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SUMMARY:

Four versions of a four-story building, one thahsiders a rigid base and three that consider seisoiation,
are designed and their seismic performance evau@tee building, which houses a hospital facilisyfassumed
to be located on a firm soil site located at thexidan Pacific Coast, and a set of twenty-two groomations is
used to perform nonlinear time-history analyse® Stnuctural layout of the super-structure candresiclered to
be regular in plan and height in terms of strengthfness and mass. While the conception and mnetiry
design of the isolated versions were achieved tiiran acceleration-based format, the rigid bassiaemwas
designed according to current design practice. Waight of the isolated versions of the buildingsimilar to
that of their rigid-based counterpart; and while geismic performance of all versions satisfiesoperational
performance level from structural and nonstructyraints of view, significant damage is expected tha
acceleration-sensitive contents of the rigid-basesien. In the case of the base-isolated versitresabsolute
acceleration demands are adequately controlledrnitasign thresholds established according to ¢oeiired
seismic performance of their contents.
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1. INTRODUCTION

The response of structural systems supported dxed base during recent earthquakes has caused
large losses on acceleration sensitive contentsianestructural elements (Todd et al. 1994, Elnasha
et al. 2010). The available evidence suggeststh®ticceleration demands on such systems reach
unacceptable levels in terms of the level of dansmeptable to make possible an operational facilit
after the occurrence of intense ground motion (Gamand Holmes 2004, Villaverde 2006). As a
result, many essential facilities, such as hospifalice stations, fire centrals and telecommuitna
centrals, have continuously been shut down aftrere ground motion despite their importance and
the fact the their structural systems remainedtimaly undamaged. In some cases, such as that of
hospital facilities, the replacement cost of cotgeand non-structural elements can significantly
exceed that of the structural system (Taghavi anhrdda 2003, Takahashi and Shiohara 2004).
Hence, adequate seismic design of essential fasilimplies the need to control the acceleration
demands on the different acceleration-sensitivéeris of a building.

An effective way to control the acceleration densaimdbuildings is the use of base isolation systems
(Clark et al. 2002, Nagarajaiah and Xiaohong 20003pite of this, the design of this type of syste

is usually based on displacement and strength derations, with no explicit effort to control the
acceleration demands in contents. Within this cdnieis important to understand that some corstent
in isolated structures have the potential to exhibgh acceleration demands due to dynamic
interactions and the effect of higher modes (K&Bg2, Kelly and Tsai 1985).



2. BASIS FOR ACCELERATION-BASED DESIGN OF RUBBER ISOLATION SYSTEMS

The acceleration-based control concepts discussedufiiga and Teran-Gilmore (2012) in an
accompanying paper are used herein to formulaseceeleration-based format for the conception and
design of a base-isolation system for low-rise dods. The acceleration-based methodology,
applicable to rubber isolation systems with add#éioenergy dissipation capacity provided by viscous
dampers, establishes an acceleration thresholda (éisnction of the required performance for
acceleration-sensitive contents) that should bebyehe isolated structural system when subjeaed t
the design ground motion. In quantitative terms, lttteral stiffness and damping requirements fer th
isolation system are established through the usepskudo-acceleration response spectrum.

2.1. Participation factors

Through the study of the modal participation fast@associated to rubber isolation systems with
additional damping, Zufiiga and Teran (2012) havenidated recommendations in terms of the
structural properties required by low-rise isolatieystems to minimize the effect of upper modes.
Within this context, it is of particular importantiee value exhibited by the ratio between the éffec
period of the isolation system (the period theagoh system would have if all the mass in the
structure was assigned to its translational degfdeeedom) and the fundamental period of vibration
of the super-structure on a rigid ba3g/Ts). For values of additional damping that can beswered
practical for a rubber base-isolation system, \&lokTg/Ts greater than eight promote a dynamic
response fully dominated by the first mode of Vilma This implies that the lateral-stiffness oéth
super-structure should be designed relative todh#s isolation system, and thai/Ts ratios ranging
from two to three, usually recommended for thengjtie-based or displacement-based design of base-
isolation systems (e.g., Naeim and Kelly 1999), mayresult in adequate seismic performance from
an acceleration point of view.

2.2. Mass ratio

Another variable relevant to acceleration demandgubber base-isolated systems with additional
damping is the mass ratjpdefined as (Naeim and Kelly 1999):
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wherem is the mass assigned to tkie translational degree-of-freedom of the super-stinecN the
total number of translational degrees-of-freedond ras the mass assigned to the isolation system.

Zuiiga and Teran-Gilmore (2012) observe that aedeser in the value of this parameter is reflected in
improved acceleration control through the reductbuipper mode effects. Thus, although the mass
distribution in the building is usually a given amdnnot be changed for design purposes, an
acceleration-based format needs to consider thesypeter during seismic design.

2.3. Acceleration ratios

In terms of controlling the acceleration demandsaisuper-structure, it is important to define an
acceleration ratio that relates the accelerationage at the base of the isolation system with ahat
the roof of the super-structure. With this purpaaefiiga and Teran-Gilmore (2012) have defined an
acceleration rati®, (wheren denotes the number of stories in the building) thlates the maximum
absolute acceleration demand in the roof with thfathe isolation system. Through a nonlinear
regression analysis, the following functional fdnas been assignedRy
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wherea, b andc are regression parameters whose value depengstloem number of stories in the
building, and the percentage of critical dampindamconsideration for the base-isolation systés (
Table 1 summarizes values of the regression paeaséir y= 0.8 and different levels of damping.
Note that ayof 0.8 for a four-story building implies that theags of the ground level is fairly equal to
that assigned to the rest of its stories.

Table 1.Parameter values for four-story isolated strucye 0.80)

I a b c
10% 0.97 0.68 0.38
15% 1.00 0.64 0.42
20% 1.01 0.63 0.51
25% 1.02 0.73 0.79

2.4. Maximum acceleration values

Finally and in terms of an acceleration-based dae$aymat, it is necessary to consider that the
different types of contents have inherent propeiiat made them particularly vulnerable (or ntat),
high acceleration demands. Recent studies hav&rdbed the high correlation that exists between
floor acceleration demands in seismically isolasgdictures and the damage level suffered by its
contents (Kelly 1982, Kelly and Tsai 1985). Withims context, an adequate seismic performance of
the contents of an essential facility demands #fanition of acceleration thresholds. As a refeeenc
and based on the discussion offered by Hamagucal. §2004), a threshold value of §.2an be
considered to provide overall protection to comnoamtents. In the end, the maximum allowable
acceleration used for the seismic design of the-imdated structure should be established acogrdin
to the type of contents and their dynamic chareaties.

3. DESIGN METHODOLOGY

The design methodology discussed herein is appéiceb low-rise buildings that do not exhibit
significant torsional or bidirectional effects, apmhsists of the following steps:

a) The contents to be protected are characterizecerimst of their dynamic characteristics and
damping coefficient. In terms of acceleration-stwvisicontents, Hamaguchi et al. (2004) observe
that a period range going from 0 to 0.5 sec conkat®p the most common contents used in
buildings. Based on this and for illustration pwses, the contents will be assigned herein a
percentage of critical damping of 2% and a periwd ts equal or smaller than 0.5 sec.

b) An acceleration threshold\{) is established to promote an adequate seismforpgance of the
acceleration-sensitive contents.

c) Based on the value @ and the dynamic characteristics of the contentistla@ isolated structure,

a threshold is established for the maximum floaeteration demand in the super-structug. (

d) The value of the mass ratig) (s estimated, and initial values assigned toT§@s ratio and the
percent of critical damping assigned to the isolaystem {g). As discussed by Zufiiga and Teran
(2012), it is recommended thBY/Ts equals eight.

e) The acceleration ratidz() is then established for the valuesigfTs, {g andyunder consideration.

f) With values ofA, andR, it is possible to determine the maximum acceleratiemand allowable
in the isolation levelAg).

g) As shown in Figure 1, the effective period of teelation systemTg) is established through the
threshold value of\z and an elastic pseudo-acceleration response spectrresponding t¢s.
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Figure 1. Determination oflg through the use of a design pseudo-acceleratiectispn
h) If the value ofT is deemed acceptable, the methodology proceettie toext step. If not, a design

iteration is carried out.
i) Once the value ofy is availableTs is estimated as:
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J) If the value ofTsis deemed acceptable, the methodology proceeti® toext step. If not, a design
iteration is carried out.

k) Once Ts is established, the maximum displacement demanttheaisolation level g) can be
estimated, as shown in Figure 2, through the usedidplacement response spectrum.
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Figure 2. Determination oD, through the use of a design displacement spectrum

) If Dgis deemed acceptable the design of the isolatistes is carried out based on the values of
Tg and{z. If not, a design iteration is carried out.

4. BUILDING UNDER CONSIDERATION

The structural layout of the super-structure of fitwer-story building under consideration herein is
shown in Figures 3 and 4. Figure 5 shows the aenraegt of concentric braces used in both versions
of the building to provide it with seismic resistan In both versions, the frames were designed to
essentially resist the gravitational forces ofb@ding.

Figure 3. Elevation view of four-story building
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Figure 5. Structural layout of concentric braces used twipl®seismic resistance

4.1. Seismically isolated structure

The gravitational reinforced concrete frames, fairbg 30x 100 cm principal beams, 2690 cm
secondary beams, and 80 cm columns; exhibit a fundamental period ofafilon of 0.72 seconds.
While a concrete with’, = 300 kg/crm was used, th& for the reinforcing steel was 4200 kgfcm
Table 2 summarizes the three versions under caasiole herein to illustrate the use and reach ef th
acceleration-based methodology.

Table 2. Versions under consideration for base-isolatetilng

Version Te/Ts & y Ac (cm/s) A. (cm/s)
1 6.0 10% 0.8 300 200
2 8.0 10% 0.8 300 200
3 8.0 15% 0.8 150 100

From the response of contents on various basetgsblaw-rise building withl's ranging from two to
three seconds, it has been observed that to cah@r@cceleration demands in contents with perfod o
vibration equal or smaller than 0.5 sec, the marinfloor accelerationAe) should be controlled
within a threshold equal t#-/1.5. Within this context, Table 2 also summarizs design



acceleration thresholds under consideration. Wighvialues offg/Ts, (g and ycorresponding to each
version, Equation 2 yields values Bf and their correspondings thresholds. Table 3 summarizes

these values for the three versions under congiderfr the base-isolated building.

Table 3.Values of design parameters

Version R, Ag (cm/s) Tg (sec) Ts (sec)
1 1.08 184 1.98 0.33
2 1.06 189 1.93 0.24
3 1.08 93 2.65 0.33

As shown in Figure 6, with the value Af and a design pseudo-acceleration response speittrsim
possible to determine the valueTef The design spectra under consideration hereie wietained by
establishing the mean spectra for twenty two gramoetions recorded at firm soil sites located in the
state of Guerrero, Mexico. Note that the percentafgeritical damping under consideration in the
design spectrum is equal @, and that the values under consideration hereirTfcare the most
conservative within the range of possibilities offé by the design spectra. Particularly, any base-
isolated structure with a fundamental period ofafion larger thafs would exhibit base acceleration
demands smaller than those implied by the desiggshtiold, and in this sense, the designs presented
herein are the most conservative possible in teintke lateral stiffness of the isolation systemd a
their corresponding super-structures.
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Figure 6. Determination offg; a) Version 1; b) Version 2; and c) Version 3
Table 3 summarizes thk; values corresponding to all versions. Note fhaestablishes the design
requirements in terms of the lateral stiffness ¢opbovided to the super-structure. Particularlyg, th
sizes of the braces are established in such a maémaiethe fundamental period of vibration of the
super-structure on fixed base equBdsBy considering the structural layout shown inUfeg5, the
areas summarized in Table 4 were estimated for bemte oriented in thX direction. While the
braces are to be fabricated with steel ha¥jnaf 2530 kg/cri note that Version 2 demands a much
higher area for its braces.

Table 4.Required area for braces of the isolated versions

Story Area per brace (cnf)
Version 1 Version 2 Version 3
4 67 200 67
3 67 200 67
2 133 400 133
1 133 400 133




Once the global structural properties of the bas&tion systems and their respective super-strestu
have been obtained, the displacement demands isdlaion systems can be estimated as shown in
Figure 7. Because the displacement demands forthitee versions are deemed acceptable, the
methodology proceeds to the sizing of the rubbaribgs. Note that unlike base-isolation systems
located in epicentral areas of California and Jageplacement demands in isolated buildings latate
in the Mexican Pacific Coast do not represent dtdition in terms of their acceleration-based
conception. Once the values ®f and ¢z are available, the rubber bearings and complemgnti
viscous dampers can be designed. The plan layahedjfuilding exhibits thirty columns, and a rubber
bearing was placed underneath each one. Table haupes the geometrical characteristics of the
different bearings used for each one of the thiesions of the isolated building. In terms of their
mechanical propertie§ = 71.36 ton/ri andE. = 184,060 ton/rh Although not discussed herein in
detail, viscous dampers should be used to incrdes@ercentage of critical damping of the base-

isolation system to the value &f under consideration.
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Figure 7. Determination oDg: @) Version 1; b) Version 2; and c) Version 3

Table 5. Characteristics of the rubber bearings

Location Number | Height (cm) | Diameter (cm) | Maximum Deformation (cm)
Corner (version 1 and 2) 4 24.0 57.0 36.0
Perimeter (version 1 and 2 14 30.0 65.0 41.0
Internal (version 1 and 2) 12 455 80.0 46.0
Corner (version 3) 4 38.0 54.0 28.0
Perimeter (version 3) 14 43.0 65.0 37.0
Internal (version 3) 12 53.5 80.0 42.0

Lumped plasticity nonlinear models were developmdtiie gravitational frames. In terms of flexural
stiffness the beams were assigned half their grassent of inertia to account for possible cracking.
In the case of the columns, they were assigned filéimoment of inertia. The braces were assigned
an axial stiffness that was 50% higher than thatlied by the area of braces contemplated in Table 4
to account for the zones of larger axial stiffnlessited at their ends.

Figure 8 shows the mean acceleration floor speattthe roof for the three versions of the isolated
building. The floor spectra were established frohe ttime-histories of absolute acceleration
corresponding to the twenty two motions under adersition and a percentage of critical damping of
2%. While the spectral ordinates at the origin e€lpsnatch the values @&, under consideration for
design purposes, within the period range underideration (0 to 0.5 sec), the absolute acceleration
demands are controlled in a reasonable mannemvittieir design thresholds. Figures 8a and 8c show
acceleration spikes that exceed the design th@sladla period corresponding to the second mode of
vibration of the base-isolated buildings. At thisimd, the structural engineer can decide if the



preliminary design merits adjustments to reachfited design. On one handy/Ts can be increased
by increasing the lateral stiffness of the superestire or decreasing that of the isolation system.
the other hand, the designer should consider tiégtdy concentrated spike on an acceleration floor
spectrum usually over-estimates the accelerationadds on contents having a period close to that
corresponding to one of the modes of vibrationhef structure (Villaverde 2006), and that in cases
like this, it may not be worth modifying the prelimary design.
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Figure 8. Roof acceleration spectra; a) Version 1; b) Vergdpand c) Version 3

It is important to mention that the mean maximureiistory drift index demands for all three versions
of the isolated building is equal or smaller tha®02. Under these circumstances, the building$aare
from exhibiting structural and non-structural damagnd given that they are capable of adequately
controlling their acceleration demands, are in aeelent position to satisfy the operational
performance level after the occurrence of the degigund motion.

4.2. Fixed base structure

The fixed-base version was considered to be locatélte same site. Unlike the isolated versiores, th
braces in the fixed-base version need to providerdh resistance to the building through their
nonlinear behaviour. Buckling-restrained braces itof 2530 kg/crh were used with this purpose,
and their areas estimated according to the strdmaghd format discussed by Teran and Ruiz (2010).
In terms of the gravitational frames, while theesiof the columns had to be increased fronx

cm to 80x 80 cm so that they could accommodate the axiae®mduced to them by the braces, the
dimensions of the principal and secondary beame Wept equal with respect to those used in the
base-isolated versions. Table 6 summarizes thedadrbeaces required for the fixed-base version of
the building. The fundamental period of vibratidntlee braced frames was 0.38 seconds. As may be
concluded by comparing the areas included in Tablasd 6, the fixed-base version requires less area
of braces than its base-isolated counterparts.c@pacity curve shown in Figure 9a was derived from
a nonlinear static analysis. A roof displacememhaed of 10 cm closely corresponds to the lateral
displacement demand at which the frames reach amaaxinterstory drift index demand of 0.01.

Nonlinear time-history analyses were performed tideo to assess the seismic performance of the
fixed-base version of the building. Similar modadliconsiderations as those discussed before were
used to prepare a nonlinear model of this versiod, the same twenty ground motions were used. In
terms of the seismic performance of the contentgiré 9b shows the mean roof absolute acceleration
spectrum. Within the period range under considemafior the contents, very high acceleration

demands are expected, particularly at periods itietch the fundamental and second periods of



vibration of the braced frames. In general, it bansaid that the acceleration demands in the fixed-
base building exceed in more than ten times theSmated for its base-isolated counterparts. Under
these circumstances, it is difficult to think thtae acceleration-sensitive contents of the hospital
facility may remain operational after the groundtiom.

Table 6.Required area for braces of fixed-base version

Story Area per brace (cnf)
4 49.6
3 76.5
2 91.4
1 91.4
V (ton) As (cm/s)
6000 Capacity curve 10000
5000 — —— Linear approx&r{(})g(t)lf)gmm 8000 —_— -Ig_’:%o/g
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Figure 9. Fixed-base version: a) Capacity curve; and b) kcagon floor response spectrum at roof

While a mean roof displacement demand of 6.56 cra estimated from the nonlinear dynamic
analyses, the mean maximum interstory drift indemnand reached a value close to 0.005. For this
roof displacement and drift demands, Figure 10ciagis with coloured circles the structural elements
that develop nonlinear behaviour in tKedirection. While the braces undergo a maximum itiyct
demand close to two, the plastic rotation demandfie beams and columns of the frames are very
low. From their global and local deformation densnid can be said that the braced frames are
capable of achieving the immediate occupancy pexdoce level from structural and nonstructural
perspectives.
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Figure 10. Location of nonlinear demands on the structuratesy of the fixed-base version

5. DISCUSSION

The results presented herein suggest that it isifdesto formulate an acceleration-based approach t
the seismic design of base-isolated structureshidVithis context, the most important structural
properties of the base-isolated structure aredtezdl stiffness of the isolation system and thatso
super-structure. The acceleration-based methodalagyires first to establish acceleration threshold
in the super-structure as a function of the typeaftents that require protection, and their lefel



acceptable damage. Then the implicit use of arnvatgnt single-degree-of-freedom through the use of
pseudo-acceleration and displacement design spatibas for the determination of the global
structural properties of the isolation system dralduper-structure. Once the global characterisfics
the structure are defined, the methodology proceetise sizing and design of the rubber bearings an
of the structural elements of the super-structiimally, a series of dynamic nonlinear analysesikho
be performed to assess the seismic performancheotantents of the building and if needed, to
provide information to adjust the preliminary desigrhe value assigned to the/Ts ratio is
fundamental in terms of making possible an effectiontrol of the acceleration demands in common
contents. Particularly, it is convenient to consida@lues ofTs/Ts equal or larger than eight. This may
imply the use of robust bracing systems to prosgiagficient lateral stiffness to the super-structure

In terms of the fixed-base version, the use of ekling-restrained system has given place to a
building that has the capability of achieving imnagel occupancy in terms of its structural and
nonstructural systems, but that is likely to exhébditensive damage in its contents.

In terms of comparing the weight of different vers of the four-story building, the weight of the

braces and their connections for Version 3 and fiked-base version are 160 and 120 tons,
respectively. Thus, forty more tons of structuttales has to be invested in the bracing systemef th
base-isolated version. In terms of the columns, wheght of concrete is 380 and 680 tons,

respectively; and that of their reinforcing longiinal steel, 24 and 60 tons, respectively. Thu§, 30
more tons of concrete and 36 more tons of rebae kabe invested in the columns of the fixed-base
version.
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