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Abstract. In past years, seismic response of asymmetric structures has been frequently
analysed by means of single-storey models, because of their simplicity and low computa-
tional cost. However, it is widely believed that use of more realistic multi-storey models is
needed in order to investigate effects of some system characteristics (such as overstrength,
higher modes of vibration, etc.) that make behaviour of multi-storey schemes different from
that of single-storey systems. This paper examines effects of the overstrength in element
cross-sections on the seismic behaviour of multi-storey asymmetric buildings. It is shown
that in actual buildings this characteristic, which is sometimes very variable both in plan
and along the height of the building, may lead to distributions of ductility demands differ-
ent from those expected according to the results from single-storey models. Consequently,
torsional provisions, which aim at reducing ductility demands of single-storey asymmetric
systems to those of the corresponding torsionally balanced systems, should be re-checked in
light of the behaviour of realistic multi-storey buildings.

Key words: asymmetric buildings, design criteria, inelastic seismic response, multi-storey
buildings, overstrength.

1. Introduction

Past earthquakes have evidenced the greater seismic vulnerability of plan-
wise irregular structures with respect to torsionally balanced buildings.
Because of such an evidence, large research efforts have been devoted
to examining effects of the lateral-torsional coupling on building seismic
behaviour (Goel and Chopra, 1990; De Stefano er al., 1993, 1998; De
Stefano and Rutenberg, 1999) and to developing and proposing design pro-
cedures (Goel and Chopra, 1990; Chandler and Duan, 1992; Duan and
Chandler, 1992; Tso and Zhu, 1992; Zhu and Tso, 1992; Ghersi and Rossi,
1999) aimed at providing both plan-regular and plan-irregular systems with
a similar level of seismic protection. To this purpose, most studies on
seismic response of asymmetric structures have analysed response of sin-
gle-storey models (Goel and Chopra, 1990; Tso and Zhu, 1992; Zhu and



24 MARIO DE STEFANO ET AL.

Tso, 1992; De Stefano et al., 1993, 1998; De Stefano and Rutenberg, 1999;
Ghersi and Rossi, 1999) representing the most extreme idealisation of plan
irregular buildings. Such models usually consist of a floor deck, rigid in its
own plane and supported by massless, axially inextensible vertical resisting
elements, characterised by a bi-linear elastic-hardening behaviour.

Use of single-storey models leads to an accurate evaluation of the seis-
mic response of multi-storey irregular systems only when referring to the
elastic range of behaviour of a special class of multi-storey irregular sys-
tems, named regularly asymmetric systems (Hejal and Chopra, 1987). The
geometric and mechanical conditions characterising such buildings are very
restrictive and thus few actual systems fulfil all the requirements of the
above-mentioned special class of buildings. Indeed, in such systems resist-
ing elements must be arranged along an orthogonal grid and characterised,
along either of the two directions, by stiffness matrices mutually propor-
tional. Furthermore, mass centres must be aligned on a vertical line and
mass radii of gyration must be equal at all floors. Nevertheless, the behav-
iour of actual structures is often substantially similar to that of regularly
asymmetric systems.

When the structure is excited well into the inelastic range, simplified sin-
gle-storey models can give only qualitative information, since they cannot
represent actual dissipative mechanisms that develop in multi-storey frames,
particularly formation of different numbers of plastic hinges at different
locations. Indeed, it is well known that in a multi-storey framed system
experiencing inelastic behaviour, plastic hinges often arise in a few cross-
sections only. In asymmetric buildings this phenomenon occurs differently
in frames because of the deck rotations, i.e. at a given time some frames
may be widespread yielded, some others may be characterised by only a
few plastic hinges, while the remaining part of the structure is in the elastic
range. At that moment, the frame stiffness matrices, initially proportional
each to the other, lose their proportionality making the building irregularly
asymmetric.

In spite of the awareness of such aspect of the inelastic seismic behav-
iour of actual asymmetric structures, in the past most researchers have
dealt with the study of the inelastic response of asymmetric buildings by
means of single-storey schemes, due to their simplicity and their depen-
dence on few key mechanical parameters. In recent years, evaluation of
the inelastic response of multi-storey systems has become more feasible
due to development of powerful computational tools; therefore, checking
and improving of previous results from single-storey models is believed to
be crucial. Within this area of research, Duan and Chandler (1992) and
Chandler and Duan (1992), as well as De La Llera and Chopra (1996),
have recently analysed multi-storey asymmetric buildings with shear-type
frames. Unfortunately, such models, which present a convenient simplified
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behaviour, consider that plastic hinges may occur at the ends of columns
only and, therefore, they allow the investigation of buildings character-
ised uniquely by undesidered storey collapse mechanisms. A more realistic
model have been instead considered by Moghadam and Tso (1996, 2000),
constituted of slabs supported by plane frames designed according to the
capacity design criterion so as to develop plastic hinges in beams as well
as in columns. Such studies have given very interesting contributions to the
understanding of the inelastic response of actual irregular buildings. Nev-
ertheless, they do not explain why and to which extent some structural
mechanical and dynamic characteristics (e.g. overstrength of single cross-
sections, higher modes of vibration, etc.) may influence seismic response
of multi-storey schemes. It is opinion of the Authors that an in-depth
investigation of the influence of some aspects of the structural design and
dynamic on the seismic response of asymmetric buildings may allow a more
precise evaluation of the limits within which the present knowledge, based
on studies of single-storey schemes, may be extended to actual multi-storey
systems.

To this purpose, this paper focuses on the effects of the cross-section
overstrength on the plan-wise distribution of the ductility demand. In
actual buildings overstrength, sometimes very variable both in plan and in
elevation, may lead to distributions of ductility demands remarkably differ-
ent from those expected according to the results from single-storey models.
Furthermore, owing to the cross-section overstrength, code torsional provi-
sions, aimed at reducing the ductility demands of single-storey asymmetric
schemes to those of the corresponding balanced systems, may unexpectedly
fail their target when applied to actual multi-storey buildings.

2. Definition of global and storey overstrength

In real frames, only a few plastic hinges arise under the design horizon-
tal forces, being the expected collapse mechanism characterised by much
larger horizontal forces. This behaviour is commonly justified by the over-
strength of most cross-sections, i.e. by strength values larger than those
strictly required by the design analysis. Such kind of overstrength is usu-
ally defined as the ratio of design internal actions of cross-sections to their
actual capacity. Design of steel frames is largely affected by overstrength
due to technological and commercial constraints which impose the use of a
limited set of cross-sections, while design of reinforced concrete structures
is less influenced by such parameter due to the use of multiple reinforc-
ing bars. Furthermore, whatever is the material of construction, the use in
design of multiple load combinations (increased vertical loads without hor-
izontal forces, reduced vertical loads with positive or negative horizontal
forces according to Eurocode 8) always provides the structure with an
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additional overstrength (Ghersi et al., 1999; Marino, 2000). In this respect,
it is shown below that the definition of a storey overstrength makes possi-
ble to evidence the effect of multiple load combinations.

If frames are characterised by global collapse mechanisms, as it hap-
pens if the strong column-weak beam capacity design criterion is satis-
fied, the value of the collapse multiplier Og of design seismic forces may
be calculated by means of the kinematic theorem of the limit analysis.
In moment resisting frames fulfilling the above-mentioned design criterion,
being known the collapse mechanism and the flexural strength of the sec-
tions where plastification is expected, the balance between the energy dis-
sipated by plastic hinges and the work produced by the horizontal design
forces due to rigid body displacements related to the assumed global mech-
anism leads to the following expression for the collapse multiplier of design
seismic forces:
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where M}, and M}, are the actual values of the flexural strength at
the two ends of the ith beam at the kth storey, M f il the actual flexural
strength at the bottom end of the jth column at the first storey, F;; design
seismic horizontal forces and 4; the height of the kth floor measured from
the base of the frame.

The denominator of Equation (1), which represents the overturning
moment M, ,, of seismic forces, may be obtained by imposing the rota-
tional equilibrium of the frame subjected to the design seismic forces and
to the corresponding internal forces as:
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where Mli;g and legg are the bending moments at the two ends of the ith
beam at the kth storey due to design seismic actions, M f }.01 the bending
moment at the bottom end of the jth column at the first storey due to
design seismic actions.

Consequently, by substituting Equation (2) in (1) the collapse multiplier
of the design seismic forces may be expressed as:
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It is important to point out that Equation (3) does not require the
knowledge of the seismic forces F .
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The collapse multiplier Og evaluates to what extent the resisting base
shear V,, sum of the shear forces of the first storey columns in the col-
lapse condition, is percentually higher than the design seismic base shear
V,; and, therefore, represents the global overstrength of the frame. Its value
is always larger than unity. It would be equal to one only if the flexural
strength of each cross-section was equal to the corresponding design bend-
ing moment produced by seismic actions. This is impossible because the
presence of vertical loads results both in amplifications and in reductions
of internal forces.

Furthermore, it is of interest to evaluate the overstrength of mem-
bers at different floor levels (storey overstrength), i.e. that of columns at
the first storey (level 0), that of beams at the first floor (level 1), that
of beams at the second floor (level 2) and so on. In this manner the
distribution of overstrength along the building height can be evaluated,
making straightforward the interpretation of the results of the subsequent
non-linear dynamic analyses.

To this purpose, the first step is the computation of the resisting base
shear V,, as the product of the collapse multiplier Og, given by Equation
(3), times the design base seismic shear force Vy, i.e.:
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Equation (4) expresses the shear force V, corresponding to the collapse as
the sum of the contributions V, ; provided by the elements of each level.
Therefore, contribution of first storey columns is given by:
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while that of the beams at the kth level is:
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Analogously to the above-mentioned global overstrength, the storey over-
strength Og for the kth floor level may be defined as the ratio of the
contribution V, ; provided by the elements of that level to V, to the con-
tribution V,; given by the same elements to the base shear force V; due to
design seismic forces, being null the influence of vertical loads.

In conclusion, the storey overstrength is expressed by means of the
following relationships for the columns at the first storey:
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It is to be expected that in the upper floors beam overstrength becomes
rather larger, since bending moments due to vertical loads are significantly
higher than those due to design seismic forces.

3. Structural models

In order to investigate the influence of the cross-section overstrength on
the inelastic behaviour of plan irregular structures subjected to seismic
actions, a regularly asymmetric multi-storey building is subjected to the
action of a set of thirty artificially generated accelerograms. The structural
response is normalised with respect to that of the corresponding torsion-
ally balanced system, so that results of both asymmetric and torsionally
balanced structures are directly comparable. Furthermore, such data are
analysed together with those related to the normalised response of the cor-
responding asymmetric single-storey system, in order to highlight differ-
ences between the response of both multi- and single-storey asymmetric
models.

The multi-storey model considered in this study (Figure 1) repre-
sents a six-storey asymmetric building characterised by one symmetry axis
(X-axis). The model is composed by rigid decks supported by steel frames
arranged along an orthogonal grid. The floor diaphragms present the same
geometry and the same distribution of mass at each level. In particular,
decks are rectangular in plan and have plan dimensions, denoted as B and
L in Figure 1, equal to 12.5 and 29.5m, respectively. Masses are consid-
ered lumped into the decks and equal to 187.3t at each floor. Their plan
distribution is characterised by a mass centre Cy; lying on the X-axis at a
distance of 0.15L from the geometrical centre Cg of the deck and by a
radius of gyration ry, about Cy equal to 9.2m. The structure consists of 12
frames, constituted of inextensible and massless elements, and considered
to provide stiffness and strength in their plane only. The vertical resisting
elements (four frames along the longitudinal direction and eight along the
transversal one) are symmetric with respect to the geometrical centre of the
deck and have stiffness matrices mutually proportional. The rigidity centres
of the different storeys Cr are therefore lined up on the vertical axis pass-
ing through Cg and, consequently, the structural eccentricity e is equal to
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Figure 1. Plan arrangement of the multi-storey building and schemes of transversal
and longitudinal frames.

0.15L at each floor. Therefore, the structure satisfies the hypotheses given
by Hejal and Chopra (1987) and is regularly asymmetric. The cross-sec-
tions of the elements of the frames are selected so that the uncoupled tor-
sional to lateral frequency ratio 2, has a unity value, representative of
many actual buildings. The uncoupled lateral periods T,; and Ty; are both
equal to 1.0s.

Analogously to the previously described multi-storey system, the reference
asymmetric single-storey system is composed of a rigid deck supported by
resisting elements arranged along an orthogonal grid. It has both the same
plan dimensions and distributions of mass and stiffness as the above-men-
tioned multi-storey system. The values of the total mass and lateral stiffness-
es along the X- and Y-axes have been determined from the conditions that
the uncoupled torsional to lateral frequency ratio be equal to unity and that
lateral periods T, and T, be equal to 1.0s, as in the reference multi-storey
building. The corresponding multi-storey and single-storey balanced systems
are both obtained starting from the asymmetric systems, shifting the mass
centres Cy to the rigidity centres Cg.
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Dynamic characteristics of both torsionally balanced building and asym-
metric building are given in Table I, where period, participating mass
(PM) and type of the first six modes, except the lateral modes along the
X-direction (which are not excited by the input ground motion acting along
the Y-direction), are reported. Five percent proportional damping has been
assumed for the first two modes reported in Table I for both systems.

4. Design of element strength

The strength of the resisting elements of the single-storey schemes (asym-
metric and torsionally balanced) has been fixed by taking into account the
effect of the seismic action only. Instead, for the multi-storey structures
both the effects of vertical loads and seismic actions have been consid-
ered. In order to fulfil the capacity design criterion, yielding is allowed at
the ends of the beams and at the bottom cross-sections of the first storey
columns only. The design bending moment of such cross-sections is deter-
mined as the maximum value corresponding to the two load conditions:

1. Vertical loads only. According to Eurocode 3 the design values of the
permanent and variable loads (ultimate limit state) are obtained increas-
ing the characteristic values by means of partial safety coefficients y,
and y, equal to 1.4 and 1.5, respectively.

2. Seismic forces and reduced vertical loads.

Design seismic forces are represented by means of horizontal static forces
having an inverted triangular distribution along the height of the building.
The seismic base shear is evaluated as the product of the structure total
mass by the spectral pseudo-acceleration related to the fundamental mode
of vibration of the corresponding balanced system. The pseudo-acceleration

Table I. Dynamic characteristics of the investigated buildings (lateral modes of
vibration along X-direction are not reported)

Torsionally balanced building Asymmetric building
Mode Type Period PM. (%) Mode Type Period PM. (%)
(s) (s)

1 Lateral 1.00 80.9 1 Coupled 1.27 31.0

2 Torsional 1.00 0.0 2 Coupled 0.79 49.9

3 Lateral 0.31 10.5 3 Coupled 0.39 4.0

4 Torsional  0.31 0.0 4 Coupled 0.24 6.5

5 Lateral 0.17 4.5 5 Coupled 0.21 1.7

6 Torsional 0.17 0.0 6 Coupled 0.13 0.9
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is obtained from the elastic spectrum proposed by Eurocode 8 for stiff soil,
characterised by a peak ground acceleration equal to 0.35 ¢ and reduced by a
behaviour factor g equal to 5. In the evaluation of the vertical loads assumed
in the second load combination it is supposed that only 20% of the variable
loads is present over the structure when the earthquake occurs.

The design of both single- and multi-storey asymmetric systems is car-
ried out in two different manners. In the first one, no torsional provi-
sion is imposed: consequently, seismic internal actions are evaluated by
applying the horizontal forces in the floor mass centres Cy. In the sec-
ond one, following a design strategy subscribed by some major seismic
codes, such as the Uniform Building Code (ICBO, 1997), with the pur-
pose of reducing ductility demands of asymmetric buildings up to those of
the corresponding torsionally balanced systems, no reduction of strength
is allowed with respect to that of the torsionally balanced structures (so
called no-reduction rule): therefore, seismic internal actions are evaluated
by means of two analyses in which the horizontal forces are applied at the
mass centres Cy of the decks and, subsequently, at the rigidity centres Cg.

4.1. PLAN-WISE DISTRIBUTION OF THE OVERSTRENGTH IN THE BALANCED
MULTI-STOREY SYSTEM

Although flexural strength of element cross-sections has been fixed equal to
the design bending moment, vertical resisting elements of the multi-storey
systems can resist seismic forces larger than those used in design. Indeed,
owing to the use of different design load combinations, each frame has global
and local overstrength. The value of these parameters depends on the impor-
tance of the internal actions due to design seismic forces with respect to
those due to design vertical loads. The overstrength increases as the effect of
the vertical loads becomes more significant: being the cross-section flexural
strength equal to the sum of the bending moments caused by vertical and
seismic forces, Equation (8) provides very large values when the effects of the
vertical loads is large and that of the seismic actions is small.

By applying Equations (7) and (8) to the multi-storey torsionally bal-
anced system, the storey overstrength Og; of the vertical resisting elements
acting along the Y-direction has been evaluated at each level. The obtained
values are represented in Figure 2: information about the plan-wise distri-
bution of the storey overstrength at kth level are described by the relevant
curve, while information about the distribution of the overstrength along
the height of the building is given by comparing the seven curves.

In the bottom cross-sections of the first storey columns, the design
vertical actions cause bending moments which are always slightly differ-
ent from zero. Consequently, their flexural strength M f“ is always close
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Figure 2. Plan-wise distribution of storey overstrength.

to the seismic bending moments Mfi(l) and, thus, their local overstrength,
analytically represented by means of the ratio of the two above-mentioned
bending moments, is substantially uniform and close to unity. For instance,
in the external frame Y1, the sum of seismic bending moments at the bot-
tom cross-section of the first story columns is 201.0 kNm, very close to the
sum of the corresponding bending capacities which is 204.0 kNm.

On the contrary, the design vertical loads and seismic actions induce
similar internal actions in the beams of the examined structure and, thus,
produce values of the local overstrength Oy, which are everywhere larger
than unity. The plan-wise distribution of the overstrength Oy is very var-
iable. In particular, Og; attains quite small values in the external (frames
Y1 and Y8) and central frames (frames Y4 and Y5), while larger values are
reached in the other frames, later on named intermediate frames (frames
Y2, Y3, Y6 and Y7). Such trend is remarkably evident with reference to
the top floor beams: indeed, for such elements the local overstrength is
about 1.8 in the central and external frames while ranges from 5.4 to 4.0
in the intermediate ones.

The uneven plan-wise distribution of the local overstrength of beams
may be explained by examining the plan distribution of both vertical loads
and frame stiffnesses. Due to the plan arrangement of frames (Figure 1),
the vertical load of the beams, calculated by means of the tributary area
concept, attains approximately the same values in the central and interme-
diate frames and about half the value in the external frames. The plan-wise
distribution of the lateral stiffness, instead, may be determined by consid-
ering that the stiffness matrix of the ith frame arranged along Y-direction
may be written as:

K, =k, K, i=12..,8 )

where K is a reference stiffness matrix and k,; a proportionality coeffi-
cient. The contribution of the frames to the stiffness of the building along
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Figure 3. Plan-wise distribution of the stiffness.

Y-direction is shown in Figure 3 by means of the ratio, calculated as
follows:

T ky,i .

kyi=—g——, i=1,2,....,8 (10)

2 n=1Ky.n

On the basis of such results it is evident why the overstrength of the inter-
mediate frames is much larger than that of the central frames (Figure 2).
Indeed, while the bending moments produced by the design vertical loads
are the same in both frames, the seismic internal actions caused by the seis-
mic forces are larger in the central frames, characterised by larger lateral
stiffness (Figure 3). For instance, in the central frame Y4, the sum of the
seismic bending moments at the end cross-sections of the sixth floor beams
and that of the corresponding bending capacities are 136.7 and 234.1 kNm
(234.1/136.7=1.71), respectively. However, the same parameters evaluated
for the intermediate frame Y3 (having the largest overstrength) are 34.8
and 189.8 kNm (189.8/34.9 =5.4), respectively. On the contrary, the over-
strength of the external frames is approximately equal to that of the central
frames, in spite of their smaller stiffness (about the 10% of the total stiff-
ness), because the design vertical loads of such frames are less than 50% of
those acting on the other frames.

The comparison of the local overstrength related to different storeys
points out that the parameter Og; increases along the height of the build-
ing: while no significant overstrength is present in the first storey columns,
the local overstrength reaches the maximum value of 1.8 in the beams of
the first floor and increases up to 5.0 at the top of the building. This trend
may be explained if we observe that in the upper floors the seismic internal
actions decrease, while no reduction is observed in the bending moments
caused by the vertical loads. Consequently, the effect of the vertical loads
becomes more important if compared to that of the seismic action, and
therefore the local overstrength reaches larger values.
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4.2. STRENGTH OF THE ASYMMETRIC SYSTEMS: TORSIONAL PROVISIONS NOT
APPLIED

If the seismic forces are applied at the mass centres of the asymmetric
systems (single- and multi-storey buildings), the resulting deck rotations
modify the seismic internal actions of the resisting elements with respect to
those of the corresponding torsionally balanced buildings. Such behaviour
is evident from Figure 4a where, with reference to both single- and multi-
storey systems, the plan-wise distribution of the normalised seismic moment
Mg is represented, i.e. the ratio of the seismic bending moment in the ele-
ments of the asymmetric system to that of the same elements in the cor-
responding torsionally balanced system. Along the plan dimension parallel
to the X-axis, the normalised seismic bending moments vary according to
a linear relationship and have the same values both in the single-storey sys-
tem and at each floor of the multi-storey building. With respect to the ref-
erence torsionally balanced building, the seismic bending moments increase
proportionally to the distance from the rigidity centres Cr in the elements
located on the flexible side of the building and decrease in those of the stiff
side. The maximum increase due to asymmetry, achieved in the outermost
element of the flexible side, is about 77% of the seismic bending moment of
the corresponding torsionally balanced system. Being the rigidity centres of
the analysed building located in the midpoints of the decks, the maximum
decrease coincides with the maximum increase.

If the design seismic bending moment of elements with no overstrength,
e.g. belonging to the single-storey system, is increased, an equal increase in
its flexural strength is obtained. But, when the same increase regards the
design seismic bending moment of elements having already overstrength,
e.g. elements of multi-storey buildings, the increase of the corresponding
flexural strength will be less relevant than that of the design seismic inter-
nal action. Definitely, being the flexural strength provided by the sum of
the seismic bending moment and that caused by the vertical loads, the
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Figure 4. Normalised design bending moments: seismic (a) and plastic (b) bending
moments (torsional provisions not applied).
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larger is the rate of the gravitational actions, the larger is the overstrength
and the smaller is the increase of the flexural bending moment. Obviously,
such considerations may be repeated when a decrease of the seismic bend-
ing moment is imposed.

As an example, one can look at the increases in the seismic bend-
ing moment and plastic moments due to asymmetry for the bottom
cross-section of the first story columns (elements with small overstrength)
and for the end cross-sections of the sixth floor beams (elements with large
overstrength) belonging to the external frame located on the flexible side of
the multi-storey systems (frame Y1).

For the first story columns, the sum of the seismic bending moments
of the bottom cross-section is 355.9 kNm for the asymmetric building and
201.0kNm for the torsionally balanced building. The increase due to asym-
metry is 77%. The sum of the plastic moments of the same cross-sections
is 358.8 and 204.0 kNm for the asymmetric and torsionally balanced build-
ings, respectively. The increase due to the asymmetry is 76%, very close to
that of the seismic bending moment.

For the sixth floor beams, the sum of seismic bending moments of the
end cross-sections is 97.8 kNm for the asymmetric building and 55.2kNm
for the torsionally balanced building. The increase due to asymmetry is
again 77%. However, the sum of the corresponding plastic moments is
142.7 and 101.3kNm for the asymmetric and torsionally balanced build-
ings, respectively. Therefore, the increase in bending capacity due to the
asymmetry is 41%, significantly smaller than that of the seismic bending
moment.

On the basis of such observations, the results shown in Figure 4b may
be explained. In this figure, the plan-wise distribution of the normalised
plastic moment M, ; of the beams at each floor and that of the bottom
cross-sections of the first storey columns is represented for both single- and
multi-storey asymmetric systems. The normalised plastic moment, defined
as the ratio of the plastic moment of the elements of the asymmetric sys-
tem to that of the same elements in the corresponding torsionally balanced
system, determines the increase or decrease of the flexural strength of the
elements because of asymmetry. The comparison between Figures 4a and
4b shows that the normalised plastic moment is everywhere equal to the
normalised seismic moment in the single-storey system because there is no
overstrength in the elements of such system. A quite different behaviour
is instead observed in multi-storey systems where the trend of normalised
plastic moment changes from one floor to the other. As the overstrength is
substantially absent in the bottom cross-sections of the first storey columns,
the increase, as well as the decrease, of the flexural strength of these ele-
ments almost matches the one observed in the single-storey system (Figure.
4b). In the beams, the variation of the plastic moment is no more linear
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along the X-axis and is always less relevant than that of the design seismic
moment, particularly in the elements characterised by large overstrength.
Apart from the central frames, in which the effect of the lateral-torsional
coupling is obviously small because of their proximity to the rigidity cen-
tres axis, the smaller increases of the plastic bending moments are noticed
in the beams of the intermediate frames located on the flexible side. In par-
ticular, at the sixth floor of such frames, in spite of the increase of the seis-
mic internal actions, the flexural strength of the beams of the torsionally
balanced and asymmetric structures is substantially the same.

4.3. STRENGTH DISTRIBUTION OF THE ASYMMETRIC SYSTEMS: NO-REDUCTION
RULE APPLIED

As it is well known, the torsional component of the response developed by
asymmetric structures in the occurrence of large inelastic deformations is less
relevant than that developed in the elastic range of behaviour. Because of
that, large ductility demands occur in the structural elements where, accord-
ing to the elastic behaviour of the same structure, a strength reduction is
allowed with respect to that of the corresponding torsionally balanced sys-
tem. In order to avoid such unwanted effects, the asymmetric systems have
been redesigned and a second analysis, in which the design seismic forces are
applied in the rigidity centres of the structure, is carried out.

The normalised design seismic bending moment, both in single- and
multi-storey asymmetric systems, still increases on the flexible side with the
same trend observed when torsional provisions are not used. Instead, it
is equal to one if referred to the elements on the stiff side of the struc-
ture (Figure. 5a). As a consequence, no decrease is allowed in the strength
of the resisting elements located on the stiff side of the structure (Figure.
5b). Furthermore, since the second structural analysis does not influence
the design seismic internal actions of the frames on the flexible side, the
strength provided to such elements is the same as the previous case.

@ pf ® M
s y Beams
Beams - all the floors 1* floor
T Columns - 1% storey by Columns - 1% storey
Single storey system Single storey system
1.0 1.0 \__ Beams
5™ floor|
] b Beams
6™ floor
0.0 0.0
-L/2 0 L2 -L12 0 L2

Figure 5. Normalised design bending moments: seismic (a) and plastic (b) bending
moments (no-reduction rule applied).
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5. Numerical analyses

Time-history analyses have been carried out for both asymmetric and tor-
sionally balanced systems by means of the DRAIN-BUILDING computer pro-
gram (Prakash er al., 1992). The inelastic response of such schemes has
been evaluated under artificially generated accelerograms acting along the
Y-direction. Each vertical resisting element has been idealised by means of
one-dimensional members. Beams are modelled by plastic hinge elements.
A very high strength is instead assigned to the cross-sections of the col-
umns, apart from the ones at the bottom of the first storey, where plas-
tic hinges can develop. Consequently, yielding is allowed at all ends of the
beams and at the bottom of the first storey columns only. Such a choice,
which implies the adoption of the capacity design criterion, also drastically
reduces the computational cost. The interaction between bending moment
and axial force in columns is neglected. Finally, a 5% viscous damping fac-
tor has been assumed in the analyses.

5.1. INPUT GROUND MOTIONS

Each system has been subjected to a set of 30 artificial accelerograms,
acting along Y-direction only and matching the elastic response spectrum
proposed by Eurocode 8 for stiff soil A and 5% damping factor. The
accelerograms, scaled to have a peak ground acceleration equal to 0.35g,
present a duration of the strong motion phase equal to 22.5s and a total
duration of 30s.

5.2. OUTPUT PARAMETERS

As a result of the inelastic analyses, the maximum values of plastic rota-
tions 0, at the end cross-sections are obtained. Hence, member ductility
demand D, which is defined as the ratio of maximum end rotation Gy, to
yield rotation 6y, is evaluated as:

D= Omax _ (11)

The yield rotation 6, at the end cross-section of the generic element has
been evaluated, with reference to a simply supported member having half
element length, as the elastic rotation resulting from the application to
the same end cross-section of a bending moment equal to yield moment.
Finally, normalised ductility demand d, defined as the ratio of the member
ductility demand D of the asymmetric system to that of the correspond-
ing member of the torsionally balanced system, has been calculated. Such
normalised parameter describes to what extent torsional response modifies
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inelastic behaviour of the system with respect to that of its symmetric
counterpart. In order to obtain an estimate meaningful from statistical
point of view, mean values d have been computed by averaging normalised
ductility demand d over the thirty considered records.

5.3. DUCTILITY DEMANDS FOR SYSTEMS NOT DESIGNED WITH TORSIONAL
PROVISIONS

Plan-wise distribution of mean values d has been evaluated at each level
of the multi-storey building (first storey columns, first floor beams, second
floor beams, etc.) and compared with that obtained for the single-storey
scheme (Figures. 6a and 6b).

Figure 6a shows that mean normalised ductility demand d. of columns
has the same trend for both single- and multi-storey systems. In particu-
lar, d. is smaller than unity for columns located at the flexible side and
remarkably larger than unity for columns located at the building stiff side.
Indeed, application of the seismic forces at the mass centres, eccentrically
located with respect to the rigidity centres, leads to an increase of the flex-
ural strength of the columns disposed on the flexible side with a reduction
in column ductility demands compared to those in the corresponding tor-
sionally balanced systems. On the contrary, strength decrease is obtained in
the stiff side elements, which give poor performance if they are well excited
into the inelastic range.

A different behaviour, in terms of beams ductility demand, can be
observed at each floor of the multi-storey structure (Figure. 6b). In the
lowest floors (from the first to the fourth), plan-wise distribution of mean
normalised ductility demand d;, has a similar trend, which slightly differs
from that of the single-storey counterpart. On the contrary, substantial
differences with respect to the results from the single-storey system have
been found for the upper floors (fifth and sixth). Indeed, in the multi-storey
system, the mean normalised ductility demand d;, of the stiff side beams

- o
@ d c ® db Beams Beams
1 T // 6" floor 1* flaor
2.0 2.0

) i ’ Beams
L Single storey 4 5" floor
system
1.0 1.0

4 /K_ Columns : 7,

1* storey e

0.0 0.0
-L12 0 L2 -L2 0 L2

Single storey
system

Figure 6. Mean normalised member ductility demands: (a) Columns; (b) Beams (tor-
sional provisions not applied).
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shows values larger than unity, but considerably smaller than those of the
single-storey counterpart. The same parameter exceeds unity for the flexible
side beams, contrary to results obtained from the single-storey model.

The above-described behaviour of the multi-storey asymmetric system
may be explained if the overstrength distribution is examined. In the bot-
tom cross-sections of the first storey columns, because of the lack of over-
strength, normalised ductility demand is close to that of the single-storey
system. In the fifth and sixth floor, application of lateral forces at the mass
centres induce a reduction in design actions for the stiff side beams; how-
ever, because of the high overstrength of such elements (due to vertical
loads), reductions in their flexural strength is not significant. As a conse-
quence, the poor performance characterising stiff side elements of the sin-
gle-storey scheme is not observed in the upper floors of the multi-storey
building. In the flexible side, instead, the presence of overstrength in the
beams of the upper floors does not allow the needed increase in strength
and, therefore, it induces large ductility demands in such elements, contrary
to predictions from the single-storey scheme. Finally, the significant — but
less important than that at the upper floors — overstrength of intermediate
floors explains their intermediate behaviour.

5.4. DUCTILITY DEMANDS FOR SYSTEMS DESIGNED WITH THE NO-REDUCTION
RULE

Torsional provisions are specified in all major seismic codes in order to
obtain ductility demands in plan-asymmetric systems similar to those in
their symmetric counterparts. Studies carried out on single-storey schemes
show that this goal is usually achieved for elements on the stiff side, by pre-
cluding any reduction of their design seismic actions with respect to the
values computed for the corresponding torsionally balanced systems (no-
reduction rule). Furthermore, elements at the flexible side are well protected
if a standard analysis is carried out by applying design seismic forces at
mass centres. If such torsional provision is considered, ductility demands of
asymmetric single-storey systems appear rather close to those of the corre-
sponding torsionally balanced systems (Figures. 7a and 7b).

Analogously, first storey columns of the multi-storey building benefit
from the no-reduction rule. The obtained strength distribution avoids large
values of ductility demand on the stiff side (Figure. 6a), reducing the nor-
malised parameter d. everywhere to values lower than unity (Figure. 7a).
Similar considerations may be repeated for the beams of the lowest floors,
while an unexpected behaviour characterises those of the upper floors.
Due to the application of the no-reduction rule, the normalised ductility
demand d, is close to unity on the stiff side but still larger than unity in
the elements of the flexible side (Figure. 7b).
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Figure 7. Mean normalised ductility demands: (a) Columns; (b) Beams (no-reduction
rule applied).

Results shown in Figures 7a and 7b confirm the importance of effects
of the overstrength on the inelastic seismic behaviour of the plan irregular
multi-storey buildings. Furthermore, such results demonstrate that over-
strength can undermine effectiveness of the no-reduction rule. It has been
shown that the introduction of the additional second design analysis (trans-
lational analysis due to the application of the no-reduction rule), which
avoids any strength reduction in the stiff side elements, reduces their ductil-
ity demands up to values close to those of the torsionally balanced systems.
However, it is unable to improve seismic performances of the beams of the
upper floors located on the flexible side of the structure, which experience
the largest ductility demands, contrary to the behaviour observed for sin-
gle-storey building models. Indeed, the poor behaviour exhibited by such
elements is not related to the second design translational analysis, but it is
due to the large overstrength due to vertical loads, which partially neutral-
izes the needed increase in strength in the beams located on the flexible side
of upper floors (Figure 5).

6. Conclusions

In this paper, the effects of overstrength, always present in real multi-storey
building structures, on the seismic behaviour of plan-irregular buildings
have been investigated. In particular, the inelastic seismic response of a
multi-storey asymmetric system, designed to sustain gravity loads and seis-
mic forces, has been evaluated and compared to that of the corresponding
single-storey scheme, in which no overstrength is present. The results show
that in the analysed multi-storey asymmetric system ductility demands may
become larger at unexpected locations because of overstrength. Namely, in
the upper floors of the analysed asymmetric building, where overstrength
reaches very large values, ductility demands attain the largest values on the
flexible side (it is about 50% larger than that observed in the correspond-
ing torsionally balanced system), while smaller values characterise the stiff
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side elements. This contradicts predictions generally derived from the cor-
responding single-storey system.

Such a phenomenon becomes less relevant in the lower part of the struc-
ture. In particular, the normalised ductility demand of first storey columns
of the multi-storey system, where overstrength is negligible, is close to that
characterising its single-storey counterpart.

It is also interesting to point out that, unless overstrength is properly
accounted for, torsional provisions derived from studies of single-storey
systems, aimed at limiting the normalised ductility demands to values close
to unity, may fail their goal in multi-storey buildings. Indeed, the analysis
of the multi-storey asymmetric system under examination has highlighted
that the use of the well known no-reduction design rule, introduced in seis-
mic codes to avoid large ductility demands in the elements on the stiff side,
does not lead to the expected improved behaviour because the largest val-
ues of plastic demands occur in the elements of the flexible side, contrary
to the behaviour observed for single-storey building models.

As a consequence, this investigation shows that designers should be aware
of the fact that code specifications subscribed by major seismic codes to
design plan-irregular asymmetric buildings are still in need of improvement,
as they are basically derived from studies on single-storey building models.
Therefore, plan-irregularity cannot be considered as a weakness that can be
dealt with highly reliable code specifications and it should be avoided as
much as it is possible until more comprehensive design rules are developed
from studies on seismic behaviour of multi-storey building models.

References

Chandler, A.M. and Duan, X.N. (1992) A modified static procedure for the design of tor-
sionally unbalanced multi-storey frame buildings. Earthquake Engineering and Structural
Dynamics 22, 447-462.

De la Llera J.C. and Chopra, A.K. (1996) Inelastic behavior of asymmetric multistory build-
ings. Journal of Structural Engineering 122, 597-606.

De Stefano, M., Faella, G. and Ramasco R. (1993) Inelastic response and design criteria of
plan-wise asymmetric systems. Earthquake Engineering and Structural Dynamics 22, 245—
259.

De Stefano, M., Faella, G. and Ramasco, R. (1998) Inelastic seismic response of one-way
plan-asymmetric systems under bi-directional ground motions. Earthquake Engineering
and Structural Dynamics 27, 363-376.

De Stefano, M. and Rutenberg, A. (1999) Seismic stability and the force reduction factor of
code-designed one-storey asymmetric structures. Earthquake Engineering and Structural
Dynamics 28, 785-803.

Duan, X.N. and Chandler, A.M. (1992) Inelastic seismic response of code-designed multi-
storey frame buildings with regular asymmetry. Earthquake Engineering and Structural
Dynamics 22, 431-445.

Ghersi, A. and Rossi, P.P. (1999) Formulation of design eccentricity to reduce ductility
demand in asymmetric buildings. Engineering Structures 22, 857-871.



42 MARIO DE STEFANO ET AL.

Ghersi, A., Marino, E.M. and Rossi, PP. (1999) From one-storey to multi-storey asymmetric
systems: conceptual differences and problems. In Karadogan, F. and Rutenberg, A. (eds.),
Proceedings of the 2nd European Workshop on the Seismic Behaviour of Asymmetric and
Set-back Structures, Istanbul, Turkey, 8-9 October, Vol. 2, pp. 195-207.

Goel, R.K. and Chopra, A.K. (1990) Inelastic seismic response of one-story, asymmetric-
plan systems. Report No. UBC/EERC-90/14, University of California at Berkeley, Berke-
ley, California, USA.

Hejal, H. and Chopra, A.K. (1987) Earthquake response of torsionally-coupled buildings.
Report No. UBC/EERC-87/20, University of California at Berkeley, Berkeley, California,
USA.

ICBO, International Conference of Building Officials (1997) Uniform Building Code, Whit-
tier, California.

Marino, E.M. (2000) Comportamento sismico e criteri di progettazione di edifici multipiano
irregolari in pianta. Ph. D. thesis, Faculty of Engineering, University of Catania, Italy
(in Italian).

Moghadam, A.S. and Tso, W.K (1996) Seismic response of regular asymmetrical RC ductile
frame buildings. In Ramasco, R. and Rutenberg, A. (eds.), Proceedings of the European
Workshop on the Seismic Behaviour of Asymmetric and Set-back Structures, Capri, Italy,
4-5 October, pp. 223-236.

Moghadam, A.S. and Tso, W.K. (2000) Extension of Eurocode 8 torsional provisions to
multi-storey buildings. Journal of Earthquake Engineering 4, 25-41.

Prakash, V., Powell, G.H. and Filippou F.C. (1992) DRAIN-BUILDING: program descrip-
tion and users guide. Report No. UCB/SEMM-92/31, University of California at Berke-
ley, Berkeley, California, USA.

Tso, W.K. and Zhu, T.J. (1992) Design of torsionally unbalanced structural systems based
on code provisions I: ductility demand. Earthquake Engineering and Structural Dynamics
21, 609-627.

Zhu, T.J. and Tso, W.K. (1992) Design of torsionally unbalanced structural systems based on
code provisions II: strength distribution. Earthquake Engineering and Structural Dynamics
21, 629-644.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


