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ABSTRACT :

The present paper reports on an Italian collab@ratsearch study on the applicability of nonline&thods of
analysis to regular and irregular existing RC bngd designed and constructed according to oldédibg

codes. The mentioned methods are applied to twe staslies of practical interest and the resultangpared
in order to identify general trends and major uohe=d issues with reference to the key propertiethe

considered structures. Non-linear time history ysed are carried out to obtain reference valuestHer
expected response parameters, characterized is tdfrmedian value and dispersion, to be comparéd tive
results obtained through nonlinear pushover analyse
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1. INTRODUCTION

Following the evolution of the earthquake engimagniesearch in the past thirty years and the aginipe
existing structures and infrastructures in many ntées, a need has emerged to evaluate the seismic
vulnerability of existing buildings. Many of theisting RC structures were built without accountiogseismic
actions, thus much attention has been paid in tegears in developing reliable methods of analysis
assessment for these structures. Linear methods ise@propriate in most cases; consequently, mamegiat
seismic codes and guidelines include provisionstmiinear analyses (Eurocode 8, 2003a, EuroCodeGgb,
FEMA 356, 2000, ATC-40, 1996), which seem to be niagural choice for existing structures subjected t
moderate and strong design earthquakes. Chaptdrthé new Italian Seismic Design Guidelines (OP@B13
2005) is totally dedicated to existing structur€his is obviously a big issue in ltaly, a seisnlicactive
country where many buildings of the ‘60s, ‘70s a80s were often designed accounting for gravitation
actions only. Following the publication of the ndtalian Seismic Code, the Italian Department of ilCiv
Protection (DPC) has launched a research prograehUFS) whose aim is to validate and improve the new
code, to propose alternate procedures when deeswssary, and to provide practical examples totipnag
engineers. These activities are particularly imguatrfor testing code-specified nonlinear methodsurailysis.
Focus of these studies is not only the applicatibthe nonlinear methods of analysis, but alsoube of the
results of the nonlinear analyses to assess thetstes’ seismic vulnerability. This paper presehésresults of
the ongoing research project on irregular RC bogdi

2. DESCRIPTION OF THE TWO CASE STUDIES

Two case studies, representative of wide classé¥Cobuildings, have been generated and considereithé
application of different numerical models and aseymethods for quantifying their seismic respoiige first
one is a four-storey regular building whose plagwis represented in Figure 1. The plan shows otk
symmetry with respect to two orthogonal axes. Tlerfis realized by means of a one-way ribbed slab
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supported by deep beams parallel to the X-axish&ims and columns have 30x60°@actions and further
details about steel reinforcement are omitted hdm@ithe sake of brevity.

A five-storey L-shaped building, whose plan viewsiown in Figure 2, has been considered as a sexmed
study with the aim of investigating the various extp of the seismic response of plan-irregular Rnés.
Asymmetry in shape is only one of the aspects #mrning to plan-irregularity of the structure. Iretk various
beam spans and column cross sections have beedam®asas usually occur in buildings designed fawviy
loads only. In this case, the one-way ribbed slath® horizontal floors runs in two different ditems in the
two wings of the L-shape. Deep beams, with 30x60 smation, are usually placed in the orthogonalotive
with the aim of supporting the floor, while shalldveams (transverse section 25x50)cran parallel to the
slabs. Thick lines in Figure 2 indicate deep beams.
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Figure 1: Case-Studyl —Rectangular building Plan gufé 2: Case-Study2 — L-Shaped Building: Plan

As for the loads, Dead LoadG= 6 kN/nf, Live Load Q= 2 kN/nf. The additional self-weight of the 30 cm-
thick masonry infill exterior walls was assumedbi® 8.00 kN/m The main material characteristics are the
compressive strengthyR= 27 MPa for the concrete and the yield strgss 440 MPa for the reinforcing steel.

3. RESULTS

Non-linear static analyses were carried out acogrth the N2-method (Fajfar, 2000, and more reapdates)
using the Elastic Demand Spectra proposed by thepean Code 0, while non-linear time-history anedys
were performed using input ground motions sele@tech the European strong motion database in omler t
obtain spectrum-compatible inputs, as specifie®BCM3431 (2005) for Zone 1 and Class B soil. SAR200
(CSI, 2005) was the basic package used for theyseml SAP2000 uses a lumped plasticity model which
possibly account for N-M interaction in columns andniaxial and biaxial bending. Rotational capaoitthe
plastic-hinges is defined in terms of plastic rotas which can also be defined for different valoéshe axial
stress N with the aim of accounting for the possibteraction between ultimate (and yielding) riotatand
axial force N. Shear plastic-hinges can also bnddfby specifying a threshold value for the stieere in the
members. More advanced software packages, sucpesSBES (Fenves et Al., 2004) , CANNY99 (Li, 1996)
and MIDAS (Midas, 2005), were also used in thequbj

3.1. Casestudy #1

First, a direct comparison in terms of capacityvesrobtained through pushover analyses by meatsoof
different numerical codes, both based on lumpestgity models, is represented in Figure 3. The esam
differences can be observed with reference to Betlind Y-direction; more specifically, the ultimatalues of
the base shear obtained from SAP2000 and MIDASjaite close. The slight difference basically desifiom
the stability of the convergence algorithms whieln severely affect the value of the displacemepéacidy. In

all cases, Young Modulus has been suitably redtcedpresent cracked conditions (50% reductionbegesn
assumed for both beam and column stiffness, asdteti in OPCM3431, 2005).
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Figure 3: Case-Study #1 — Comparison between twad¥ical Codes (MIDAS vs SAP2000).

Comparing the results of static non-linear (SNLJ aon-linear time-history analyses (NLTH)is a kégpsfor
assessing the reliability of the static analysisnlsear dynamic analyses of the building of caseys1 were
carried out on a fiber-based numerical model dgexldn OpenSEES (Fenves et Al., 2004). Nine setewdn
couples of natural accelerograms proposed by lenw@t al. (2006) were considered. Each set ofrseveples
is deemed to be equivalent to a Seismic Zone (nanfgom 1 to 3 as seismic hazard decreases) aod &ype
(ranging from A to C, from the stiffer to the saftane) according to Eurocode 8. Figure 4 showgéhkalts of
these analyses in terms of the average valueseoftdp displacemenfy,, evaluated by NLTH analyses

considering for each Seismic Zone and Soil Type gbeen seismic records mentioned above, while the

corresponding design spectra have been considerelétiermining the same quantities through SNL.
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Figure 4: Case-Study #1 — Comparison between NogadriStatic and Dynamic Analyses.
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Figure 4 points out that in both directions theutssobtained by non-linear static analyses arsamably close
to those of the non-linear time history analyses.bbth directions, static pushover analyses carded
considering the so-called modal pattern of horiabforces results in closer agreement with the dhioa
analyses because the building is regular and bigsoxatrolled by the first mode.

Following Eurocode 8 — part 3 (2005) the ratpobetween the demand and the capacity in termsastipl
rotations (for ductile failure mechanisms) and @mns of shear (for brittle failure mechanisms) vedso
evaluated (Berto et al., 2008). Figure 5a showscHpacity curve for the uniform pattern distribatiand the
bilinear approximation, according to the pushovescpdure described in the European Standard. Ash oft
observed, the governing failure mechanism is shealtapse, as evidenced by the shear rafjos
(Demand/Capacity) in Figure 5b (ro_SH). AssumingttbBuch a failure can be prevented, the analysis is
continued until the occurrence of ductile mechanisnsorrespondence of the sharp decrease of thecitgp
curve, evidenced also by the ro_CR curve which eds¢he value 1 (Figure 5b).
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Figure 5: Case-Study #1 —Capacity curve for théoam pattern distribution and ratipsvs displacement.
3.2. Casestudy #2

The comparison between NLS and NLTH of Figure 4enepeated for the irregular building of case #sing
again OpenSEES and a fiber-based distributed plgstnodel. Figure 6 shows the results. Althougoad
correlation can be observed in both directiongicstanalyses lead to more accurate results in taéréttion as
the points in Figure 6¢ and Figure 6d lie on theiwaence line. On the contrary, the static anayserformed

in X-direction often result in an un-conservativ&imation of the average value of the top displaa@mA
possible reason for this (though small) discrepacay be found by considering that mass and stdfnes
centroids are basically aligned in the Y-directiomhile a larger eccentricity exists in the X-diieat
Consequently, higher modes participation in theicéalion is more relevant than in the Y-directidms the
modal pushover analyses yield better predictionfid5 analyses in the Y-direction.

In order to improve the results obtained with tHeLS pushover based on the N2-,method, Multimodal
Pushover Analyses, as proposed by Chopra ad Go@d)2were performed for the L-shaped building.uFég7
shows that for this specific application thereasnmajor improvement with respect to Figure 6.

For plan-asymmetric structures it is insightfulaiotain limit domains, in terms of displacement asé shear.
These domains are obtained from the results of Nushover analyses carried out by varying the im-pla
direction of the load distribution [Petti et al.®). Figure 8andFigure 9show the results of NLS analyses using
different load shapes. The results are shown mdesf elastic limit and collapse displacements.sEheesults
were obtained using program SAP20B@ure 10 and Figure 11 show the results in teriemand ductility and
demand rotation. The results show a general highptaxity in the plan behaviour. Overall, the difens in the plan
near to 90° and 270° lead to lower force and dedtion demands while the 45° and 210° directionthéhigher
torsional demands. These results confirm previdsevations indicating that applying the loads gltre building
reference axes may lead to unconservative demands.
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Figure 6: Case-Study #2 — Comparison between NogadriStatic and Dynamic Analyses.
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Figure 7: Case-Study #2 — Multi-Modal Pushover Ase (MPA) in X-direction.



The 14" World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

—e—elastic limit

—o—elastic limit —=—collapse displacement

—a— collapse displacement

Figure 8: Case-Study #2 — Limit domains in terms Figure 9: Case-Study #2 — Limit domains in terms

of collapse and elastic displacement [m] — Uniform  ©f collapse and elastic displacement [m] —
load distribution Triangular load distribution

---&---- Triangular load distribution
6.0

—=a— Uniform load distribution

-6.0!

Figure 10: Case-Study #2 Figure 11: Case-Study #2 — Rotation of centre of
Collapse domains in terms of demanded ductilitymass [rad] in the case of uniform [dashed line]
and triangular [continues line] load distributions

Vico (KN) Ueo (cm)

90
105 3000 75

120 60
2500

240 300 240 300
255 285 255 285

270 270

Figure 12Case-Study #2Z:imit domains in terms of base shear (left) andtic@mode displacement (right)

uniform = = = -triangular‘ ‘ uniform = = = -triangular‘




The 14" World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

Uy (m)

€
>
=]

f\ B .
02 -0 020 -015)\ -010 -005 \\O.0G "\

0 0,1 02

Ux (m) U(m) Ux (m) U (m)

Figure 13Case-Study #2Comparison between NDP and NSP in terms of comoale displacement and
deformed shape for the Montenegro evid®79) in the case of: (Left) in-plan orientatiéh- NDP collapse
amplification factor 0.35; (right) in-plan orieni@t 90° - NDP collapse amplification factor 0.30.

Similar conclusions were reached using a diffepoigram, as shown in Figure 12, which shows codlaps
domains in terms of base shear and displacemeheafontrol node (top floor centre of mass). linteresting

to note that different analysts using differentgreons obtain different resultBigure 8 Figure 9and Figure 12-
right). In order to evaluate the applicability @ktlimit domains to accurately describe the cobagtsite of the
structure, incremental dynamic analyses up to psdavere also performed. Figure 13 shows the sefulthe
Montenegro seismic event (1979). In both casesdiiapse is attained in accordance with the linatdin
obtained with the triangular force distribution. gdod match can be observed between the dynamieystor
displacements and the deformed shape associatedheistatic procedure for the triangular forcéritiation.

4. OPEN SISSUES

The above discussion refers to an ongoing projéat.following unresolved issues have emerged so far

1) According to ECS8, the design verifications are blase the chord-rotation. However, this check
requires a heavy and lengthy post-processing. €umtbre, chord rotation capacity formulas are
obtained from simple tests that do not necessapyoduce the complex load history on the structure
The plastic hinge rotation demand would seem aieeelseck, as done in FEMA 356 (2000);

2)  The definition of a given limit state is not cledronly a single section in a very complex builglinas
reached a given limit state (let’s say the ultimitgt state) it would be difficult to argue thatet
entire structure has reached such a state. Onthiee lnand, if a single base column has reached shea
failure, the building has definitely reached its &ILin other words, how is the design check of the
different sections related to the overall checkhefentire structure?

3) Modeling the stiffness of the floor diaphragms isapen issue. Older structures have fewer beams,
thus the assumption of floor diaphragms rigid irithplane may be too crude an assumption.
However, the computational cost of modeling thefflslabs needs to be further investigated.

4)  Time-history analyses on building n.2 show thatitical angle of seismic incidence, i.e. the anglle
application of the records providing the maximumustural response, exists and the increment of
response parameters is not negligible; consequexnibh critical angle should be taken into accaunt
the seismic structural analyses.

5. CONCLUSIONS

A quick review of the results of an ongoing resharcreported in the present paper with the keyase of
pointing out both comparisons among well-establsimethods of analysis for the seismic responseigtieal
of structures and open issues about their modeling.

Comparisons have dealt primarily with different wapf modeling structures taking into account themaaical
and geometric non-linearities in different wayseTesult of such comparisons are usually encougagimen
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different lumped plasticity models where compasekije further work is needed for reducing the diffieces in
results obtained with models that use lumped asttillited plasticity. Static versus dynamic anadykave
been also compared. Although significant differenicave been found in terms of the demand-to-capeatips
derived by means of the two aforementioned methibsparametric studies carried out point out thahost
cases that less accurate methods of analysesol@aaré conservative demands on the structures.

The analyses carried out so far also indicatetti@influence of member cracking on the assessresntt is
quite low, while another parameter, the footingitddity, often neglected in the practitioners’ dyses, seems
to play a relevant role in predicting the buildingsismic performances. The study also indicates the
nonlinear analyses should be carried out for differangles of applied forces (both for nonlineatistand
dynamic analyses).

Finally, the study this paper stems from opens moestions than answers; this means that a lobdf Was to
be still done in computational mechanics, espgciathen seismic performance of existing structue®fi
concerns, before nonlinear methods of analysebeaafely used by the engineering community atlarg
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