 7.65
5 0.85 185 4.3 5.5 7.7
6 0.9* 185* 4.3* 5.65* 7.7*
7 0.95 19 4.3 57 773
8 1 1.9 4.3 5.8 7.75
9 1.05 195 4.3 585 7.75

10 1.05 1.95 4.3 5.9 7.8

L x 107 Fecha: 24/07/01 FFT Sensor: 3
- No Rubber Pads |[_]..............! ................ T
g 20 ——— G=6Mpa r
E ----- G=3Mpa :
Q ————ee = 4 e . . .
’a 151 G=1Mpa E N
S0 % sl ‘I ....... S | S——
; < | )
&5 1 : ;Jd Ay :

H A H :
0 ~— T T T T : y 0 _'.V" ‘h.\.r ’.;!;i-\fr.l(( .r'-}J i|‘.‘r ‘L;'!\,é =
0 1 2 3 4 5 6 T 1 2 3 4 5
Frequency (Hz) Frequency [Hz)

Fig. 15. Comparison of displacements at the top of pier inttftérection due x 108 Fecha: 24/07/01 FFT Sensor: 6

to a unit motion at the bases of all piles (constrained deck). , H : ________________ P j

The frequency of the first peak is in relatively good agreement _

with the results of Romo andd2a (0.93 and 0.96 Hz) but no R e R e | e

peaks are observed at 1.28 or 1.5 Hz as in their woakle 4 ;:'; : : :

lists the frequencies of the peaks tlifferent values of the shear 2 : i 4 """""""""

modulus. e S S J, ......... M ..... ) ..... 3

From the recorded data in the transverse direction shown in ’ P i "", 1. fal f\ [ L,‘.
Fig. 16, one can observe: 4 ;_.'hm\m ,.JEK,.\,.} ol U A .'1 L,
(a) A peak at about 1.3 Hz at the base of the pier with an l Ffequency [ljz] ) ’

amplitude squared of.3 x 10’. Itis only 4.0 x 10’ at the :

top of thepier and 20 x 107 on the deck, a reduction in 3 10 Fecha:! 24/07/01 F,FT Sensor:!9

amplitude by factors of/7.5/4.0 ~ 1.37 at the top of the ' : :

pier andy/7.5/2.5 ~ 1.73 on the deck; T e R L e
(b) A number of small peaks around 1.0 Hz and a more =

significant peak at 1.5 or 1.6 Hz on the deck motions with & ; : :

an amplitude squared of.8 x 108. This repreents an a .l | "I T N —

amplification of about/15.0/1.5 ~ 3.2. This peak is not <

present on the motion on top of the pier;
(c) Apeakatthe base and ontop of the pier at about 2.7-2.9 Hz, . LJL,, O : Pat

1 2 3 4 5

with amplification ratios with respect to the motion at the
bottom of the pier 0f/24/11 ~ 1.50 for the top of the pier,
while the motion is greatly de-amplified on the deck with a
ratio of «/2/11~ 0.43.

The peakin the base motion at 1.3 Hz is also very close to the

Frequency [Hz]

Fig. 16. FFT of recored transverseY() motion of Marga—Mrga bridge during
the earthquake of July 24, 2001.

shear natural frequency of the soil deposit but the data woul@mplified, but the base motion has very small amplitudes at
suggest that the resonant frequency for the soils is not the samiesefrequencies. At a frequency of 1.5-1.6 Hz, the transfer
in the longitudinal and the transverse directions of the bridge, arfunctions in Figs. 14and 15 indicate an amplification by a
observation which is consistent with the topography of the aredactor of about 2.5-3.0 on the deck and a de-amplification
Figs. 14and15 show that the structureas a natural frequency on top of the pier. At 2.7-2.9 Hz, one can calculate that the
at about 1.7-1.85 Hz, where the motion of the deck is greathamplification ratio of the motion from the bottom of the pier
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to the top of the pier is about 2.0 and to the deck about 0.3(3) It appears that the results of the numerical analysis with
depending on the stiffness of the rubber pads. While these the nodel used can explain and reproduce pretty well the
values danot coincide exactly with the experimental data, they = main features observed in the recorded data. This includes
follow the same general trend. It should be noticed that the both the frequencies at which peaks occur and the values
amplification values will depend on the assumed values of of the amplification, although the estimates of the latter

damping. could be improved with better estimates of the damping.
It should be noticed however that in reality the stiffness of
5. Conclusions the rubber pads will be varygwith time (as the amplitude

of the deformation varies). To account for this it would be
necessary to conduct nonlinear analyses. A better match of
the perimental data would also require more information

(1) The presence of ehisoldion pads reducesoasideraly the on the variation of the input motion between the different
amplitude of the longitudinal deck motions with respectto ~ SUPPOTts.
those at top of the pier except at the first natural frequency
of the system, which varies from 0.35 to 1.7 Hz depending®cknowledgments
on the assumed conditions at the ends of the deck (free deck _ .
or constrained deck). At this frequency the motion of the ~ The authors want to express their gratitude to the Wofford
deck seems to be larger than that of the top of the pier foP. CainChair at Texas A&M University, and to CONICYT
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