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ABSTRACT

Different approaches have been proposed for fusaiemic design codes following the uniform
conceptual framework of the Performance-Based Seifhesign. Current practices using elastic
design procedures (force/strength methods), aregbebmplemented in modern codes with new
approaches that include displacement-based andyehased design. The need for an energy-based
methodology for earthquake resistant design otgiras was recognized as early as the mid-1950s by
Housner. One of the advantages is that it can addiigectly the effects of cumulative damage and
low-cycle fatigue associated with long duration tleguakes. The energy-based approach is
particularly appropriate in non-traditional strues incorporating passive damping mechanisms. This
paper presents a simple energy-based design me&thddsign a particular type of non-traditional
structure constituted of frames and hysteretic dampln this procedure, the design earthquake is
characterized with a bilinear spectrum representwgamount of energy that contributes to damage
expressed in terms equivalent velocity, and seiggicdl parameters related to the fault distance etc
The target performance level is characterized imgeof maximum inter-story drift allowed in each
story. The procedure provides the lateral strenigiteral stiffness and energy dissipation capacity
required to the dampers to be installed in eactysknally, seismic simulations conducted recently
with the shaking table of the University of Granaal® presented. The experimental results are
compared with the maximum response predicted with groposed energy-based procedure. It is
concluded that the later provides satisfactoryltesu

INTRODUCTION

Performance-based seismic design (PBSD) conceptdp a suitable framework for future
seismic code development. Implementing PBSD cosceggjuire design methodologies able to cope
directly and quantitatively with important aspeofsthe structural response such as the cumulative
damage and the low-cycle fatigue effects. Alsos¢hmethodologies must be able to deal with the
design of non-traditional structures such those iti@orporate hysteretic dampers. The energy-based
approach provides a general framework to implentieatconcepts of the PBSD in a practical and
simple design formulation, since it gives a fuldenstanding on the behaviour of the structure ufsto
collapse state, and it allows an explicit and qguatnte control of the damage endured by the stimact
under a given level of seismic hazard. Furthergethergy-based approach is particularly appropimate
non-traditional structures incorporating passivepilg mechanisms (Soong and Dargush, 1997).

The earthquake resistant design approach is basdbte balance of the total energy input
exerted by the earthquake and the energy absogb#tkelstructure. One of the main benefits of this
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approach relies on the fact that the total enengytidue to an earthquake is a very stable amount
governed by the total mass of the structure andiitdamental period, and it is scarcely influenbgd

the other parameters such as mass, stiffness argtitr distribution. The need for an energy-based
methodology for earthquake resistant design otgiras was recognized as early as the mid-1950s by
Housner, and the fundamental framework has beeabledted by Akiyama (1985, 1999) and other
researchers.

This paper resents an energy-based procedurestgnda particular type of non-traditional
structure consisting of frames with hysteretic damspn all stories. For the sake of simplicity the
present form, the method assumes that the maictsteu(i.e. the frame) remains elastic. In the gtesi
of new structures with hysteretic dampers, thigitin can be relaxed and some plastic deformations
can be allowed in order to reduce the demands enddmpers. The appropriate energy-based
procedure for addressing this case is not coveeed Hue to length limitations of the paper. The
energy-based method is validated with the resultsetsmic simulations conducted recently on a
reinforced concrete (RC) frame structure equippét Wwysteretic. The paper puts emphasis on the
key aspects on which the formulation hinges on.

BACKGROUND

The equation of dynamic equilibrium of an inelastiwlti degree-of-freedom system (MDOF)
subjected to a unidirectional horizontal groundiniots given by:

My+Cy+Q=-Mrz, )

Here,M is the mass matrixC the damping matrix an@(t) the restoring force vectoy(t) and
y(t) are the acceleration and velocity vectors relativéhe ground Zg is the ground acceleration,
andr represents the displacement vecy(t) resulting from a unit support displacement. Mulitipg
Eg. (1) bydy =y dt and integrating over the entire duration of theteprake, i.e. front=0 to t=t,,
the energy balance equation becomes:

W, +W. +W, = E. )

Where W, = IyTMydt is the kinetic energyW. = J'yTC)'/dtis the damping energW, = ijth
is the absorbed energy, which is composed of theverable elastic strain energy, and the
irrecoverable plastic energWy, i.e. We=WstW,; and E= —ijMr 'z'gdt IS, by definition, the input
energy which can be expressed in the form of aivalgunt velocityVg as:

2E
Vo= |—. 3
SRy ®3)
WhereM is the total mass of the structure. SiNig+W, is the elastic vibrational energW,, the
equation (2) can be rewritten as:

W, +W, = E-W. 4)
Further We+ W, can also be expressed in the form of an equivateotity Vp, so that:

2
w,+w, =MV ®
In the energy-based seismic design approachydhE spectrum characterizes the loading effect of
the earthquake for a given level of seismic haz®wesign input energy spectéd—T have been
proposed in past studies (Zahrah 1984, Akiyama ]1B&&avent-Climent et al, 2002). The tevkh
characterizes the cumulative damage (i.e. plastainsenergy) of the structuré\+W; is what
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Housner (1956) calletthe energy that damages a structure subjectedsimiseaction. For undamped
systemsVp=Vg; otherwise Ye-Vp) is the energy dissipated by the inherent dampintipe structure.
Several empirical expressions have been propostélibw us to obtaiv, from Ve (Akiyama 1985;
Kuwamura and Galambos 1989; Fajfar and Vidic 19dnavent-Climent et al 2002; Benavent-
Climent et al 2010). Moreover, attenuation relagttips have been established (Chou and Uang, 2000)
that directly provideW, —the absorbed energy— for a given earthquake rhadmi source-to-site
distance, site class and ductility factor, in teohan equivalent velocity, defined by
2\,
Va = VS . (6)

STRUCTURAL MODEL AND DESIGN CRITERIA

The main frame is idealized with a lumped-massuishedel. The mass of each stowyill be
referred to asn hereafter. At each stoiy the main frame is assumed to remain elastic upléderal
inter-story drift;3,, and the mechanical properties are characterigetieblateral yield strengthQy;
and the lateral stiffnesk (=Qyi/1g,). The fundamental period of the main frame (withdampers) is
denoted ad,; The hysteretic dampers installed in a given stoaye arranged so as to form a dual
system consisting of two inelastic springs conridte parallel. The lateral load-displacement
relationship,;Q;-a, of a giveni-th story under monotonic loading is representedrigure 1. The
hysteretic characteristics of the dampers are asdumbe elastic-perfectly-plastic, and in eachysto
they provide a lateral strengi,; and a lateral stiffnesk as shown in Figure 1.

O, O;
J'gyl‘
SZYi ‘ fk,‘
sé;/i 5yi é;

Fig. 1: Idealized inter-story drift-shear force weiof each story

The goals of the energy-based procedure are: @@termine theQ,; andsk; of the dampers needed
in each story to achieve the required building grenfance levels, expressed in terms of maximum
allowed displacemend, ., for a given earthquake hazard; and (ii) to evalile energy dissipation
demand on the hysteretic dampers. To keep the fngaire within the elastic range, it is imposed that:

O < 0. . (7)

maxi— f “yi

Accordingly, the lateral yield strength of the eatirame-device structure at thth story,Q;, is:
Q= s Quit ¢ Quaxi =sQyits9yi ¢ k; (8)

where 3, (=Qyi /ski) is the yield deformation of the dampers a@bhax,=dnaxidki iS the maximum
lateral force sustained by the frame, both atittiestory. For the building-device structure sumgyi
the earthquake, the plastic strain energy accuedilat thei-th story, W,;, must not exceed the
ultimate energy dissipation capacity of the dampestalled in that story\j;. In turn, W,; andW,; can
be expressed in the form of two non-dimensionaffments 4 andry;, defined by:

W, W,

n = > ; i u 9

szi séyi szi séyi
thus, the above condition can be written as:

S 1y - (10)



FORMULATION OF THE METHOD

For the sake of conveniencéya, Qyi, Qmax Qyi and &k, will be expressed herein by the plastic
deformation ratiqs, the shear-force coefficients, samax, s&, and the stiffness ratijg,defined by:

_ (5maxi_55yi) a = Qyi . — f <¥maxi . _ szi . _ fkl (11)

i y 0= vt %maxi — N posOq = v X7
> mg
p=n

5 N N
sVyi eq
> .mg > .mg
k=i k=i
Here,N is the total number of storieg,is the acceleration of the gravilzgéq—-4n2M/T12 and the base
story is taken as=1.

Stiffness distribution of the dampers among theesto
The ratio between the lateral stiffness of dampasmain frame in each story is referred to as:

K; = K (12)
-k
In choosing the valuds; the following considerations must be taken intcoamt. Oviedo et al (2010)
defined a strength ratjf,, ;for the base story as:
ﬁmin,lszyl/ (sz1+ny1) (13)

and recommended &2,in:<0.5 because in this range the protection to thenrframe due to the
dampers is maximized. The proposed method enftheg¢she yield story-drift ratio:

U=s0ilt3i (14)
must be less than 1 to guarantee minimum protediiothe main frame. Oviedo et al (2010)
recommended using low values gf(less than about 0.4ecause: (i) it makes more effective the
protection to the main frame; and (ii) tends to evidhe “uniform” range of th@,1 at which the
protection of the main frame with the dampers isimi&ed and kept almost invariant irrespective of
Bnin1- As pointed out by Oviedo et al (2010), wideningtrange has a relevant impact on engineering
practice because the structural performance woelléds affected in the case of modificationggf 1
due to uncertainties such as construction and tenisstallation practices and/or material strength
reliability.

Inoue and Kuwahara (1998) defined a similar stiengtio:

ﬁ =3Qyi/ (szi+meax,D (15)
and proposed the following optimum value:
lgopt,iz:I-'(Ki'*']-)_o'5 (16)
It is worth noting that if the base story of maiarfie is on the brim of yielding, i.€max Qy1, then
Brin, =B (17)
Akiyama (1999) characterized the strength ratiovben the dampers and the main frame by:
r'q,i= szi/meax,i (18)
that is obviously related 18 by:
B=(L+q,)* (19)

The optimum value, oy is obtained making=4,, in Eq. (18), using Eqg.(14) and solving fg:
K+l

gopti — K +1-1 -1 (20)

If the maximum inter-story drift allowed by Eq. (B)adopted, i.ednax~:J,,i, Ki can be expressed in

terms ofy; andr,; as follows:

r

K=—"—0" (21)
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Making rq=rqopti i EQ.(20), using Eq. (19) and solving fi, the following relation is obtained
betweerK; and i when the optimum strength ratigq, is used and the frame is allowed to displace
laterally up to the onset of yieldin@.. =:d,,:
1-2v
K, = 2 i (22)

Egs. (19) and (21) are plotted in Figure 2, ardit be seen that for a reasonable range ok04®.4
the stiffness ratio varies frok=1.25 toK;=15.
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Fig. 2: Relationship betwean, K; andrg opi fOr dnax =1d),

There is no need to makg equal in all stories, although this criterion t&en often used in the past
(Inoue and Kuwahara, 1998).
Strength distribution of the dampers among theiassor

The lateral strength distribution of the entirelthmg-device structureQ,i/Q,;, can be expressed in
terms of shear-force coefficients ta, =ai/a,. The criterion adopted in the proposed method to

determine theqa, distribution is to attain an approximately eventriisition of damage among the

hysteretic dampers. The damage in the damperdléusta a given story can be characterized by the
non-dimensional parametey, defined by EQ.(9). Past studies (Akiyama 1985)wsdtb that the
strength distributior o, that makesy approximately equal in all storieg€ /) in a low- to- medium
rise multi-story building subjected to seismic l|sadoincides with the maximum shear-force

distribution in an equivalent elastic undamped sk&at with similar stiffness distribution, andrclhe
approximated by (Benavent-Climent, 2011):

k k
ex;ﬂl— 002 " - o.16TTle—(o.5— 005 't — 0.3_-||_-1sz:| (23)

fN G fN G

_ _aq
a =—\
al
Herex = (i —1)/ N, tkyis the lateral stiffness of the uppermbsth story of the main structure, and
T (predominant period of the ground motion) defitteschange of slope of thg-T bilinear spectra.
From the definition ofa; andK; given by Egs.(11) and (12), the following relatioast be satisfied:

K, (K, +1)

Ky(K, +1) 9

G =a

Lateral strength to be provided by the EDDs offilst story

Once theK's are fixed and assuming the lateral force distidn given by Eqg. (23), the
lateral shear-force coefficient to be provided by tampers of the first storyg;, must be calculated
in order to obtain the required lateral shear fawefficient of the dampers in the other stoggswvith
Eq.(24). The equation that governs tkm required for a given seismic hazard and building
performance level are derived next by establisttiegenergy balance of the structure.



Neglecting the elastic strain energy stored bydémapers, the elastic vibrational energy of the
whole building, W,, can be approximated from the maximum shear feustained by the main
structure on the first story as follows (Akiyam&g85):

Mnglz fariaxl

A® 2
From Eq.(9) and taking into account the coeffigedefined in Eq.(11), the plastic strain energy
accumulated in thieth storyW,; can be expressed as follows:

sti 2 - 2 1

"t = e’ (2mg) (26)
ski k=i s™N
Provided that the strength distribution given by.(E8) is adopteds;; can be assumed equal in all
stories, i.es=n. Thus, taking into account Eg.(12) and using the-dimensional parameteyg and
a; defined above, the total plastic strain energyipiéged by the dampers of the whole structivg,
can be expressed in terms of the plastic strainggraissipated by the dampers of the first stovy,
by introducing a new ratig=W,/W,,, which is obtained as follows:

i=1

o’ y 2l k 2
_ Wp _ |:77|sa| (;Wg) Skl:| _ i i Zﬂ (Kl+ 1) flei (27)
Wpl 77150‘12M 292/3k1 i=1 l M)(K +1)| (kK;

W, = (25)

Wpi = niszisayi = i

N

N

thus

el _y aiMP9 _ y aiMPg _y, M T

W:MW l=y sQ 55 ,7: (28)
’ e e sk1 Klfkl Kl)(l keq 4772K1X1
Substituting Egs.(25) and (28) in Eq.(5) gives:
MO*T?| (Tmaa . Vi . 2| MVZ
+ a; | = . 29
4 2 Kl)(lns ' 2 (29)

A new parametetr is now introduced that represents the base sbeee-that the main structure
should have in order to absorb by itself —i.e. withdampers— the amount of input enekdyp%/2
supplied by the earthquake.

g = 27N
e ng (30)
Using EQ.(30), Eq.(29) can be rewritten as follows:
a? % a’
f ' maxt + 1 a,z :79' 31
> K, )(1,73 1= (31)

The relation betweern=n andy; is a key parameter in the energy-based seismigmesid it has
been addressed in different ways in the past (AkRiyd985; Akiyama, 1999; Uang and Bertero, 1990;
Cosenza and Manfredi 1997; Manfredi 2001; Manfeddil, 2003). Based on the results of regression
analyses performed with 128 near-fault and 12Ziédd-earthquake records, Manfredi et al. (2003)
proposed the following formulae for estimating gwgiivalent number of plastic yield excursiopgat
the maximum deformation that a single-of-freedo@F) system of mass, elastic periodl’ and
yielding forceF, must develop in order to dissipate the total arhofimysteretic energy input by the
earthquake:
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T, c
N =1+cly %(R—l) z, 32}

Here Tyy is the initial period of medium period region inettNewmark and Hall (1982) spectral
representationR is the reduction factor defined &=mS/F, where S, is the elastic spectral
accelerationly is a seismological parameter (Cosenza and Manft88i7) defined by

tO ..
_ jo z,dt
¢ PGAPGV

wherePGAandPGV are the peak ground acceleration and velocitpesssely. In Eq.(22), Manfredi
et al. (2003) proposed to take=0.23,c,=0.4 for near-fault earthquakes; ane0.18,c,=0.6 for far-
field earthquakes. For the dampers with elastiéepdly-plastic characteristics dealt with in thiady,
Neqis by definition (Manfredi et al, 2003he=W,i/[Qyi( dnax—si)], Which coincides withv/p; for a
given storyi. Further, to apply equation (32) to the proposesthod, the multi-story structure is
assimilated to an equivalent SDOF system with iel@gtriodT;, massM andF,=Qy:+k[0,1. Taking
into account thatS, is approximately equal to (@S, and that the elastic spectral velocy
coincides approximately wittl; (Housner, 1956; Akiyama 1985), Eq.(32) can be iteawr as:

(33)

€2
Moo =1, [T ( Kt —1j (34)
H T (K +1)0q

Akiyama (1999) proposed simpler design expresdiong,/; that depend on the strength ratjo
and the hysteretic rule. For elastic-perfectly fitasystems:

forryi<1.0: 7,/ 4= n,, =4 +4r, (35)
forry; >1.0: 73,/ 4 = n,, =8 (36)
For systems which displacement-restoring forceexhibit stiffness degradation (Clough model):
forryi<1.0: 7,/ 4= n,,= 375+ 125r, (37)
forrg; >1.0: 73,/ 44 = Ny, =5 (38)

In the proposed method, the samg=7/u=n/p is adopted for all stories. Singgwas also assumed
as constant, i.e3=n O because the optimum distributiia; was adopted , the maximum plastic

deformation ratigy; has the same valyg=p (=7/ne) in all stories. On the other hand, taking into
account Eq.(7), the maximum base shear-force comfti of the main structuf@ax;is:

_ 5max1 fkl

a = 39
f ' maxl Mg ( )

From the definition ofy; (=) —EQq.(11)— particularized for the first story, ig obtained that
naxi=sQa(+1), and substituting in Eq.(39) gives:

a — séylfkl(ﬂ+1): séw.skl(lu+1): Sle(,U+1): Sa'l(,u+1) ]
fmaxt Mg K,Mg K,Mg K,

(40)

Substituting Eq. (40) in Eq.(31), recalling thatu=n/n. and solving fo gives:

2 2
u=K, J(n‘*qyﬂ s Nealiy A Mei| g (41)

Xi Ky, af Xx

For the other storieg=(dnax—s4i)/s3i, then, using Egs.(24) and (41), and solvingdgkigives the
equation that predicts the maximum displacemeatgifen story:



_ N
o a (K +1)(Zj:i m g) \/( neqyljz L2k, a? Ny 42)

Jmaxi_
ik (K, +1) X ) N

PROCEDURE

First, a preliminary design of the main frame (withdampers) is made, and the basic propenmties
ii, 13 and T, are determined by using approximate formulae ociaating a finite element based
model and performing a pushover analysis. The ritame must be designed to remain elastic under
the action of the gravity loads and the imposecer#t displacements relative to the ground

d, :Zis:lda,,ow,s applied at each floor. Here dyows IS the maximum inter-story drift at story

determined by the designer according to the preméted seismic performance level sought for a
given earthquake hazard. The goal of the propossttiod is to determine the lateral stiffnggsthe
lateral strengthQ,;, and the normalized energy dissipation demamd the dampers to be installed in
each storyi, so thatdn.Sduow,; fOor a given earthquake hazard. The basic stepsivied in the
procedure are summarized as follows.

Step 1: Characterize the earthquake hazard ldvel,ib being calculated with Eq.(34) the earthquake
hazard must be characterized in term¥9fTg, Ty, |4 @and the proximity to the source. If Egs.(35)-
(38) are being used for estimating, only Vp andTg are required.

Step 2: Prescribe the maximum inter-story drifbwkd in each story, dyow,, iN accordance with the
acceptance criteria for building components atiéinget performance level. Adopt a limiting value fo
V.. As explained in previous sectiom, must be smaller than 1 and adopting smaller valaes/
improves the efficiency of the system.

Step 3: Calculate, for each story with Eq.(23),a. with Eq.(30) andy; with Eq.(11).

Step 4: Choose a set of values Kgrand computgs with Eq.(27). Froni=1 toi=N proceed for each
story as follows. Starting witkm;=0, iterate in Eq.(42) —witine, given by Eq.(34) or by Egs.(35) to
(38) — increasing the values gf; until the predicted}, . gets close t@ o Within an acceptable
tolerance. In these iterationgy shall not be larger than the value given by tHi®¥ong expression,

SO thatsd/iS( Vi fd/i):
Vi3, KK (K, +D)

@ (K, +DY (mg)

Above expression is obtained using Egs.(11), (24) makingsd,<(Vi(g,). If in a given story it is

not possible to find g that makes}, . close enough tay.i, restart step 4 with different values for
Ki. If a satisfactory solution is not found with reaable values oK, the preliminary design of the
main frame should be modified, the new valueg;pid,; and T, should be calculated and the procedure
should be restarted in Step 3. Once the appropwates obtained, keep this value ag=.a; and
proceed with the next story. The parametey represents the shear-force coefficient requirediie
dampers of the first story so that the maximumristery drift at tha-th story does not excee@gowi.

(43)

s71

Step 5: Select the maximum of thm;, i.e. sanma=max{sai}, which gives the required lateral strength
for the dampers of the first story. Obtain the Haltestrength required in the other storigsg, by
makingsm=s01maxin EQ.(24). Calculate the lateral stiffneksand the lateral strengt,; required for
the dampers of each story taking into account 8d3.and (12).

Step 6: Once the lateral stiffnegsand the lateral strengt,; of the EDDs to be installed in each
story are determined, an appropriate type of hggtedamper must be chosen. To this end, it is
necessary to check that the normalized ultimategyrgissipation capacity of the dampgy is larger
than the demand; (=7) as indicated by Eq.(10); is simply calculated by making=sQ1max in
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Eq.(34) or using Egs. (35)-(38) to obtaig, substituting thisi,q andsa=samaxin Eq.(41) to calculate
M (=), and recalling thaty=n.qt. The estimation ofy,; for a given type of hysteretic damper is
beyond the scope of this paper; yet a procedymigosed by Benavent-Climent (2007).

EXPERIMENTAL VALIDATION

To validate experimentally the proposed methodadyin tests were conducted on a 2/5 scale
model with the 3x3fmshaking table of the University of Granada. FigBrgives an overall view of
the tests. The test structure consisted of a naatbconcrete frame with one-and-half stories arel o
and-half spans. Two brace-type hysteretic dampere mstalled in each story as shown in Fig. 3. The
structure was subjected to a sequence of seismialaions in which a ground motion record
recorded at Calitri (Italy) during the 1980 Campanmano earthquake was scaled in time by {2/5)
and in acceleration to levels of increasing intgngdne of the seismic simulations, referred to as
C200 hereatfter, represented the design earthquakeribed by the Spanish seismic code for Granada
(Spain). The seismic simulation C200 was carrietl szaling the earthquake record to a peak
acceleration of 0.31g. During this simulation, thain structure remained elastic and all plastiaistr
energy consumed by the system was dissipated byatmpers. The maximum lateral inter-story drift
measured in the first (ground) story during thimudation was 0.89 cm, which represents 0.64% of the
first story height. A detailled description of ttest can be found elsewhere (Benavent-Climent,et al
2014). Hereafter, the maximum inter-story drift is®#&red in the first story during seismic simulation
C200 (0.89 cm) is compared with the prediction jded by the procedure explained in is paper.

Fig. 3: Overall view of the shaking table test

To predict the maximum displacement with the prepgsrocedure, first the paramet®ts Te Tan, Ip
that characterize the seismic shaking applied ¢otdile during simulation C200 were determined
from the measurements provided by the instrumemtaduring this test (i.e. the actual acceleration
measured in the shake table), givig=61cm/s Ts=0.75s,Ty4=0.9s andp=23.5. The test model was
idealized with a two-mass lumped model. The masgpéd at the first and second floor levels were,
respectively,m=6480 kg andm,=5970 kg. The lateral stiffnesk and strengthQ,; of the frame
(without dampers) estimated with a numerical magialek,=2 kN/mm,Q,,=17.6 kN, andk,;=1.2
kN/mm, {Q,=15.3 kN, for the first and second stories. The amental period of the frame (without



dampers) wag,=0.564s. The stiffness ratio of the first story was10 and the base shear force
coefficient provided by the dampeys;=0.45. Using EQq.(34) for estimating, with ¢,=0.18 and
c,=0.6 (far-field earthquake), the proposed formolatpredicts a maximum lateral displacement of
Onax,=0.83 cm, which is very close to the experimergabit (0.89 cm).

CONCLUSIONS

An energy-based design procedure is presentedsigrdmulti-story frames with hysteretic dampers.
The procedure provides the lateral strength, therdh stiffness and energy dissipation capacity
required for the dampers to be installed in eaohysb achieve a desired building performance level
for a given earthquake hazard. The maximum allowe-story drift controls the target performance
level. The earthquake hazard is characterized rimsteof energy input and several seismological
parameters used in the literature. With this metlioel effect of the hysteretic dampers is recoghize
directly in terms of hysteretic energy, without imay to resort to equivalent viscous damping
approximations; further, the cumulative damage oaduin the dampers is explicitly evaluated. The
validity is assessed experimentally by means dteslable tests.
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