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SUMMARY:

Research in the past decade on the inelastic emiteqresponse of non-symmetric, multistory building
designed in accordance to the Eurocodes, has tadid¢hat ductility demands under the action of giedevel
earthquakes, are not distributed evenly throughiogitstructure, as it would be desirable for a \kellanced
design. More specifically, it is found that elenenat the so called "flexible" edges of the buildirexhibit
substantially higher ductility demands than eleraexitthe "stiff* edgedn the present paper the aforementioned
observations are verified using two sets of thteeysbuildings: torsionally stiff and torsionallyiekible.
Subsequently a design modification for these bogdiis proposed that improves substantially theetaistic
earthquake response. The proposed modificatiorcesdilne natural eccentricity in all floors of thélings and
eliminates the differences in ductility demandsaesin the "flexible" and "stiff" edges.

Keywords: torsion, eccentricity, inelastic response

1. INTRODUCTION

Earthquake response of irregular buildings in tiedastic range is an open research area that gxlud
also assessment of code provisions pertaininggadsign of such buildings (Rutenberg, 1998, 2002,
De Stefano and Pintucchi, 2008). Most of the pertirstudies have been based on elastic analyses of
idealized multistory buildings or on inelastic arsas of highly simplified, one-story, inelastic ne¢sl

of the shear beam type with 3 degrees of freedora (& Colina, 2003, Stathopoulos and
Anagnostopoulos, 2000, 2003). In the past decamlgever, research on earthquake induced torsion
started using more sophisticated, multi story, imddgree of freedom inelastic models of the plastic
hinge type (Ghersi et al, 2000, Stathopoulos andgAnstopoulos, 2005, Anagnostopoulos et al,
2010, Kyrkos and Anagnostopoulos, 2011a, 2011b2R00hese more recent studies have generated
some interesting results that cast doubt abouadeguacy of modern code provisions for frame type,
multistory, asymmetric buildings. Additionally, i& shown that results based on the simplified shear
beam model could lead to erroneous conclusiongsanhodel properties are very carefully selected
to closely match key properties of the multistonjlding (Anagnostopoulos et al, 2010). Hence code
provisions based, in part at least, on such resuitght be questionable. Moreover, a number of
controversies had been generated from such stagiésa few publications were devoted to them
(Rutenberg, 1998, 2002, De Stefano and Pintuc@08R One such controversy, that lingered for
some time was the question whether in a code dedipuilding the critical edge, where the term
critical is used to mean “having the highest ditgtdlemands”, is the so called “flexible” or ‘#ti
edge. A convincing answer to this has been predeetently, based on analyses using both detailed
and simplified models (Anagnostopoulos et al, 20T®e recent studies of torsion with the detailed
plastic hinge models also showed that, the ductdiémand differences between the two edges,
“flexible” and “stiff", were often very large, witlthe demands in the “flexible” edge being always
substantially greater than the demands in thef*stfge of the building. This was initially founarf
concrete buildings, where both rotational ductifiigtors and damage indices were used as measures
of inelastic deformations (Stathopoulos and Anatpmzulos, 2005). Subsequently the same was



confirmed for eccentric, braced frame type, steddings and a design modification was proposed to
alleviate this problem (Kyrkos and Anagnostopoulixlla, 2011b, 2012).

In the present paper the aforementioned obsergtsoe verified using two sets of three-story
buildings: torsionally stiff and torsionally fleXd In each set three buildings are designed: one
symmetric and two eccentric variations with biaxiaass eccentricities:,#0.10L and g=0.20L,
where L is the building's length along each dittiAll buildings are designed as spatial frames fo
gravity and earthquake loads using the responsetrape method of analysis. For the inelastic
analyses, the buildings are idealized with the ketiwn plastic hinge model and are subjected to ten
sets of two component semi-artificial motions tblasely match the code design spectrum. Rotational
ductility demands of beams and axial ductility deds of braces are used to evaluate the overall
performance of the buildings. In earlier publicaica design modification was introduced leading to
more uniform ductility demands, i.e. to similar was in the “flexible” and “stiff” edges of the
building. This modification, however, was slighttlifferent for torsionally stiff and torsionally
flexible buildings (Kyrkos and Anagnostopoulos, 2812011b, 2012). In the present paper the same
modification is applied to both torsionally stifih@ flexible buildings and results are presented
indicating satisfactory inelastic response of dgtfes of irregular buildings.

2. METHODOLOGY

The present investigation was carried out using sets of 3-story, steel, braced frame buildings, th
first torsionally stiff and the second torsionaflgxible. The layout, same for all floors of theaw
building sets, can be seen in Figs. 2.1 and 2.2h Bailding is formed by 4 frames along the x-axis
(FR-X01 to FR-X04) and 4 frames along the y-axiR{f01 to FR-Y04). In order to have torsionally
stiff and torsionally flexible buildings just fohé purpose of our work, braces were used to stiffen
specific bays as shown in Figs. 1 and 2, respdgtiBoth buildings have a typical story height of
3.00m and ground story height 4.00m. Using appabd@riistributions of the floor loads, e.g. through
non-symmetric live load distribution, non-symmetbalconies (common causes of mass eccentricity
in typical Greek buildings, not shown in the gidagout), non-symmetric joint masses were assigned
at each floor and thus biaxial mass eccentricitvese introduced in all floors. In this manner, in
addition to the symmetric layouts, eccentric vasamere generated and designed with the following
mass eccentricities:,#0.10L and g=0.20L, where L is the building length along eadfection.
Additionally the distribution of stiffness is nohifiorm as a result of the layout's geometry andsthu
biaxial natural eccentricities were introducedlirflaors.

The models used for both design and analyses Bren®dels with masses lumped at the joints and
with floors acting as diaphragms. All buildings wedesigned as spatial frames for gravity and
earthquake loads using the dynamic, response gpectrethod, according to Eurocodes EC3 -steel
structures- and EC8 -earthquake resistant desigrihdliake actions were described by the design
spectrum specified by the Greek Code for peak graateleration PGA=0.24g and soil category Il.
As input for the nonlinear dynamic analyses, teis sé two component semi-artificial motion pairs
were used. They were generated from a group of five-component, real earthquake records, to
closely match the code design spectrum (with aefeting branche 1/T?), using a method based
on trial and error and Fourier transform technig(iesrabalis et al, 2000). Results were excellesit, a
Fig. 2.3 indicates where the mean response specifuie ten semi-artificial motions is compared
with the target design spectrum. Each syntheticianopair, derived from the two horizontal
components of each historical record, was appiiedet by mutually changing the components along
the x and y system axes. Thus, each design casanabged for ten sets of 2-component motions and
mean values of peak response indices were comguatéus manner, the effects of individual motions
are smoothed and the conclusions become less dapend specific motion characteristics. The
design spectrum can be seen in Fig. 2.3, along thiéh mean spectra of the motions used for
subsequent analyses. It should be noted that therdioning of the frame members took into account
the uneven distribution of member forces due to thass eccentricities and hence stiffness
eccentricities were also generated, as it happeastual practice.
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Figure 2.1.Typical layout of 3-story torsionally stiff stelelildings.
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Figure 2.2.Typical layout of 3-story torsionally flexible stiebuildings.
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Figure 2.3.Design spectrum and mean spectrum of the ten agificial motions.



The complete set of the lowest three periods obailding variants in each set is listed in Tablg, 2
along with the initial mass eccentricitiesn=¢m=0.10 and 0.20 and the resulting physical
eccentricities= ¢,. The latter are the mean distances (for all spfetween the mass center (CM)
and the approximate stiffness (or rigidity) cer(€R) in each floor, normalized by the length of the
corresponding building side. It is noted that inltnstory buildings, the CR cannot be really defined
except under very restrictive conditions.

Table 2.1.Eccentricities and fundamental periods of thedings.

Mass Mean natural Fundamental periods of
eccentricity eccentricity Buildings (sec)

Em— Emy &x &y Ty Ty Ty
0.00 0.00 0.00 0.52 0.52 0.31
STIFF 0.10 0.045 0.050 0.54 0.53 0.32
0.20 0.115 0.135 0.52 0.50 0.29

Ty Ty Ty
0.00 0.00 0.00 0.82 0.56 0.55
FLEXIBLE 0.10 0.085 0.075 0.84 0.54 0.52
0.20 0.165 0.145 0.88 0.53 0.46

3. NON-LINEAR DYNAMIC ANALYSES

The non linear analyses were carried out usingpthgram RUAUMOKO (Carr, 2005). Frame beams
and columns were modelled with the well-known ptabinge model, in which yielding at member
ends is idealized with plastic hinges of finitedédmhaving bilinear moment-curvature relationship a
strain hardening ratio equal to 0.05. A momentdaixiece interaction diagram was also employed for
columns, giving the yield moment as a functionled aipplicable axial force on the column section.
Bracing members, yielding in tension and bucklimgcompression, were modelled with a non-
symmetric bilinear force-axial deformation relasbip.

The basic measure used to assess the severitglastic response is the ductility factor of theimas
members. For bracing members the ductility fagatdfined as:

My :1+(ﬁJ (3.1)
uy

whereu, is the maximum plastic member elongation eyttie elongation at first yield.
In the present study, the rotational ductility taaised is based on the post yield plastic moment:

AM
u=1+ (3.2)
(p'My]

where AM=M .- My, M, = yield bending moment ang0.05, the strain hardening ratio. It has been
shown that this definition is essentially a rotatibductility factor, ratio of the maximum end rixba
(including the elastic joint rotation plus the plashinge rotation of the member end), divided by a
“yield rotation” reflecting the instantaneous boand conditions of the considered beam
(Anagnostopoulos, 1981).

4. RESULTS FROM NON-LINEAR ANALYSES OF “AS DESIGNED ” BUILDINGS.
Results from time history analyses of the buildiags presented in terms of mean values of the peak

response parameters over the ten pairs of applethms. In the case of the beam ductility demands,
the response parameter averaged over the ten gfairetion is the maximum rotational ductility



demand in any of the beams in the considered feamdefloor. Following standard terminology based
on static application of the lateral load in torsitly stiff buildings, the edge where the displaeem
from rotation is added to the pure floor translatie called “flexible” edge, while the opposite edg
where the displacement due to rotation is subtdafttam the pure translation is called “stiff” edge.
Since the examined buildings have biaxial ecceatyrithe edge distinction just mentioned applies to
both thex andy horizontal directions of the buildings. Thus, fesare presented for each edge frame
and each direction. In torsionally flexible builds) however, it is not necessarily the “flexiblelge
that experiences the largest translation but itccoell be the “stiff” edge, depending on the relat
values of the torsional and translational periaat$ @n the input characteristics.

4.1.Three-story torsionally stiff buildings

Ductility demands for braces and beams of the IfflieX and “stiff” edges are presented in Figs. 4.1
and 4.2, for the torsionally stiff buildings withaliial mass eccentricities,=¢m,~0.10 and 0.20,
respectively, where in the same figures valueshfersymmetric case are also shown for comparison.
Ductility demands are presented only for beams tamagde members because the columns remained
essentially elastic. We can see that the ductiigsnands at the “flexible” edges of the torsionatif
eccentric building are substantially greater thhnsé at the “stiff’ edges due to the induced
earthquake rotations, especially in thdirection.

4.2.Three-story torsionally flexible buildings

Ductility demands for braces and beams of the ifleX and “stiff” edges are presented in Figs. 4.3
and 4.4, for the torsionally flexible buildings wibiaxial mass eccentricities,=¢n,~0.10 and 0.20,
respectively, where in the same figures valueshfersymmetric case are also shown for comparison.
The differences in ductility demands in bracesarite small as the braces are placed near the core.
The differences become large in the beams at tbeetiges of the buildings with the “flexible” edge
experiencing substantially greater demands than“sh&” edge, same as in torsionally “stiff”
buildings.
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Figure 4.1. Member ductility demands of 3-story torsionallyffdbuilding with ¢,=0.10 and comparison with
the symmetric building. (FR-X01 & FR-Y04: “flexi®l edges, FR-X04 & FR-YO01: “stiff” edges).
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Figure 4.2. Member ductility demands of 3-story torsionallyffdbuilding with £,=0.20 and comparison with

the symmetric building. (FR-X01 & FR-Y04: “flexibledges, FR-X04 & FR-YO01: “stiff” edges).
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Figure 4.3.Member ductility demands of 3-story torsionallgxible building withe,;=0.10 and comparison with

the symmetric. (FR-X01,X02 & FR-Y03,Y04: “flexiblesides, FR-X03,X04 & FR-Y01,Y02: “stiff’ sides).
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Figure 4.4.Member ductility demands of 3-story torsionallgxible building withe,;=0.20 and comparison with
the symmetric. (FR-X01,X02 & FR-Y03,Y04: “flexiblesides, FR-X03,X04 & FR-Y01,Y02: “stiff’ sides).

5. MODIFICATION PROCEDURE

A structural design can be characterized as setsfawhen the limiting values of the controlling
response parameters do not have wide variatiodsinwibe groups of structural members to which
they apply. In the opposite case, suboptimal usenaterial may be present as well as a potentially
higher risk of failure in cases of unexpected aamls. Thus the observed substantial differences in
ductility demands between the opposite edges ofxhenined buildings, point to the need for a design
modification that would eliminate or reduce the#fféetcences. Such a modification is implemented in
the present paper on the basis of results obtdmedthe elastic analyses of the buildings. It aahs
increasing the strength of the structural membeshithns, beams and braces) at the “flexible” edges
and reducing the strength of the braces at thé™stiges without affecting the strength of the arth
structural elements (columns, beams).

The first step for application of this modificatios to obtain the top story displacements at the
“flexible” and “stiff” edges of the buildings in bl horizontal directions due to the seismic
combinations considered and then compute the folig#actors in each horizontal direction:

u. u. ..
fi,flex =2 e fi,stiff =2 e (5-1)
(U} e + Ui it ) (Ui fex + Uj i )
whereu, 4., is the top story displacement of the “flexible’gedn thel - direction andu, 4 the top

story displacement of the “stiff” edge also in thedirection. These displacements are obtainedhéy t
equivalent static method for the seismic combimeticonsidered. The factors are ratios of the top
story displacements at the “flexible” and “stiffdges in a given directiorx (or y), to their mean
values. The design modification that was subseteapplied was to multiply the axial areas of the
bracing members in both the “stiff” and “flexibletiges by the corresponding factors in each directio
and to do the same for the beam and column sedtaingnly in the “flexible” edges to increase both
stiffness and strength of the corresponding franiés. cross sections of columns and beams of the



“stiff” edges are not reduced, as their strengthcamtrolled mainly by gravity loads (loading
combinations without earthquake). For the torsigriéxible buildings, these factors vary from 1-25
1.50 for the “flexible” edges and from 0.85 to 1f00 the “stiff” edges, while for the torsionallyifé
buildings these factors vary from 1.10-1.30 for tHexible” edges and from 0.70 to 0.90 for the
“stiff” edges. After this modification, each structure was checkedin for full compliance with the
applicable codes. The new, modified structures vegrain subjected to the same two component
motion earthquake set and their responses wera agaiputed as before.

The ductility demands for all buildings are presenin Figs. 5.1 to 5.4 for both the torsionallyffsti
and flexible buildings and for the initial and thedified designs. If we compare the results obthine
from the modified designs with that of the origirddsign, we see a substantial improvement of
response in all cases. The proposed modificatientltina effect of reducing the natural eccentriaity i
all floors of the buildings and as a consequenaedtices substantially the differences in ductility
demands between the “flexible” and “stiff” edgese Wote that while in earlier publications on this
subject (Kyrkos and Anagnostopoulos, 2011a, 202@b2) a slightly different modification was used
for torsionally stiff and torsionally flexible buiings, here the applied modification is identical the
two types of buildings. This makes it easier fordducing it into the code, after of course its
effectiveness is verified with more case studies.
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Figure 5.1. Member ductility demands of 3-story modified torsilly stiff building with ¢,=0.10 and
comparison with the initial building.

6. CONCLUSIONS

In the present work the earthquake response ofsei® of 3-story, steel, braced frame buildings, one
torsionally stiff and the other torsionally flexéylboth designed in accordance with Eurocodes EC3
and EC8 were examined and similar results wereiradacompared to earlier findings for eccentric
steel and reinforced concrete frame buildings. Mymecifically, it was found that under the actidn o
two horizontal component earthquake loadings, caimleawith the design spectra, ductility demands
at the “flexible” edges were significantly greatdran ductility demands at the “stiff” edges.
Subsequently, the original designs were modified #anwas found that the response of the new
designs was improved: ductility demands at thexifile” edges generally decreased, thus lowering



the differences in demands between the two edgeadh direction. Here the same modification has
been used for both torsionally stiff and flexiblgéltdings, thus making it easier for general appiaa

On the basis of these findings, a code modificatiay appear desirable. However, additional studies
covering other types of irregular buildings andidewx spectrum of parameters will be required, keefor
any firm recommendation is put forward.
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Figure 5.2. Member ductility demands of 3-story modified torslly stiff building with £,=0.20 and
comparison with the initial building.
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Figure 5.3. Member ductility demands of 3-story modified torslly flexible building withe,,=0.10 and
comparison with the initial building.
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Figure 5.4. Member ductility demands of 3-story modified torslly flexible building withe,,=0.20 and
comparison with the initial building.
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