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SUMMARY

The results of a parametric study on the inelastismic response of base isolated RC frame buiddare
presented. Buildings characterized by number aEgtoranging from 2 to 8, strength ratios rangirogrf 0.03 to
0.15 and post-yield stiffness ratio ranging from @86% have been examined, also taking into accthent
effects of infilled masonry panels. The selecteddings show a structural configuration typical ofany
existing RC buildings, realized in Italy and ottimropean countries in the ‘60s and ‘70s. The stadyased on
the results of extensive nonlinear response-tirs®ty analyses, using a set of seven seismic growtns.
Different types of isolation systems have been iclemed, including: HDRB, LRB and FPB. The resulte a
expressed in terms of global ductility demand ® dhperstructure as a function of the strengthatémtu factor
imposed to the superstructure with respect toldstie behavior.

Keywords: Seismic Isolation, RC Frames, Inelastic behavior, Nonlinear response time-history analysis

1. INTRODUCTION

The seismic isolation technique (Naeim and Kel§99) being based on the reduction of the seismic
effects on the structure rather than on structirahgthening, appears to be an appealing strévegy
the seismic retrofit of existing buildingSeveral numerical and experimental studies havenidelfy
demonstrated the applicability and potentials elsebisolation for the seismic protection of buigsin
designed for gravity loads only or with substandsegmic details. More importantly, throughout the
world, there are several examples of applicationseitmic isolation for the retrofit of existing
(including historical) buildings (Kelly, 1998; Moktet al, 1996). Nevertheless, in many cases, seismic
isolation turns out to be inapplicable for existimgjldings, at least based on the usual philosa@ptty
current practice of use of the seismic isolatiarhteque. Usually, indeed, the performance objective
in the design of buildings with seismic isolatientd maintain the structure in the linear elastitge
even under strong earthquakes. Existing buildidgsigned for gravity loads only or according to old
seismic codes can exhibit global strength ratio=( max base shear divided by the weight of the
superstructure) as low as 2-5 % (Kunneithl, 1995). In this case, fundamental periods of vibreof

the base-isolated building as large as 5-6 secheayeeded to guarantee the elastic response of the
superstructure. Very large isolation periods resultery large horizontal displacements, which may
be not compatible with the width of the availabéparation joints or even not compatible with the
displacement capacity of the currently used isotetievice.

Recent studies by Faccioli and Paolucci (2004) éddehave shown that deriving maximum
displacements from their spectral acceleration wpart, through the well-known relationship S
SJ/u?, leads to underestimate the maximum displacemehtstructures with period of vibration
greater than the corner periodp(Th the Eurocode 8 (2003)) between the constameityl and
constant-displacement segments of the respons&ameSuch studies, indeed, demonstrated that T
tends to increase with the earthquake magnituddtamdlso affected by the epicentral distancéhef
site.

All that considered, it is apparent that, in mdsthe cases, problems may arise using both elasiome
isolators (instability under large shear displacetsieand friction pendulum systems (poor re-cegtrin



capacity for low-rise buildings; excessive vertidadplacements for high-rise buildings). In anyezas
larger horizontal displacements result in larggragsion joints and more difficult technical solato

for staircases, elevator, lifelines, etc. In othards, larger horizontal displacements can maks les
attractive and more expensive the seismic retaffihe building. An alternative approach could be
that of reducing the isolation period (and as aseqnence the maximum displacement of the isolation
system) while accepting limited plastic deformasion the superstructure (under strong earthquakes
with long return period), thus avoiding any strémgting measure in the superstructure. From this
point of view, it is interesting to examine thelastic behavior of building with seismic isolation.

Only a few studies have examined the behavior dfdings with seismic isolation featuring
superstructures that undergo significant plastitordeations during the design basis earthquake
(Ordonezet al, 2003; Aikenet al, 2008). This situation is representative of whauld happen if the
seismic isolation is adopted for the seismic upigigdrather than the seismic retrofit, of existing
buildings. The studies conducted so far, consideaim elasto-perfectly plastic cyclic behavior of th
superstructure, pointed out that the ductility dedsato the superstructure may become significatht an
non-linearly dependent on the superstructure stihemgnen subjected to different seismic ground
motions (Ordoneet al, 2003).

In this paper, the results of a comprehensive pamdenstudy on the inelastic seismic response of
buildings with seismic isolation are presented. fihal goal of this study is to assess the appllitgb
and effectiveness of seismic isolation for the maisupgrading of existing buildings. To this aim,
particular attention will be paid to: (i) the cofidhs under which it is favourable, for the safaethd

the costs of the intervention, the use of seisswtation (ii) the most suitable type of isolatigrsiem

and (iii) the minimum level of strength of the stgieucture required to avoid excessive ductility
demands or brittle collapse.

The parametric study described in this paper iedas nonlinear response-time history analyses of a
number of RC building prototypes, using a set ekgeartificial and natural seismic ground motions.
At this stage of the study, reference to a two éegyrof freedom (2-DOF) model has been made to
establish a general understanding of the inelassiponse of seismically isolated structures. thalt®

of the analyses are presented in terms of globeatiltiy demand to the superstructure as a functibn
the strength reduction imposed to the superstreatith respect to its elastic response (i.e. a @ort
behavior factor for base-isolated buildings).

2. CASE STUDIES
2.1. Building prototypes

The building prototype selected in this study famerical analyses is a typical multi-storey RC feam
building realized in Italy before 1975, when thesfiiltalian seismic code enforced. It is designad f
gravity loads only and presents substantially a regimic structural layout in both horizontal
directions (see Fig. 1) and regularity charactessin elevation, with number of storeys typically
ranging from 2 to 8.The structure features interredistant frames in one direction only (i.e.
orthogonally to the floor deck spans, see Figidentified as the strong direction of the builditg.

the orthogonal weak direction, the structure fezguwo perimetric resistant frames only. The iedll
masonry panels of the perimetric frames preseigelapenings in the strong direction whilst no
openings in the weak direction (see Fig. 1). Fat tkason, the effects of infilled masonry panals c
be deemed to be significant in the weak directioly.o

The selected building prototype presents two spéorgg the short side and five spans along the long
side of the building. An average cylindrical congsige strength equal to 22 MPa and a yield strength
equal to 375MPa have been assumed for concretstaatireinforcement, respectively, in line with
the typical mechanical properties of the matedilgre-75 RC buildings.

A simulated structural design has been carriedtowetermine steel reinforcement of beams and
columns, based on the internal forces computederbasis of the characteristic values of dead and
live loads (2.0 kN/rhfor residential buildings). The size of beam sewtidias been taken equal to
300x500mm at all the storeys while that of the poila have been taken equal to 300x300mm for the
outer columns and ranging from 300x300mm to 300”800 depending on the number of storeys of



the building) for the inner columns. The effecttumdamental period ¢J of the buildings was found

to increase almost linearly with the number of eysr being of the order of 0.44 sec (0.5 sec) én th
strong (weak) direction of 2-storeys buildings whgome 1.6 sec (1.9 sec) in the strong (weak)
direction of 8-storeys buildingShese values are in good accordance with thosedfdynother
authors in previous studies (Masi and Vona, 2008).
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Figure 1. Typical layout of the examined RC frame buildings

2.2. Lateral force-displacement behavior of the superstructure

The lateral force-displacement skeleton curvesefauilding prototypes considered in this studyehav
been derived from pushover analysis, carried outh wihe structural analysis program
SAP2000_Nonlinear (2004). A concentrated plasticiigdel has been adopted in the pushover
analysis of the buildings. The infilled masonry plsnhave been modeled with compression-only
elastic fragile struts, with axial stiffness eqt@#0000 KN/m and axial strength equal to 140 KNe T
aforesaid values have been computed referring tbkwewn modeling assumptions for infilled
masonry panels (Fardis, 1996), assuming a widtfenatio of the equivalent strut equal to 0.1,
according to (Mainstone, 1974), and consideringldingest between the ultimate strengths associated
to shear, sliding and compression collapse mectmasn{Zarnic and Tomazevic, 1985). The pushover
curves (see Fig. 2) have been replaced by idealiitidear relationships, in accordance with
FEMA356 2000. Strength ratios ranging from apprately 3% to 15% and post-yield stiffness ratio
(r=KJ/K,) ranging from approximately 0% to 6% have beemtbfor the selected prototypes w/o
infills.
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Figure 2. Typical pushover curves of the examined RC framiklimgs in their (a) strong and (b) weak direction



2.3. Parametersof theanalysis

In the parametric analyses, 72 models of supetsteibave been considering, differing in number of
storeys (N = 2, 4, 6 and 8), direction of analysis (weak atrng), strength ratio of the structure
(a =F/W=0.05, 0.10 and 0.15), and post-yield stiffnes (; = 0%, 3% and 6%). Moreover, two
different seismic intensity levels have been cogr®d, equal to 0.35g=1.2*1.2*0.25g) and 0.5g
(=1.2*1.2*0.35Q), respectively. The aforesaid PGAueal correspond to the design earthquake levels
on type B soil with a probability of exceedanceapproximately 5% in 50 years (return period of
approximately 975 years) in moderate and high seigmegions, respectively.

Three different types of isolation systems havenberamined, namely: High Damping Rubber
Bearings (HDRB), Lead Rubber Bearings (LRB) andttioh Pendulum Bearings (FPB). The main
design parameters of each type of isolation sygtemthe viscous damping ratio for HDRB, the post-
yield hardening ratio and lead ductility ratio fioRB, the friction coefficient for FPB) have been
selected in such a way to cover typical situatithiaé can be find in the current practice. In paittc,
three viscous damping ratios have been assumeddBRB, equal to 10%, 15% and 20%,
respectively. A post-yield hardening ratio of 12%dathree different lead ductility ratios,
corresponding to equivalent viscous damping of 15%@% and 25%, respectively, have been
considered for LRB. Finally, two different frictioooefficients (2% and 4%, precisely) have been
assumed for FPB.

First, the isolation systems have been designed force level compatible with the yield strength o
the superstructure k&~ Fy). During the nonlinear response-time history asedy the yield strength
of the superstructure has been progressively redbgea strength reduction factdd € F/Frmaxe),
typically varied between 1 and 0.6 (with step 0008}, in order to simulate the entry of the stroetu
in the plastic range. Two different approaches hmeean followed. In the first approach (see Fig))3(a
the strength of the superstructure has been redubie keeping the effective initial stiffness diet
superstructure unchanged. In the second approaet{g. 3(b)), the strength of the superstructase h
been progressively reduced, while keeping the ydeddlacement of the superstructure unchanged.
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Figure 3. Different approaches followed in the reductiontd lateral strength of the superstructure

3. NUMERICAL MODELING

The base isolated buildings have been modeled R2880 as 2-DOF systems with lumped masses
equal to m and Nm, respectively, where m is the floor mass. ThstfDOF corresponds to the
displacement of the isolation system, the second BCthe displacement of the superstructure. The
floor mass m has been computed referring to a easiEl building with gross floor area of
approximately 230f resulting equal to about 300 ton. The equivalistous damping of the
superstructure has been assumed equal to 3%. dladida system and the superstructure have been
modeled as nonlinear springs using the NLLink elesmef SAP2000.



3.1. Isolation systems

The cyclic behavior of LRB (see Fig. 4(a)) has bdescribed by an elasto-plastic with hardening
model using the Plastic-Wen NLLink element of SAG20According to Naeim and Kelly (1999), the
cyclic behavior of HDRB (see Fig. 4(a)) has beescdbed as a combination of a linear elastic model,
a pure hysteretic model (energy dissipation promoat to D) and a pure viscous model (energy
dissipation proportional to 1), using the Linear, Plastic-Wen and Damper NLLiglements of
SAP2000, respectively. The cyclic behavior of FB&(Fig. 4(b)), finally, has been described as a
combination of a linear elastic model and a rigifectly plastic model using the Linear and Plastic
Wen NLLink elements of SAP2000, respectively.

3.2. Superstructure

The cyclic behavior of the superstructure has luks=eribed by means of a “Thin” Takeda degrading-
stiffness-hysteretic model (see Fig. 4(c)). The tMoéar Plastic Pivot NLLink finite element of
SAP2000 has been used, assuming a = 1.5 and h wi@eBe a and b are the constitutive parameters
of the model which locate the pivot point for urdo®/reloading to/from zero from/towards a given
cyclic force, respectively. More detailed infornmtion the Multilinear Plastic Pivot finite element
can be found in Dowelkt al. (1998). The cyclic behavior of the superstructufeeraseismic
strengthening, shown in Fig. 5(a) has been destrivith a “Fat” Takeda degrading-stiffness
hysteretic model, assuming a = 3.7 and b = 0.6oastitutive parameters of the Multilinear Plastic
Pivot NLLink element of SAP2000.
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Figure4. Idealized cyclic behavior of (a) LRB-HDRB, (b) FA&d (¢) RC building.

3.3. Seismic ground motions

A set of seven accelerograms, compatible (on aeg¢nagh the EC8 response spectrum for soil type
B, has been used in the nonlinear response-timeorpisanalyses. The set includes three
artificial/synthetic ground motions and four Italiaatural records. The four natural records hawesbe
scaled to fit the EC8_soil B reference spectrunmésaverage spectral velocity,i.e. same area below
the acceleration spectra) in the period rangetefést for base-isolated buildings (1 sec to 3c).se
During the analyses, the accelerograms have beamatively scaled at 0.35g and 0.5g. The selected
PGA values are compatible with those provided leydiwrrent seismic codes for the verification of the
collapse limit state of structures located on &dfl (soil type B according to EC8) in mediuny &
0.259) to high (@= 0.359) seismicity regions.

4. RESULTS

Figure 5 compares three different strategies fersgismic protection of an existing 4-storey buiidi
with a = 5%, subjected to an earthquake design inten$i®/5g, with a probability of exceedance of
5% in 75-100 years. The first strategy is basetherincrease of the lateral strength of the stredby

4 times (from 5% to 20%), which leads the globattdity demand of the fixed-base structure to
acceptable values (e.g. around 4, as shown inxés@@e of Fig. 5(a)). The second strategy is based
on the adoption of an isolation system with highieglent viscous dampind,{~25%), designed to



prevent yielding in the superstructure. This resuita base-isolated building with fundamental qubri

of vibration of approximately 6 second maximum thspment as large as 460mm (see Fig. 5(b)). The
third strategy is based on the use of a stiffdatgmn system that limits the elongation of theipeof
vibration of the base-isolated building to approaiely 3 sec, corresponding to a maximum base
displacement of approximately 100mm and a globatility demand to the superstructure of the order
of 2 (see Fig. 5(c)), which can be deemed to bepetitrie with the ductility capacity of existing RC

buildings (Calvi, 2008).
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Figure5. Different strategies in the seismic protectioraaf-storeys building wita=5%: (a) lateral
strengthening , (b) use of an isolation syst&n25%) designed to prevent yielding in the superstine (c) use
of an isolation system designed to limit the maximase displacement while accepting a ductility aeanof 2

in the superstructure.

Figure 6 compares the cyclic hysteretic behavighefsuperstructure of a fixed-base 2-storey bugldi

(a = 20%) with the cyclic hysteretic behavior of Siwgerstructure of a base-isolated 2-storey building
(Ba = 3%) experiencing similar ductility demands (ardu’) under the same seismic ground motion
(SMQ-1 at 0.35g). As can be seen, the cyclic hgstebehavior of a base-isolated structure is quite
different from that of a fixed-base structure. Thed-base structure, indeed, experiences several
large inelastic cycles, which result in a consibaamount of energy dissipated during the

earthquake. The seismic response of the structutle seismic isolation, on the contrary, is



characterized by a few inelastic cycles (just anthe case considered in Fig. 6(b)), which resul i
small amount of energy dissipated during the seigwent.

¢
% 0=5%
T |B=60%
T Tis/bez7-1
T |Wg=7.0
=566
D (mm)

(b)

Figure 6. Comparison between the cyclic hysteretic behawbthe superstructures of 2-storey (a) fixed-base
and(b) base-isolated buildings experiencing sinulaatility demands.

Nevertheless, the energy dissipation capacity bked-base structure turns out to be considerably
greater than that of a base-isolated structurersqueng similar ductility demands under the same
seismic ground motion (see Fig. 7). In any caseetiergy dissipated by the isolation system results
considerably greater than that dissipated by tiperstructure through its hysteretic cyclic behavior
even when the isolation ratio is quite low. As asEguence, even in presence of significant duyctilit
demands to the superstructure, the energy dissipatipacity of a base-isolated building is mainly
dominated by the energy dissipation capacity ofighkation system. As a result, the inelastic barav

of the superstructure little affects the seismgpomse of the isolation system, especially for ts&-
buildings (see Fig. 8).
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Figure 7. Comparison between the hysteretic energy dissigate¢he superstructures of Fixed-Base (FB) and
Base-Isolated (BI) buildings experiencing similactility demands under the same earthquake.
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Figures 9 shows the average ductility demands ¢ostiperstructurea(= 10%) of base-isolated
buildings as a function of the strength reductiactdr @) imposed to the superstructure (following the
first approach of Fig. 3) at 0.5g PGA. The globattility demands reported in Figs. 10 have been
obtained by averaging the NTHA results over theded seven seismic ground motions and two
horizontal directions of analysis (see Fig. 1).Ufgs 9 points out that the global ductility demarid
base-isolated buildings strongly increases whilereksing the number of storeys of the building,
mainly due to the reduction of the yielding disglaent of the superstructure, as a consequence of it
higher lateral stiffness.
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Figure 9. Average ductility demanduf) as a function of the strength reduction facf)ricnposed to the
superstructurea=10%, t=3%) of 2-, 4-, 6- and 8-storeys buildings equippéith LRB at 0.5g PGA

As shown in Fig. 10, the global ductility demanigistly reduces while increasing the strength rafio
the superstructure (on average by 12% passing from5% toa = 15), as well as the post-yield
stiffness ratio of the superstructure (on averagé% passing fromy= 0% to £ = 6%).
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Figure 10. Effects of (a) strength rati@) and (b) post-yield stiffness ratia)(on the global ductility demand to
the superstructurguf) of a 4-storeyshase-isolated (LRB) building, &5@. PGA

Figures 11 and 12 emphasize the effects of masafitg on the inelastic response of the selected
building prototypes in their weak direction. Figurg, in particular, refers to a 4-storey building=
10%) equipped with different types of isolationtsyss, i.e.: (a) LRB witl§eq~ 20%, (b) HDRB with
&eq~ 15% and (c) FPB with.q~10%, respectively.

As can be seen, the presence of strong infillsopenings, effectively bonded to the RC frame along
the entire perimeter and uniformly distributed alotme height of the building, can significantly
increase the lateral strength of the building, tredicing the ductility demands to the superstmnactu
for a given seismic intensity. The effectivenesshef masonry infills in enhancing the lateral stytén

of the frame structure, hence reducing the globatility demand to the structure for a given sesmi
intensity, strongly depends on the lateral defoiifitpbof the structure, being higher for low-rise
building (Fig. 12(a)) while resulting practicallygligible for high-rise buildings (Fig. 12(d)).
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Figure 11. Effects of masonry infills on the ductility dematadthe superstructure of a 4-storeys buildimg(
10%), equipped with different types of isolatiorst®m at 0.5g PGA
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Figure 12. Effects of masonry infills on the global ductililemand to the superstructure of (a) 2-, (b) 4-6{c
and (d) 8-storeys Bl-buildings equipped with LR, 20%), at 0.5g PGA.

5. CONCLUSIONS

The results of a parametric study on the inelastismic response of base isolated buildings hase be
presented. The results of this study indicate thatinelastic behavior of a structure with seismic
isolation is quite different from that of the sameed-base structure, especially for two remarkable
aspects. Damage in a fixed-base structure resuftiginificant energy dissipation and, as the stmect

is damaged, its effective period of vibration moaesy from the dominant period of vibration of the
ground motion, limiting the force demand to theusture. On the contrary, a structure with seismic
isolation experiences fewer inelastic cycles andany case its energy dissipation capacity is
dominated by that of the isolation system. As altethe inelastic behavior of the superstructittke|
affects the maximum response of the isolation sysespecially for low-rise buildings. This suggests
that, although limited plastic deformations candwoeepted, the collapse limit state of seismically
isolated structures should be based on the latey@dcity of the superstructure without significant
reliance on its inherent hysteretic damping or dityctapacity.



Obviously, more studies are needed to definitegess the applicability and effectiveness of seismic
isolation for the seismic upgrading of existing R&@me buildings, paying particular attention to the
conditions under which it is favourable, for thdesa and the costs of the intervention, the use of
seismic isolation as alternative strategy to stmattstrengthening.

Upcoming studies shall be conducted on refinedetdienensional numerical models of RC frame
buildings, in which the cyclic behavior of the patial plastic hinges of all the structural members
(beams, columns, walls) are individually modelleaking into account degrading cyclic effects and
considering the shear resistance of each struatueahber. This should give a full understanding of
the minimum level of strength of the superstructieguired to avoid excessive ductility demands or
brittle collapse in the structural members of thpesstructure.

Based on the preliminary results of the parameticly presented in this paper, strength reductions
(with respect to the minimum level of force necegdar the elastic response of the superstructofe)
the order of 25-30% for low-rise buildings and loé torder of 35-40% for high-rise buildings seem to
be acceptable, being associated to a global dyati#mand to the superstructure of the order of 2.
Further strength reductions may be accepted takittgaccount the favourable contribution of the
masonry infills. Finally, negligible differences ithe seismic performances of different types of
isolation systems (including HDRB, LRB and FPB) édeen observed, which seems to suggest that
basically does not exist a more suitable type @hion system for the seismic upgrading of exgstin
buildings.
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