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Abstract

This paper presents an extension of the displacement-based desipdym® for bridges supported on hysteretic isolation bearings. An
equivalent damping ratio, derived from the particular characteristics of bridges supported on lead rubber bearings (LRBs), is proposed. The tr
of the equivalent damping ratio that is obtained is similar to that of the hysteretic energy bearing dissipation, over the whole range of inelas
displacement demands that is expected for this type of device. The proposed method emphasizes material strain control by means of the I
displacement of isolator bearings and the lateral displacement of the pier top. The response is obtained directly from the elastic displacen
response spectrum and is applicable to regular bridges with rigid superstructures that can be idealized as a single degree of freedom (SC
system. The proposed methodgy improves the displacement pretitha capability of thdinear equivalent model when it is applied to bridges
supported on LRB isolators, and low data scatter is obtained, especially for displacements. Pier displacements are slightly underestimated
base shears are overestimated, contparénelastic time-history results.

(© 2005 Elsevier Ltd. All rights reserved.

Keywods: Dispgacement based design; Equivalent damping ratio; Effective stiffness; Hysteretic isolators

1. Introduction proposed for performance-based design: (a) strength-based
design, (b) displacement-based design, and (c) energy-based
Recent earthquakes have demonstrated that designing gsign. A discussion about thearacteristics and capabilities
bridge according to current cosléor a life safety performance, of each method can be found i §].
does not assure acceptable structural behavior, even during 5 very simple lut reliable conceptal framework called

moderate ground motioril]. Today it is widely recognized i o displacement-based dgshas been proposed for achiev-
that seismic design codes netedincorporate a performance- ing the performance-based design objecti8gl][ It is rec-

pa?ed degn fr?tfrtlgn 2’3].’ the ??ln_ﬁ_bject;\]/e of \;\_’hf'Cht ognized that damage is well correlated to maximum material
IS to ensure that the engineeread faciliies Snow Salislactoryy. i, o plastic hinge rotatiort she base of piers, which are

¥
performance under moderate and extreme earthquake grouBérameters that can be associated with lateral pier top displace-

motion, according to owners, useand society expectations. ; . )
. . , . ment [3,4]. Based on this, the procedure is focused on displace-
A major challenge is the development of rational and effective . L
rocedures for analysing and designing structural Systemment, instead of force, as a performance or damage indicator.
P Ithough the displacement quifier is not able to capture the

that are capable of predicting the structural response for thF ading path and accumulates otiene. as the eneray quantifier
earthquake ground motions that are expected to occur durin gp L . ergya
oes, itis receiving a lot of attention because it is simple, effec-

the g/stem life-cycle. Several simplified methods have been. :
tive and allows designers to evaluate the structural performance
for various earthquake intensisieThus, analysis methods for
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i.e. elastomeric or sliding bearings with dampers or dampingquivalent damping from one cycle of periodic excitation,
mechanisms. Lead rubber bearings (LRBs) are the mostvan’s model [L0,11], Kowalsky’s model #]) and some
commonly usedsolators [], as they provide an economic, comments abouttheir effectiveness in the prediction of inelastic
reliable and snple sdution for protecting medium and displacements demands can be found 12].[ In summary,
short span bridges. This paper presents an extension afe can say thateq derived from the harmonic response
the displacement-based design procedure for bridges simpht maximum displacement, is natpable of incorporating
supported on hysteretic isolation bearings. The methodology ithe influence of time-histgr displacements in the energy
applicable to bridges on LRBs, but it can be modified easily fordissipation mechanism. Duringn earthquake, displacements
other types of displacement-demient devices. An extension of are significantly lower than the maximum response most of
the procedure for continuous bridgés dso under preparation. the time, and the energy dipsition can be overestimated.
The stiffness variation during cyclic deformations cannot be
2. Equivalent linearization method reproduced by the secant stiffness method. As a consequence,
local variations in the inelastic spectra cannot be reproduced
The response spectrum provides some of the most importagither. lwan’s formula, derived from numerical minimization of
characteristics of earthquake motion and gives the maximunhe dfference between elastic and inelastic responses, provides
elastic deformation for structures over the entire range ofhe pest pproximation to these local variations in spectra.
periods. However, it is not able to predict damage level, ajyan’s model islimited to mid-period range structures and
damage involves inelastic deformations. Of course, maximurrlh < 8. is the ductility factor = Xmax/Xy, Xmax is the
displacement demands can beahed through time-history - maximum displacement of the oscillator axglis the yielding
analysis, but in most practical cases linear response spectra @splacement. These conditioase different to the expected
uniform hazard elastic response spectra are used. Hence, M3RYsteresis of LRB bearings for bridge isolation. Kowalsky’s
approximate methods have been proposed to overcome thig,ation is derived from the Takeda degrading hysteresis model
difficulty. Some of them are based on equivalent I_inearizatiorfor concrete piers, and is not djgable to LRB isolators either.
of the system by using an effective lateral stiffness and  According to Ref. $,9] good approximation can be obtained
equivalent damping ratio. Equivalent linear models have beeg, yerage with existing linearization parameters, although

incorporate_d _in AASHTO J, Euroco_d_e 8 6] and Jqpan_ there is considerable scatter in the data. lwan and Ga@s [
Road Assaiation [7], among other specifications, for designing compared the accuracy of ninerdping models for estimating

bridges with passive energy dissipation systems. the response of hysteretic bi-linear systems and foundéghgat

Ifitis assgmed that the behavior of‘an inelastic hy;teretiqs overestimated in all the models for most of the ductility
structure subjected to ground acceleratigrcan be described range considered. The frequency content, effective duration,

by a smg_le Ideg_ree of free.dom (SDOF) system, then th?naximum energy input and near fault characteristics of ground
maximum inelastic response Is given as, motion have not been adequately analysed.

fs(x
X + 2 wi X + s )=—x‘g (1) _ R
m 3. Animproved &g for bi-linear isolators
wherex is the mass displacement relative to the grounds
the damping ratiogw; is the initial circular frequencyfs(x) The energy dissipation capacity of bearing isolators plays

is the restoring force, anth is the mass of the system. In a fundamental role in the effectiveness of damage reduction
the eguivalent linearization method, the maximum inelasticin bridges subjected to earthquake ground motion. If the

displacement deman(@eg) is goproximated by, equivalent damping ratio is not capable of representing the non-
. . 5 . linear energy dissipatkby thehysteretic behavior of bearings,
Xeq+ 2& fXeq + WaiXeq = —X (2) : : :

eq eq@efXeq T Wefreq g then the maximum displacement would not be predicted

where &oq is the equivalat viscous damping ratio andes accurately. Because of the aforementioned weakness of the
is the effective circular frequency. The appropriate values ofXising equations, an improved emjol expressin is derived
£eq and wer depend on the material hysteretic behaviour, then this paper, for the case of bridges supported on LRB bearings.
maximum displacement demand and the number of incursions From the omparison of the overall shape of a family
into the inelastic range, amonghers. The main difference of inelastic response spectra for a given valuepgfwith
between the existing equivalent linear methods is the way i$ome linear response spectra, it has been four$jl that the
which &eq and wer are determined. The expressions that havdlifference is very close to a tralation along a line of constant
been proposed for computing these parameters are based gectral displacement, i.e. thénear spectrum for a specific
analytical formulations, empirical relations and/or expressionslamping coefficient may be translated to fit very closely to the
derived from experimental tests. inelastic spectrum for some ductility value. This conclusion is
As the existing equ#ons for computing&eq and Kes used in this paper to propose the equivalent damping ratio of
may produce inaccurate disgement predictions8[9], an  LRB bearings, as described below.
improved expression for bridges supported on LRB isolatorsis Assuming ket as the secant stiffness at maximum
proposed in this paper. A full description of the most commondisplacement,&eq is obtained by equating the non-linear
existing methods for definingteq and ker (secant stiffness, displacement response spectrum for a given earthquake to the
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Table 1

Characteristics of earthquake ground motion

Eathquake Station Duration (s) PGA (i) f (Hz) PSA (m/s?)
Imperial Valley, 1940 El Centro 40.00 3.1 2.2 8.3
México 1985 Caleta de Campos 97.24 1.4 1.4 3.9
México 1985 Papanoa 118.10 1.2 4.0 4.7
Méexico 1985 La Uroh 124.60 15 2.2 5.7
Mexico 1985 SCT 183.51 1.6 0.5 9.4
México 1989 SCT 80.00 0.4 0.5 13
LomaPrieta 1989 Corralitos 39.95 6.3 3.3 21.3
Northridge 1994 Santa Barbara 40.00 0.8 35 2.6

PGA = peak ground acceleration; PSApseudo spectral acceleration.

Table 2
Statistical data for all systems and earthquakes
U 1 2 4 6 8 10 13 18 24 30
§eq(llb) 5.00 6.42 9.72 12.26 16.67 17.66 20.49 21.96 23.55 23.41
o (ip) 0.00 1.07 2.56 3.50 3.50 4.59 4.41 3.79 4.95 4.16
cv 0.00 0.17 0.26 0.29 0.21 0.26 0.22 0.17 0.21 0.18
Eeq(itb) — 0 (1tp) 5.00 5.35 7.16 8.76 13.18 13.07 16.07 18.17 18.60 19.24
linear displacement response spectrum, Ky = 1G A 14 10ﬂ )

o hr Ar
SCGh, T, o, uh, EGMINL = Si(&eq, Tef, EGM)EL (3

in which Gy is the shear modulush, is the total thickness of
where S(én, T, @, up, EGM)NL IS the non-linear spectral elastomer, angy, is given by,
displacement of a system with hysteretic dampfpgperiod G A A
T, post-yield stifness ratiar, and kearing ductilityup, whenit = Xmax _ _Srfr <1 + 10_') Xmax (6)
is subjected to a particular earthquake ground motion (EGM), Xy aAtyhy Ar
andSy(§eq, Tef, EGM)eLis the spectral displacement ofalinear ¢, is obtained as the viscous damping ratio of the linear
system with viscous damping ratigq and periodTes, when it sysem that equalizes both spectra (non-linear and linear) for
is subjected to the same earthquake ground motion EGM. Afhe conbination of all parameters described above. Afigy
ensemble of 8 earthquakes, whose characteristics are showls peen obtained for systems, theisampe mean (Eeq(/4b))

in Table 1, were applied. The acceleration values were scalegpg sample standard deviatin(up)) is computed for each
in order to obtain different displacement ductility ratios of the pearing ductility factor,

isolabrs. |
The LRB bearing properties used for the numericalg ( _1
. . e . b) = (i) 7
evaludion are basedmcode design specifications for bearing Seqll n ;éeq o @

isolabrs [6]. The plan area of the bearinggy, sdisfies -
the allowable comression stress for service conditions. Thea(ﬂb) _ |1 [beq (1tb) — & (Mb)]z' ®)
bearing height and lead coreadieter meet the design and n—14& 0 g
geonetric code recommendations. The initial stiffness is
suficiently high to prevent exasive displacements caused The histograms ofeq for up valuesequal to 2, 4, 6, 8, 10, 13,
by strong winds, traffic loads or moderate earthquakesl8, 24, 30 were computed, where all variables (earthquakes,
A combination of the LRB properties0.05 < o < pod-yield stiffness values and initial system stiffness) were
0.15,0.05Ws < Fy < 0.20Ws, 0.05A; < Aj < 0.10A,) are  taken together 2. In general, theteq distribution for all
employed in the analysis, whels refers to superstructure dudility levels resembles the normal distribution. Assuming a
weight, A is the lead core area, af is the shear yield force. nomal probability distribution, the probabilities of exceeding
Expected ductility factors of the LRB isolators depend on®0% and 84.1% represent the mean value and mean value minus
the limit states defined at the beginning of the design proces@ne standard deviation, respectively. These data are given in
Based @ experimental data and field-test resultsgup < 40 Table 2 where itcan also be seen that the scattering of data
is considered to bepmropriate for the analysis. The bearing increases for higher inelastic displacement demands, with a

dudility is computed as the ratio of the maximum displacementMaximumo (;.a) = 4.95 for up = 24. However, the coefficient
(Xmax) and the yield displacement of the bearitg = Fy/ky), of variaion (the ratio between standard deviation and the mean)

where increases with the ductility factor, up to a maximum of 0.285 for
up = 6,and is rather uniform for higher ductility displacements
Fy = Aty 4) (Fig. D). Unfortunately, maximum dispersion occurs in the
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. The Eeq(“b)_ rattio_distribution over t_he th"e _range P Fig. 4. &eq from one cycle of steady-state response to harmonic excitation and
is shown inFig. 2 For low values of inelastic displacement yq proposed equation.

demandsgeq increases very rapidly up to aboug = 10. For

higher displacement demanésy tends tdbe asymptotidig. 3 3.1. Comparison of the equivalent linearization parameters
shows aypical curve for the hysteretic energy dissipated by

the isolator bearingEy), normalized to the input energ¥; ), A comparison of some of the existing models for
over tre whole range ofup. The same trendan be observed jetermining ke andéeq is given inFig. 5(a = 0.1 is assumed,
from Figs. 2ar_1d3, and IS qwte similar for all earthquakes and typical for LRB bearings The flexibility produced bykes is
systems considered in this stu@s/E; tends tcone onlywhen  onresented in terms of the ratio of the effective period to the
the bearing dissipates the whole input energy, but this is NOfnitia| period (Tes/T1). If up < 15, the secant stiffness model
the case because of the contribution to the energy dissipatiQ@,ys to a more fidble system, and the contrary is true for
of the piers, abutments and foundation. The influence®f nighe dudility ratios. A linear trend represents the lwan’s
on &eq derived from one cycle of steady response to harmonigr_. /1,y ., relationship, giving rise to very flexible systems
excitation (proposed in several codes for isolated bridges) igy, 1p > 15 compared to other models.

displayed inFig. 4 for « = 0.05 and 0.1, and does not  po high quctility ratios, &q derived from Kowalsky's
correspond to the curve trend of E§) or curve trend shown expression and from the steady-state harmonic response

inhFig. ﬁ Contrary to %gpelctation?&ttg]e dbamping_ratio deCre}""seﬁiminishes with increasing inelastic displacements. In contrast,
when the maximum displaceme € bearing Increases tor £eq Obtained with the equation propos¢®) and with Iwan’s

o >60. , _ model resembles the trend of the hysteretic energy dissipated
Since &gq increases very rapidly for lowu, ratios and by isolator bearings.

;[hen _|tshra_ther unlfz;;n, ':j ste efr'rt]? reation?tflle tgefd'(“b) to a However, the comparison ohé different expressions for
ogarithmic airve. After data fitling, the foflowing expression computing &q does not provide enough information for

is proposed: reaching conclusions about the adequacy of the prediction of

£eq = 0.05+4 0.05 In(szp). (9) maximum displacement. The response is affected not only
by the system energy dissien capacity but also by the

This expression has an adequate minimum value of thgystem stiffnesges and ground acceleration characteristics. A

equivalent damping ratio, namefq = 0.05 for up = 1.0,  displacement overestimatioredved from a reduced value of

since 5% visous damping is a common value recommendec&eq can be mitigated by an overestimationlgf. In order to

for rubber bearings without a lead core. compare the adequacy of the existing linear equivalent models,
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proposed. I —e— Eq. proposed

The amplification factong8x) of the elastic displacement ar 4. prop
spectral ordinates derived from the usage laf, for the 3.0
mid-period range of 0.4-3.0 s and firm soils, is somewhat ' /
proportional to, 25
Bk (Sj)elastiq/ K1/ Ke. (10) 20
The reduction factotgg) of the elastic displacement spectral ' . a2l
ordinates produced bigq can be estimated by substituting the « 15 ___-—"'
equivalent damping ratio in the following expressiéh [ f;/

1.0 1 %
7 0.35 \7
Bs = : (11)
2+ &eq 0.5
Thus, the combined influence of system stiffness and hysteretic
damping can be estimated approximately as: 0 5 10 15 20 25 30 35 40
Ductility
(ke 7 1035

B = ([elasti Kef |:2+§eq:| (12) Fig. 6. Comparison of different equivalent linearization models for the

combined influence of system flexibility and hysteretic damping.
It is evident that actual spectral displacement demands depend
on the characteristics of ground motion and on the numericad better fit to inelastic time-hisry displacements as presented
evaludion of the hysteretic damping over the total duration ofin Section 5 For high dudility ratios, Iwan’s model gives the
ground acceleration; nevertheless, for assessment purgbsesjargest displacements and the proposed equation leads to the
is a better estimator thaaq or ker by themséves.Fig. 6shows  smallest displacement. The gikicement increment obtained
the conparison of equivalent models in terms pfobtained  with Kowalsky's and steady-state harmonic response methods

from period rdio instead of stiffness ratio, i.e., for the high dudility range is caused by the anomalous
Tef 7 0.35 reduction oféeq for large displacement demands.

B=— <—) . (13) The equivalent damping model proposed presents a clear
Tl 2+€eq

improvement in respect to some of the linearization techniques
During ground motion loading, sidlacements are significantly avélable (and presented in the paper) in the particular case of
smaller thanxmax most of the time. Because of this, the bridges supported in isolating devices with bi-linear hysteretic
steady-state harmonic response method, based on the cycle @faracteristics. In fact, E49) is the only one that is derived
response axmax Underestimates maximum displacements forfrom the particular characteristics of bridges supported on bi-
low ductility ratios. Chopra and Goelfl] have also eported linear hysteretic bearings, for the complete ductility ratio range
displacement underestimatiowjth errors approaching 50%. that is expected during an earthquake ground motion for this
On the ather hand, the equation proposed predicts the largesype of device. In contrast to other methods, the trend in
displacements of all methods fa, < 15 (Fig. 6), provding  the equivalat damping ratio obtained (sd€gs. 4—6 seems
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Mass 1
(¢)j = (Kef) | Xj (16)
Bearing stiffness (kp)j

Bearing dampi . .
SRS SERERE where x; is the lateral displacement degree of freedom of

|
|
[EEERE

112:; Zzg“‘:’f: subsystemj, kefis the effective stiffness of the isolator unit
P j,» andk, is the lateral stiffness of pier or abutmentIf the
Foundation stiffness limit state under consideration allows piers to be damaged, then
Foundation damping an effective stiffness of a damaged pier has to be considered

according to the maximum ductility allowed. The stiffness

Fig. 7. ldealized single degree of freedom system. matiix of the overall system is,

like the trend in hysteretic energy bearing dissipation over théKT = (_(Izﬁf)f; (K f).(kfz|1< )A) . (17)
whole range of inelastic displacement demarkdg.(3). Unlike e e Pl

the models that are based on optimisation of the minimun¥he damping matrix; is the sum of the proportional damping
differences between the inelastic and elastic responses, ttatrix of the subsystem without isolation bearir@gsand the
empirical expression proposed is rational and simple, an@ion-proportionaldamping matrix due to the hysteretic damping
ties the physical behavior of this type of systems. Besidegprovided by thesolator bearing€p,

the good trend when compared to bearing dissipation, Eq. Cet C (18)

(9) also provides a displacement prediction that is in good™ ~ ~° b-
agreement with inelais time-history displacements, as can be The resultant damping matri€; is non-proportional and the
seen in the examples presente®ection 5In addtion, Eq.(9)  following product is not a diagonal matrix, whose off-diagonal
can easily be incorporated intoettuirect displacement-based terms,cjj, arenot necessarily zero,

design framework, as presented in the design example.
Ci1 Ci2 C13

(@]);Cj ((oi)j= Ca1 C22 Co3|- (19)

3.2. Equivalentdamping ratio for the isolator—pier—foundation C31 C3» Cas3

system
As a onsequence, uncoupling of the equations of motion is not
If the bridge superstructurs presumed to be relatively possible. According tog,15], the influence of the off-diagonal

rigid in comparison to the combined stiffness of bearings and&ms on the response is_small if the hyster_etic damping is less
piers, the bridge model can be simplified as a SDOF syste an 3_0%’ af_‘“! can be ignored because its relevance on the
consisting of the mass of the superstructure and the forcesuts is negll_glble. . . .
recovery and energy dissipation characteristics provided by the T_he equation of moUon for an SD_O F hysteretlc_ system_ IS
isolation devices and pierig. 7). S|m|I§r_ to that of a viscous sy;tem vylth a hysteretic damping
The algebraic summation of isolator dampifg and pier coefficient ¢, equal to Znk, in which &, represents the

damping(£p) cannot be assumed, as the isolation bearings arréyste_retlc damping ratio. It has been four@/1p] _that the .
L ; . : amplitude and phase angle of the transfer function are quite
connected to piers in series.skead, the damping ratio of the

) . . . . imilar for hysteretic and visas systems, and the difference
isolation—pier system can be determined by the proportiona : AP . : :

. e In the response to a transient excitation is practically identical
energy damping method, originally proposedi]|

for both systems, except for the long period region. So4kat
noor . _ andé&p can be considered as hysteretic instead of viscous, and
JZ(‘pi )iCj(ei); the corresponding hysteretic coefficients dmg), = 2&eqKef

(e = (14) al’ld(Ch)p = ngkp-

Thus, Cj for the isolation—pier system, ignoring the off-

where(£eg)i is the equivalat damping ratio of modg, (¢;)j is ~ diagonal terms is,

the mode shape vemtof subsystenj corresponding to mode (2kocker) 0

of vibrationi, Cj is the damping matrix of the subsystgmp;  Cj = < e% i (26K )A).

is the mode shape vestof the overall system of the mode of PEP7)

vibrationi, andK 1 is the stiffness matrix of the overall system. If piers are allowed to be damaged, then the equivalent damping

If piers and abutments are presumed to be fixed at their basmtio of piers has to be used.

and the superstructure is assumed to be rigid, the mode shapeThe equivalent damping ratio for the isolator—pier system

Zq)iTKTq)i

(20)

vectors for the isolation—pier bearings system are, (éeg)s Obtained by substituting Eq$15)—(17)and(20)in (14)
A is given by,
(kef)J
N RCSTR feq+ Epler
Y= tenj (X M) (eega= ke (21)

(Kp)j T %
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As the isdation units over one pier or abutment undergoes Limit states definition
the same lateral displacemeitihe bearing total stiffness is Yo € &
computed as the sum in parallel of the stiffness of each afithe v

isolation devices on the pier, Target top pier displacement

v

Amc (Eq. 26) Ams (Eq. 27)

n
Ket = ) (Kef)k. (22) ¥
k=1 | Bearing selection |<7

The total lateral stiffness of the combined isolation—pier system v
(Kef)s is the sum in series that is obtained as, | Period of the SDOF system |

N v

kp kX: (Kef)k ‘ Period from the displacement design ‘

=1

(Kef)s = ———F—. (23)
Kp + 2 (Kepk
k=1

If the flexibility and energy dissipation of the foundation are ABS(I-Tsnor/Typro) =2

considered(éeg)s Of the combined isolation—pier—foundation
system dekiedfrom Eq.(14)is:

Feq+ E?(kef + Efl:fkef + Efekkesz Determine forces and design pile
p h fo
(eg)s = PR (24)
o e N
1+ ke T K © A ZX

m+1 =

m

where &, is the equivalent damping ratio corresponding to
horizontal vibration of the foundatiorgsy is the equivalent
damping ratio corresponding to rotational vibration of the
foundation ks, is the horizontal foundation stiffneskgy is the
rotational foundation stiffness, andis the colunm heght.

(Kef)s of the combined isolation—pier-foundation system is

obtained by summing in series the stiffness provided by the End of design
foundation, pier and isolation bearing,
1 Fig. 8. Flowchart for the displacement-based design for isolated bridges.
(Ke)s = — — (25)
ot Kp aal o controlled by specifying a tagg bearing shear displacement
<k§1kef> (Xp) and a target pier top displacemei). The maimum
K total displacement of the system is = Xp + Xy + X,

where the last term is the contribution of the foundation’s
flexibility. In contrast to force-based design, the end result

The proposed methodology is intended for regular bridge€' the displacement-based design procedure is the required
supported on bi-linear hysteretic isolation bearings. TheStiffness, which is determigefrom the elastic spectrum by
superstructure is presumed to be relatively rigid in comparisof€ans 0k and(feg)s-
with the stiffness of piers and abutments, and it is assumed The procedure flowchart is presentedriig. 8 and the step
that dynamic response of the bridge can be predicted quitBy step procedure description follows.
accurately with an SDOF system. A sketch of the idealized 1. Limit states.Define the number of limit stags that
model is shown irFig. 7. should be checked, and the isolator shear sttgj), concrete

Due o good correlation between strain and damage, the€ompression strain(sc), and seel reinforcement strairtes)
design methodology is based on strain control. The allowableorresponding to each limit state.
strains should be associated with specific values of structural 2. Target per top displacementfter defining preliminary
response that can be accurately predicted and physicalkections of piers, the maximuutisplacement can be obtained
measured in an actual struotu According to displacement- by means of the following straimlisplacement relationships
based design, the structural response associated with strajeveloped by Priestley for reinforced concrete pieils The
control is defined by the structis lateral displacements. If target displacemeritAn) is the lesser of Eq$26)and(27),
concrete and steel reinforcemt strains are considered as

4. Procedurefor bridgeson hystereticisolators

.- . . .. e ¢ L2
damage indicators of brldge concrgte piers, the limit state%m _ (_c _ ¢y) Lp(L —05Lp) + y (26)
can be related to lateral pier top displacements. In the case c
of isolated bridges, limitation® bearing shear displacement £s gbyL2
must also be considered. Thus, the structural performance idm = D —c ¢y ) Lp(L —05Lp) + 3 (27)
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wherec is the neutral axis depth, which may be arbitrarily Xp Xp £
assumed or estimated from E@8) for circular columns and o
(29) for rectangular columns,
0.65P
c=D 0.24 28
(e 02 & .
0.85P
c=h 0.25). 29
( f{Ap + ) (29) v
L p is the plastic hinge length given by Pier and bearing Displacement due to
displacement base rotation
Lp = 0.08L 4 0.022fydy > 0.044fydy (30)
04 Fig. 9. Total displacement of the system.
¢y is the yield curvature= ¢y = 2 ~ 22 | is the

column length,D’ is the distance from the extreme tension Refe_r toFig. 9 for the meaning of the parameters. For small
steel fiber to the extreme concrete compression fibgis the ~ rotaions,
longitudinal reinforcement yield strain, adg is the diameter Fo Ktg

of longitudinal reinforcement. "= LRk — L2 (38)
3. Bearing selection The mhimum in-plan area of the
bearing(Ar) is determined by servicload onditions, and the 5. Period from the displacement design specffae iolated

lead core areay should be 002Ar < A < 0.1Ar. Then  prigge period is then determined from the design spectra

assume_thg heiglih) of the beaing _and the dlametgr of the Iea_d (Tin)specby selecting the appropriate damping cutg&)s and

core. It is important to comply with the geometric and designiye total system displaceme().

recommendations for LRB bearings proposed by codes. 6. Adjust bearing characteristic®erbds obtained in steps 4
The force that LRB bearings are able to transth) can 54 5 must be equal. If they are not, then the isolator properties

be computed as the sum_of the force transmitted by the rubbef,5ui1d be modified. The new bearing area may be obtained

(Fr) and the force transmitted by the lead céye by equating the force transmitted by the bearing to the force

beforeyielding: Fo=F +F = AGry + At (31)  derived from the spectrum,
_ Go G
afteryielding: Fo = AGry + Aty + A G—l(r —1y) (32) AGrym+ Aty + A G_j(f — 17y) = (Kef)sXt (39)

whereG1 and G, are the elastic and plastic shear stiffness ofin which (kef)s is given by,
lead core alone, respectively.

The target bearing displacemexry is given directly by _ 2n Zw 40
the product of the total neoprene height = Y, tj and the (kef)s = <(Tib)SPEC) g (40)
maximum shear straipy, (Xp = hr vp). . . . .

4. Period of the OF systemThe isolated bridge period If . = A/ A, thenew bearing area is obtained with,
(Tip)spor is obtained from the well-known expression for (Kef)sXt

SDOF systems, using the total lateral stiffness of the isolated¥ = Grve + A [@(r . ] (41)
bridge (kef)s (Eq.(23) or (25)). K p is estimated from the basic Vb G1 oy
mechanical principles arkds is obtained from Eq(33) Steps 4-6 would be repeated urtie convergence criteria is
Fo satisfied £ = 0.03, for instance),
ket = —= +ko (33)
Xmax ‘ _ (Tip)spoF| _ (42)
where thepost-yielding stiffnesskz) and the characteristic (Tib)sPec| —

dissipator strengtliFo) are, If this criteria is not satisfied by changing the bearing

Al properties, the pier section must be modified.
ko=k |1+ 10Kr =GrAry (1+100) (34) 7. Determine foces and pier section desigisine the
Fo= Aty(1—a). (35) periods are equal, design forces can then be determined,
After substituting in(33), the efctive stifiness of the isolators Vbase= KpXp  Mbase= Vbasd-- (43)
IS, Determine the longitudinal and transverse reinforcement. If the
Aty(l—a)+ A Gryp(l+100) pier section is not appropriate for resisting the design forces,
Ker = Xb (36) repeat steps 2—7 until thetion pier is appropriate.

8.Lateral displacements verificatioBetermine the updated
pier top displacemenitin,)y with the latest, s andec values.
Fo If Am > (Am)u, then regat steps 2—7 withd )y as the initial

ki = F = 37 .
f b/ X1 L tan(FpL/Ktg). (37) displacement.

and the foundation'’s flexibilityks ) is,
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W superestructura = 8960 kN
(i I I I il

L | L | L |
10 m

v
20 m 20 m 20 m 20 m

Fig. 10. Four simply supported span bridge model.

0.8 Since(Am)y = 0.153 m, computed with the latest parameters,
_ POaumedon, is less thamAp, = 0.17 m, a seconderation has to be carried
2 conventional bridge . L .
= 06 AN out with Ay, = 0.153m as the initial displacement. After a
%’ \ l second iteration(Am)y = 0.146 m is obtained and accepted.
S o \ ' Final resllts are shown ifrable 3
§ : if;glzggirf;:ge Since the definition of limit states has social and economic
g 02 consequences, code committees should propose the number of
id SP curve for _f\\\\"\\‘\< limit states and their corresponding allowable parameters. In the

00 bridge modell . : example, six limit states are pposed arbitrarily to illustrate

0 0.005 0.01 0.015 0.02 the mnsequences of adopting different limit states. The final

Concrete strain resuts are reported ifable 4 Thedefinitive design consists of
eight 350x 350 mm LRB bearings, with a lead core of 89 mm
in diameter. The column section is 1.7 m, and the required

9. Materials strain verificationCheck if concrete and steel longitudinal steel ratio ip = 2.6%.
strains fulfill the limit states requirements. Curvature ductility ~According to the conceptudtamework for performance-
e must be calculated first (E¢44)), then maximum curvature based design, the couples of expected damage levels
#m, with Eq. (45), and oncrete and steel strains by means ofand expected earthquake intensity are called “Performance

Fig. 11. Performance sge for conventional and isolated bridges.

Eq.(46)[4]: Objectives” (PO) and can be represented in the “Performance
Space” [Lg displayed inFig. 11. PO curve for conentional
wo =1+ ra~ 1|_ (44) and isolated bridges are depicted with discrete points (reported
3Lp in Ref. [17]) interconnected by straight lines. The “Structural
dm = HoPy (45)  Performance” (SP) aue for the bridge model is displayed in
ec=¢mC e =¢m(D —c). (46) the same figure, where it can lobserved that the definitive

bridge design satisfies the design requirements represented
by the PO curve for non-isolated bridges. In this particular
case, the second limit state governs the design; obviously, this
conclusion depends on the value assigned to each limit state. If
&s O yp, instead ofeg, is sebcted as damage indicators, similar

First, an example is presented to show the desigd€nds for PO curveswould be obtained.
methodology explained in chapter 4. A four span bridge model The results obtained through the proposed methodology are
supported on LRB bearings, with 10 m heigh piers and rigidcompared to the “exact” resultomputed with inelastic time-
abutments, has been considered. The bridge is composed §ftory analysis, using acceléian time histores compatible
simply supported spans; the span length is 20 m and the circuldyith the Euroode design spectra for firm soil, for 46 systems
concrete piers are assumed to be 1.7 min diameter, fixed at thd#2]. The results for maximum displacement of the pier top
bases[ig. 10). The concrete cylinder's compressive strength isShow thatalmost all values are located in the20% zone.
25 MPa and the yield stress of steel is 400 MPa. The Eurocode Be mean valu& = is 0.944, that is, the pier displacement is
displacement design spect@ for firm soil is considered. The Slightly underestimated by the lineal equivalent procedure. The
shear modulus of rubber is 1.0 MPa and the shear yield stres§adard deviatiors = 0.110 and the coefficient of variation,

After verifying thates andec fulfil the limit state defined at the
beginning, repeat steps 2—9 for other limit states.

5. Examples

of the lead plug is 10 MPa. CV = 0.117, reflects the low scatter of the displacements ratio.
The period of the simple oscillator computed in the first The base shear is overestimat&d= 1.24) with the equivalent
iteration (Tp)spor = 2.11 s is greater than the period linearization method. The standard deviator= 0.212 and

obtained from the design spectruffiy)spec = 1.80 s, and  coefficient of variation C\V= 0.151 reflect the major scatter of
the convergence criteria (E¢42)) is not satisfied. Therefore, the shear base ratio.

(kef)s must be increased by modifying the isolator dimensions In [127], the method has also been applied to 5 continuous
(Eq.(41)). After increasingA; and A, (Tip)spor = 1.79s,and  concrete bridges, with symmetric and asymmetric transverse
convergence is reached. Then, the pier section is designed aditributions of stiffness and different pier heights. The dynamic
the longitudinal and transverse reinfeement are determined. characteristics of the bridges are as follows:
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Table 3

Final results

Am (26) Am (27) (Ti,SDOR Am (27) &c (46) &s (46) p (%)
0.153m 0.143 m 1.79s 0.146 m 0.0034 0.0072 2.60
Table 4

Limit states proposed, and corresponding final results

Limit state P50 (%) Plong (%) ec €s b Xp (M) Xb/Xp
1 50 15 0.0022 0.0062 0.8 0.16 1.28
2 28 26 0.0034 0.0072 1.0 0.20 1.37
3 15 20 0.0071 0.0161 15 0.30 1.61
4 10 19 0.0088 0.0192 2.0 0.40 1.67
5 2 1.2 0.0111 0.0322 3.0 0.60 2.16
6 1 1.4 0.0151 0.0395 3.5 0.70 1.76
Limit state &p (%) &p (%) §ib (%) Tip (s) Tin/ To Kp Kb

1 13.9 5.0 10.7 1P 2.21 100 5.9

2 15.0 8.7 12.8 19 1.97 132 7.4

3 17.0 10.2 14.6 2.25 2.53 1.51 11.1
4 18.5 154 17.4 2.35 2.64 2.55 14.8
5 20.5 16.5 19.1 3.00 3.37 2.95 22.2
6 21.3 18.9 20.4 3.00 3.37 4.23 25.9

1. The maximum eccentricity b&een the center of gravity equivalent linearization methods, and small mean errors have
of the transverse stiffness in the supports and the center of maksen obtained, but dispersion of the results in some cases is

of the bridge is less than 12% of the total bridge length. substantial, particularly for large levels of inelastic behavior. It
2. The stiffness of any subsystem piésolator is less than can be affirmed that the proposed methodology improves the
twice the stiffness of the contiguous pigisolabr. prediction capability of the linear equivalent model when it is

3. The difference in mass between two contiguous support@applied to bridges supported on LRB isolators.
is less than 25%.

4. The bridge skewness is less thaf 20all cases. 6. Conclusions
5. The percentage of the mass in the first vibration mode is
more than 90%. This paper presents a displacement-based design procedure

Comparison with the results from a non-linear analysisfor bridges supported on isolation bearings with bi-linear
shows that the ratio of linear to non-linear displacements incharacteristics. The proposed method emphasizes strain control
the isolation devices has a measue betveen 1.01 and 1.12 by means of the shear displacement of the isolation bearing,
(always on the safe side) with a coefficient of variation that isand the lateral pier top displacement. The response is estimated
very low (less than 0.14). In the case of the displacement on thdirectly from the elastic dispcement response spectra by use
top of the piers, the mean value of the ratio of linear to non-of an effective period and equivalent viscous damping, and
linear displacementis in the range 1.07-1.39, with a coefficiens applicable to regular and gsiaregular bridges with rigid
of variation equal to 0.34. The greatest differences appear in thiperstructures whose response can be idealized as an SDOF.
estimation of the shear force in the base. In fact, in this case, An equivalent damping ratio, derived from the particular
the mean value is inhe range 1.07-1.41, and with a higher characteristics of bridges supported on bi-linear hysteretic
coefficient of variation than in the case of displacements. Théearings, is proposed. In contrast to other methods, the trend
most important differences occur in the bridges with periodf the equivalent damping ratio obtained seems like the trend
close to the maxima of the response spectra. As seen, howevef, the hysteretic energy bearing dissipation over the whole
in all cases (displacements antear forces) the results from range of inelastic displacemenémands that is expected for
the proposed model remain on the safe side. this type of device. Unlike the models that are based on

In spite of the good agreement obtained in the examplesptimisation of the minimum differences between the inelastic
presented, more research is needed to determine the equivaland elastic responses, the empirical expression (&9).
damping coefficient and the effective stiffness that shouldgoroposed is rational and simple, and ties the physical behavior
be used for earthquake motion of different characteristics; irof this type of systems. This equation provides a displacement
particular, energy dissipation for concrete elements and othgrediction that is in good agreement with inelastic time-history
type of hysteretic or viscous devices should be investigatedlisplacements and can easily ineorporatedinto the direct
The limitations imposed on the continuous symmetric andlisplacement-based design framework.
asymmetric bridges should also be kept in mind. Several The proposed methodology proves the displacement
authors 8,9] have assesseché accuracy of other existing prediction capability of the linear equivalent model when it
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is applied to bridges supported on LRB isolators. The results  of continuous concrete liges. Earthquake Engineering and Structural
obtained through the proposed methodology are compared Dynamics 2002;31:719-47. S _ _
with the “exact” results Computed with inelastic time-history [5] AASHTO. Guide specifications foretsmic isolation design. Washington

. . . . (D.C): Amercan Association of State Highway and Transportation
analysis, and it has been found that pier displacements are i\ 1999
sightly Under?Stimat?d but base shears are OvereStimated_- .LO\[ﬁ] Eurocode 8. Design provisions for ¢faguake resistance of structures, Part
daa scatter is obtained over the whole range of ductility  2:Bridges. ENV 1998-2. Brussels; 1994.
displacement ratio expected fdnis type of isolator, especially ~ [7] Japan Road Association, 2. 1996 Seismic Design Specifications of
for displacements. In spite of élgood agreement obtained in Highway Bridges. 1996. , _ _
these cases. more research is needed to determine the e uivaléﬂt Miranda E,Ruiz-Garea J. Evaluation of approximate methods to estimate
. TEEE a maximum inelastic displacement demands. Earthquake Engineering and
linearization parameters for camte elements and other types Structural Dynamics 2002;31:539-60.

of hysteretic or viscous devices, and the influence of earthquakég] Franchin P, Monti G, Pinto PE. On the accuracy of simplified methods for

motions of different characteristics. the analysis of isolated bridges. iajuake Engineering and Structural
Dynamics 2001;30:363-82.
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