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ABSTRACT

In the last few years, the need to evaluate themrseiperformances of buildings while
sustaining strong motion has encouraged the dewelopof simplified non-linear static
procedures. Several procedures are available timdagsess the behaviour of plane-frame
systems or plan-regular framed buildings suitablyehgineering purposes. Less accurate
procedures are instead available for non-regulan ptructures. This study introduces the
concept of resistance and displacement domaingimand shows how these can be useful
in evaluating the direction of minor seismic remigte in the case of asymmetrical plan
building. Results have been preliminary tested day-lmear time history analyses.
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INTRODUCTION

Traditional seismic design considers Linear Dynarfrocedure (LDP) with assigned
response spectrum (Response Spectrum Analysifeastdndard analysis. More complex
procedures, such as non-linear time history aral¢DP), are seldom used because they
need the definition of an accurate hysteretic mddelbescribe the behaviour of the
materials under cyclic actions and the choice sétof accelerograms that describes the
real site conditions. Moreover, as is well- knoWDP analyses present convergence
difficulties and require major computational effort

The need to evaluate the seismic performancesilofitgs while sustaining strong motion
has fostered the development of simplified nondmstatic procedures (NSP). These
analyses, which provide an evaluation of defornmatiapacities in the post-elastic range,
allow us to relate hazard levels to those perfomeaargets described in modern seismic
codes (Performance Based Design).

Non-linear static analysis is also becoming the kegthod to evaluate the seismic
response of existing structures. This method, whghable to evaluate the collapse
mechanism of structures, is suitable for the amalgs structures not explicitly designed
for seismic action.

However, non-linear static procedures can lead rsuiiable results when applied to
irregular structures because of the difficultiestaking into account dynamic latero-



torsional effects. As is already known, an asymimelistribution of masses and stiffness,
or of strength in plan, leads to high ductility deamd for the elements near the soft or weak
edge (14, 15). In the last few years several praigolsave been put forward to extend
traditional pushover analysis, calibrated on plagstems, to the assessment of three-
dimensional models (1, 2, 3, 9, 13, 22, and 23)prétent no simplified procedure, which
can adequately account for the torsional behawdwasymmetric structures is available,.
Some of the main problems concern the combinatfoine forces in the two directions,
and the best way in which to consider extra digtdemand for the elements near the soft
edge.

Among the early proposals we mention one (17), wiscbased on the study of the non-
linear static behaviour of the critical frames qnlyentified by means of LDP analyses
performed on three-dimensional models. Afterwaregfar extended the N2 method to
three-dimensional structures (9, 10). Further mete&ias focused on the behaviour of
framed structures with shear walls (4) and on ttwuacy of results on varying the loads
plan distribution (5). Finally, Chopra has presdntn extension of the MPA (Modal
Pushover Analysis) procedure to asymmetric-plamctires. A wider, performance-based
analysis of the behaviour of asymmetric structuee be found in (30), with particular
attention being paid to the torsional influence tbe permanent drift investigated by
uncoupling the translational and the torsional @ff@vailable comparisons between these
methods and the results of non-linear dynamic a&mal{NDP) generally show limited
success of the proposed procedures.

In this framework, this study will present and diss the initial results of a simplified
force-based static non-linear analysis to evaluhée latero-torsional response of plan-
asymmetric structures. In particular, the latensitimal response of a benchmark structure
has been investigated by using a 3D model througthgver procedures and non-linear
time history analyses.

In particular, this study presents limit domain terms of strength and displacement
capacities evaluated by means of pushover analggeapplying force distributions,
triangular and uniform, at different angles in thlane to search for the least seismic-
resistant direction. The results have been comptoepreliminary non-linear dynamic
responses of the benchmark structure to record#iageake accelerograms.

DESCRIPTION OF THE STRUCTURE

The benchmark structure considered in this studyésof the case studies proposed in the
ReLUIS project (Rete dei Laboratori Universitari ldigegneria Sismica — Earthquake
Engineering Test Labs Network) (25).

The structure, designed without seismic actions, fwe-.storey, L-shaped building with
RC moment frames in two orthogonal directions (figure 1) heTfloors are realized by
means of one-way ribbed concrete slabs supporteteby beams (400x500 and 400x600
mm). Moreover, shallow beams (500x250 mm) run pelréd the slab and complete the
floor structure. Three RC sections are considegdtlie columns: 400x700, 400x400,
550x400 mm. The transverse reinforcement is madbyu® mm stirrups spaced at 100
mm for columns and 50 mm for beams. Material progeare characterized by the mean
values: 25 MPa is the compressive strength for mt@and 400 MPa the yielding stress
for both transverse and longitudinal reinforcemétiastic modulus are 210000 MPa for
steel and 28960 MPa for unconfined concrete.



MODEL PROPERTIES

The model of the benchmark structure has been mmatéed with OpenSees (v 1.7.3), a
finite element software developed at UniversityCalifornia, Berkley (28).
In particular, a finite element model with spreddsficity has been examined to perform
non-linear static and dynamic analyses. Due to glee¥ observed collapse mechanisms
for the case under investigation, non-linear shie@naviour is not considered. The
behaviour of sections has been modelled throughigheof fiber integrations by strain and
stress which has been updated, step by step.
Concrete has been described as non-linear behauging a no-tension four-parameter
Kent-Park-Scott modelQoncrete01 figure 2). The concrete strength mentioned above is
for non-confined material, and is used only for bwnd fibers. For the inner core, the
behaviour of the concrete has been modified by s@drthe Richart model. A bilinear
elasto-plastic model with hardening has been usediescribe the behaviour of the
reinforcement$teel01) The materials’ numerical models have no deforomliimit..
Floors are modelled by means of 50 mm (27) elasdtalls whose modulus is set to the
value of 30000 MPa.
Modelled elements such as these do not presentathps and the well-defined state-
change points like the plastic hinges proposed,ef@mple, in FEMA 356, but have a
smooth reduction in stiffness as deformation ingesa Seismic codes usually propose
hinge rotation limits, because lumped plasticitghe most common way to perform non-
linear analyses. In order to define a limit state this spread plasticity approach the
following limit values for fiber strain have beearnsidered:

* 0,006 (in compression) for concrete fibers

* 0,03 (in tension) for steel fibers
Positive and negative curvatures have then beeluated for beams and columns by
considering positive and negative flexural actions.
In the case of the columns, the linear interpofatiothe plane of the section has been used
to evaluate limit curvature (rhomboidal domain)shk®wn in figure 3. Axial forces have
also been considered and a linear interpolatiomsed between the domains referring to
two axial force sample values.
In addition to this approachFiper), the limit hinge rotations proposed in the Italia
Seismic code (26) have been considered @@QM); the code provides several formulas
for collapse hinge rotation and plastic hinge langt

[1] 1 [ max(001 o) 0225[ L jOBS .
g.=, 0PL6103) [—max(o,ol- w) fc} > 25[ (1250
[2] L, =0, +017h+ 024 Ty
p \/f_c
1 ) _osL,
3 2. —y—el[cby +e.-6,)L, (1 C D

from these two values it is possible to go backh® section maximum curvature by
considering a plasticity distribution similar taatradopted in [3]. Even for this approach, a
linear interpolation in the plane of the section used (rhomboidal domain); no



interpolation is needed for axial force becausecthde’s formula explicitly considers the
axial action influencew(in [1]).

ANALYSIS PROCEDURES

The analyses performed are modified force-basedlinear pushover. In particular, a
force multiplier is changed (increased or decrepgedeach a target displacement, so that
the analysis can also describe softening behaimnotine structure.

Two force distributions are used along the heighthe structure. The first one is a
triangular distribution, taking into consideratitive inertial mass and the height above the
ground. The second one considers only the floorsegsForces are applied at beam-
column joints, proportionally to the joint mass.

For each force distribution 24 pushover curves Hmaen obtained by rotating the direction
of action in the x-y plane, 15° at each step. Towtrol node is assumed to be the centre of
mass on the top floor in all pushover analyses.

Using the described limit values for section cunvat the state at which the first primary
element goes beyond its limit is assumed as globbdpse (W-Vbe,). Each pushover
curve is bilinearized according to the FEMA 356.

Collapse states for each analysis in the planaugetb define limit domains in terms of
collapse displacement and base shear. Each dosmplatied both for ‘fiber’ and ‘OPCM’
limit value criteria.

The structure’s capacity described above is conapareéhe non-linear dynamic response
to recorded earthquake activity, selected from antose proposed by ReLUIS. In
particular, the selected accelerogram is taken filsenEuropean Strong Motion Database
(25), and reports an event recorded in Iceland1d6/2000. The record, considering both
NS and EW components, is scaled to study the sialatesponse as ground acceleration
varies (IDA).

DESCRIPTION OF RESULTS

Figures 4-7 show the results of the described prestenalyses. In particular, figures 4 and
6 refer to the collapse displacement of the comoale on varying the direction of action
in the plane in the case of triangular (TR) andarm (UN) force distribution. Both cases
show non-regular behaviour of the structure in seohlimit displacements. In particular,
analyses showed that the benchmark structure pgselmmer displacement capacities in
the 150° and 315° directions (highlighted by meaharrows in the figures). Otherwise,
structural behaviour seems to be more regular daggistrength (figures 5 and 7). Finally,
differences between ‘fiber and ‘OPCM’ collapse teria result as unimportant; in
particular, the ‘fiber’ approach seems to be delithore conservative than the ‘OPCM’
approach.

Figures 8-9 show a comparison between the pushesalts for the two force distributions
examined. Domains, similar in shape for both foraed displacements, show the same
critical directions. However, the behaviour accogdto the uniform distribution presents
minor collapse displacements and major strengtiguré 10 shows the comparison in
terms of control node rotation at collapse, idgiid the directions of maximum and
minimum torsional response of the building.



Dynamic non-linear behaviour has been evaluate@¢dngidering the structure oriented
with its x-axis aligned both with the recorded EWhdlysis & and NS #énalysis B
components. Figures 11-13 show the dynamic respiomsenalysisa. The figures show
that the collapse is attained in the direction bbwt 154° according to the minor
displacement capacity direction found by meanshef pushover analyses carried out.
Moreover, the collapse displacement coincides witat of the pushover domain for
triangular distribution, and the collapsed elementumn 15 at ground level, is the same
for both dynamic and static analysis. Figure 13repthe evolution of torsional response
showing that the control node rotation is roughiteinal to the domain before collapse
(highlighted with at), but became unstable after it.

As a further comparison between static and dynaesponses, figure 14 shows storey
displacements at collapse for both analyses icdllapse direction (150°) and in the main
plan directions (0° and 90°). Analysis of result®ws that the lesser seismic resistant
directions found by means of pushover analysis desdlcribe its true dynamic behaviour.
Moreover, results show that the collapse mecharnssan global one, because it is well
described by the triangular force distributionphrticular, in figure 11, it can be seen that
the collapse displacement is almost equal to tla@dular pushover displacement (outer
domain) and figure 12 shows that the collapse siednat associated with triangular
distribution too (inner domain). In figure 14 thefdrmation through the height of the
structure is internal to the range defined by W s$tatically obtained deformations.

Figure 15 shows the comparison between the behaemaluated by means of pushover
analyses and that obtained by incremental dynama&tysis. For this purpose, several
proposals can be found in literature regardingrépresentation of the time history data
(29). In the study several criteria have been amred: maximum displacement vs.
maximum base sheaméy, maximum displacement vs. corresponding baser qires)
and maximum displacement vs. mean base shear withimterval +/- 0,25 snfean +/-
0,259. Moreover, a new criterion has been proposed: nfaximum displacement vs.
maximum base shear within the interval +/- Yarmiax +/-(1/4)T) with T the dominant
natural period of vibration in the direction un@samination.

Figures 16-20 show the same data domlysis b For this case the collapse has been
attained in the direction of about 286° and gemeraimilar conclusions to those of
analysis acan be reached.

Preliminary results show that results obtained tayics non-linear analysis carried out in
the least seismic resistant direction will effeetw describe the dynamic non-linear
response (figures 14 and 19). Moreover, the praposéeria for comparing dynamic and
static analysis seems to supply us with the bestlteefor all investigated displacements
(figures 15 and 20).

CONCLUSIONS

In the field of seismic engineering, an open issu@ch is currently of great importance, is
the need to design a feasible procedure to evalha&teseismicperformanceof three-
dimensional structures, because at present coddatems only refer to plane structures,
and pushover analyses have shown that main dinsciiothe plane might not be the key
ones.

In this framework, the study introduces a new cphaé limit plan domain to assess the
non-linear behaviour of a latero-torsional planlding. In particular, such a limit domain,
evaluated by means of pushover analyses by vatlggéprce direction in plan, can lead to
a search for less seismic resistant directions.



The preliminary results obtained by investigating tstatic and dynamic non-linear
response of a benchmark structure show that therdignseismic behaviour can be
effectively described by classical pushover analysarried out in the lesser seismic
resistant directions.

Moreover, the study proposes a new criterion to pame dynamic and static analysis
which seems to supply the best results for allstigated cases.

The results obtained have encouraged us to extengroposed analysis methodology to
other cases and recorded excitations.
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