
 
 

SEISMIC RESPONSE OF MONO AND BI-ECCENTRIC  

IN-PLAN IRREGULAR SYSTEMS 

 
Aurelio Ghersi1, Pier Paolo Rossi2 

 
 

ABSTRACT 
 

In the past mass and stiffness mono-eccentric models subjected to mono and bi-
directional ground motions have been analysed by the Authors with reference to a set of 
thirty accelerograms matching in mean the elastic response spectrum proposed by Euro-
code 8 for hard layer soil. A design procedure,  aiming at complying the requirements of 
a dual-level approach, has been proposed and applied at first to mass and stiffness ec-
centric models and then to generalised eccentric systems, having both mass and stiffness 
centre locations different from that of the geometrical centre. The occurrence of bi-
directional ground motions has been further considered as more realistic loading condi-
tion. In the present study the response of mass bi-eccentric systems subjected to mono 
and bi-directional ground motions is analysed at the aim of pointing out differences be-
tween behavioural characteristics of mono and bi-eccentric systems. Furthermore, a 
wide parametric analysis assists in defining the limits of validity of the design procedure 
proposed in the past by the Authors with reference to mono-eccentric systems.  

INTRODUCTION 

For a long time the seismic behaviour of asymmetric buildings has been analysed 
by means of idealised one-storey schemes. The adoption of such a model has provided 
researchers of a simplified tool by which qualitatively examine the aspects of the inelas-
tic behaviour of these systems but it has been recently questioned if these results may be 
considered representative of the inelastic response of multi-storey structures. The ongo-
ing research on multi-storey models has recently confirmed [8] the importance of these 
findings in the comprehension of the seismic behaviour of regularly asymmetric build-
ings designed according to the capacity design criterion. Such a result gives emphasis to 
past studies carried out on one-storey models and incites to further investigations in the 
awareness that observations and statements are no more representative of the inelastic 
response of one-storey systems but also indicative of the translational-torsional coupling 
of multi-storey buildings. 

In the past, as many other researchers [13], also the Authors have analysed the 
seismic behaviour of asymmetric-plan systems by means of one-storey models. Their 
attention has focused in particular on the influence of the design criteria on the response 
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of such structures. Static analysis has been found in some studies [7] less adequate than 
multi-modal analysis in limiting the ductility demands of asymmetric-plan systems; 
equally difficult has further resulted to be the correction necessary to match the elastic 
response. Conversely multi-modal analysis allows to correctly estimate the elastic re-
sponse to seismic actions without relevant effort. Nevertheless, as static analysis, it 
needs some improvement in the application if a limited damage level is desired in oc-
currence of strong ground motions [6] [7]. A design procedure, aiming at satisfying the 
requirements of the dual level philosophy, has been presented by the Authors [6] based 
on a double application of multi-modal analysis: the first time with reference to mass 
and stiffness nominal positions, the second time with the mass centre displaced towards 
the stiffness centre of a quantity named design eccentricity. The first application of the 
multi-modal analysis provides a correct evaluation of the elastic response in occurrence 
of low intensity earthquakes while the second one, by means of a proper formulation of 
the design eccentricity, reduces the damage level to the values of the corresponding bal-
anced systems. The proposed procedure has been firstly verified with reference to mass 
and stiffness mono-eccentric systems [6] then to generalised eccentric systems [11], 
characterised by the contemporary presence of both mass and stiffness eccentricity, sub-
jected to mono-directional accelerograms. An extensive parametric analysis has been 
carried out involving both torsionally flexible and rigid structures having low and high 
structural eccentricity.  

The attention given by some researchers [2] [3] to the occurrence of bi-directional 
seismic excitations has then influenced the following work on this topic. The parametric 
analysis is extended so as to show the effect of the secondary seismic component on the 
damage distribution and level in asymmetric-plan systems [5]. The results of the nu-
merical analyses point out that the application of the suggested design procedure in 
combination with the rule proposed by Eurocode 8 [4], which estimates the maximum 
value of each action effect on the structure by the square of the sum of the squared re-
sponses to each horizontal component, limit the ductility demands of both longitudinal 
and transversal resisting elements to the targeted values even for secondary seismic 
components having peak ground acceleration equal to 75% of that of the main compo-
nent. 

As proposed by some other authors [1] [9] the analysis of the response has been 
completed in terms of energy quantities and energy dissipation ductility demands. The 
study has shown for torsionally flexible and rigid systems with low or high structural 
eccentricity the distribution of the normalised energy ductility demands and the ade-
quacy of the proposed formulation to reduce the damaging effects due to the accumula-
tion of the hysteretic energy. Some other damage parameters (Park and Ang index, low 
cycle fatigue equivalent ductility index), depending implicitly or explicitly on the 
maximum and accumulated ductility demands have confirmed the good results obtained 
with reference to both displacement and hysteretic energy ductility [10]. 

The present paper analyses the influence of the design criteria on bi-eccentric one-
storey systems subjected to mono and bi-directional accelerograms. Are herein dis-
cussed the behavioural aspects characteristic of such models and the effectiveness of the 
proposed design procedure in decreasing the ductility level to that of the corresponding 
balanced systems. Is finally examined the importance of a specific design rule suggested 
by Eurocode 8 to define the strength of the resisting elements in systems subjected to 
two horizontal seismic components.  
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Figure 1. The numerical model 

 
 

NUMERICAL MODEL 

Asymmetric buildings have been schematised by means of an idealised one-storey 
model having one symmetry axis. The deck, rectangular in shape (29.50 × 12.50 m), is 
rigid in its plane and supported by resisting elements having in-plane stiffness and 
strength only. The resisting elements are characterised by an elastic perfectly plastic be-
haviour. The mass centre and its radius of gyration rm (0.312 L) are assigned independ-
ently of the size and the shape of the deck supposing that the mass (m = 1 t/m² in mean) 
can be non uniformly distributed in plan. The model has eight resisting elements in the 
principal direction and three resisting elements in the secondary direction (Fig. 1). An 
automatic procedure [6] allows to define structural systems having established torsional 
to lateral frequency ratios and fixed global torsional and lateral stiffness.  

A wide range of structural parameters has been considered in the numerical analy-
ses. In order to investigate both torsionally flexible and rigid structures with low and 
high structural eccentricity, the uncoupled lateral-torsional frequency ratio Ωθ has been 
varied from 0.6 to 1.4 while the structural eccentricity es, both in the longitudinal and 
transversal directions, has been considered ranging from 0 to 0.20 L. The uncoupled lat-
eral periods of vibration Tx and Ty have been assumed equal to 1 s while the ratio γx of 
the torsional stiffness due to the elements along the x-axis to the total torsional stiffness 
has been fixed to 0.2. Only mass eccentric systems have been analysed in this study be-
cause stiffness eccentric systems have shown in the past similar behaviour [11].  

GROUND MOTIONS 

In order to examine the seismic response of asymmetric systems to bi-directional 
accelerometric signals two uncorrelated sets of thirty accelerograms have been artifi-
cially generated [14] matching the elastic response spectrum proposed by Eurocode 8 
for hard layer soil (class A) and characterised by a 5% damping coefficient. The accel-
erograms are scaled to a peak ground acceleration equal to 0.35 g and enveloped by a 
trapezoidal intensity function characterised by a duration of the strong motion phase of 

 
 



22.5 s and by starting and ending parts of 3 and 5 seconds respectively. According to 
Eurocode 8, no value of the mean spectrum of each set of artificial accelerograms is 
more than 10% below the corresponding value of the code elastic response spectrum 
and the mean value of the maximum elastic responses of each set of artificial accelero-
grams in the constant acceleration region of the code elastic response spectrum is not 
smaller than the value of the spectral acceleration proposed by Eurocode 8 for the con-
stant acceleration region of the elastic response spectrum. 

DESIGN CRITERIA 

The strength of the resisting elements along x and y-direction has been firstly as-
signed by means of separate analyses and, in a second time, combining the effects of 
horizontal actions along x and y-axis according to the rule proposed by Eurocode 8 (de-
sign value of displacements or internal actions estimated as the sum of the squared re-
sponses to the two components, later on called as SRSS rule in short). 

The effect of each seismic component has been accounted in different ways: by 
means of a standard application of multi-modal analysis and according to the design ap-
proach proposed by Ghersi and Rossi [6]. This one involves a double application of the 
multi-modal analysis in which modal contributions are combined according the com-
plete quadratic combination rule; the first analysis is carried out with reference to the 
nominal locations of the mass and stiffness centres, while the second one it is performed 
with reference to the location of the mass centre displaced towards the stiffness centre 
of a quantity named design eccentricity; the envelope of the results of the two multi-
modal analyses defines the strength of the resisting elements. Two values of design ec-
centricity have been separately considered: a value equal to the structural eccentricity, 
which makes the second analysis to be a translational one (as suggested by Uniform 
Building Code); the value provided by the formulation proposed by Ghersi and Rossi 
[6] depending on structural and design parameters: 
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No accidental eccentricity has been taken into account both in the design and in the nu-
merical analyses.  
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Figure 2. Normalised design displacement of longitudinal elements in mono and bi-directional 
asymmetric systems. 
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 Legend: 
 Standard application of multi-modal analysis   ; esx=0  
 Standard application of multi-modal analysis ; SRSS rule ; esx=0.05 L 
 Standard application of multi-modal analysis ; SRSS rule ; esx=0.15 L 
 Multi-modal analysis + translation   ; esx=0  
 Multi-modal analysis + translation ; SRSS rule ; esx=0.05 L 
 Multi-modal analysis + translation ; SRSS rule ; esx=0.15 L 
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Figure 3. Normalised design displacement of transversal elements in mono and bi-directional 
asymmetric systems. 
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 Legend: 
 Standard application of multi-modal analysis ; no SRSS rule ; esx=0 
 Standard application of multi-modal analysis ; SRSS rule ; esx=0.05 L 
 Standard application of multi-modal analysis ; SRSS rule ; esx=0.15 L 
 Multi-modal analysis + translation ; no SRSS rule ; esx=0 
 Multi-modal analysis + translation ; SRSS rule ; esx=0.05 L 
 Multi-modal analysis + translation ; SRSS rule ; esx=0.15 L 
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STRENGTH DISTRIBUTIONS 

In Figures 2 and 3 are respectively shown the normalised design displacements of 
longitudinal and transversal elements of mono and bi-eccentric systems designed ac-
cording to different design rules and procedures. The values of strength obtained by 
means of  the standard application of the multi-modal analysis combined or not with the 
SRSS rule are compared with those resulting from the use of the proposed simplified 
procedure, characterised by a design eccentricity equal to the structural eccentricity.  

The application of the rule proposed by Eurocode 8 to estimate the effect of the 
contemporaneity of the two horizontal seismic components has obviously no effect on 
the strength of the longitudinal resisting elements if the structure presents no eccentric-
ity in the transversal direction i.e. esx=0. Differently, the application of such rule in sys-
tems with bi-eccentricity provides strength values in the longitudinal elements higher 
than those of mono-eccentric models (Fig. 2). The increase of strength for the longitudi-
nal elements generally appears in areas of the structure where, in the corresponding 
mono-eccentric systems, the ductility demands are higher i.e. at the flexible side or at 
the centre of torsionally flexible systems and at the stiff side of torsionally rigid struc-
tures. Such additional strength would be therefore adequately distributed in plan, so as 
to improve the inelastic behaviour of bi-eccentric systems, if the ductility demands dis-
tributions of such systems were qualitatively the same as the corresponding mono-
eccentric structures.  

In the transversal elements (Fig. 3) the design displacements at the edges are gen-
erally much lower than those of the longitudinal elements because the displacements 
induced in the first ones by a plan rotation are lower than those in the outermost resist-
ing elements along y-direction owing to the geometrical properties of the model. 

RESULTS 

For each accelerogram the values of the ductility demands have been normalised to 
those of the corresponding torsionally balanced system; for each resisting element the 
mean of the thirty maximum normalised values has been then assumed as parameter of 
analysis, selected so as to synthesise the seismic response of asymmetric one-storey 
models.  

In systems designed by the standard application of the multi-modal analysis, i.e. 
without design eccentricity (Fig. 4), the normalised ductility demands in longitudinal 
elements are often above unity, even in mono-eccentric systems subjected to mono-
directional accelerograms; such a result is remarked both by torsionally flexible and 
rigid asymmetric systems with low and high structural eccentricity. The presence of 
structural eccentricity in the transversal direction and the occurrence of bi-directional 
ground motions leads to even higher ductility demands. The inelastic response of 
asymmetric structures, generally more translation than the elastic one, underlines great 
damage levels in the elements of the system where the design displacements are re-
markably lower than those corresponding to a pure translation. For this reason the 
greatest normalised ductility demands raise at the flexible side of torsionally flexible 
systems (d=1.50) with low eccentricity, at the centre of systems with Ωθ=1.0 (d=1.40) 
or at the stiff side of torsionally rigid structures (d=2.0). Such values are much higher 
than those of the corresponding mono-eccentric systems. 
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Figure 4. Normalised ductility demands of longitudinal elements in mono and bi-directional 

asymmetric systems designed without design eccentricity. 
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 Legend: 
 no SRSS rule ; esx=0 ;  agx=0 
 no SRSS rule ;  esx=0.05 L ; agx=0.5 agy 
 no SRSS rule  ; esx=0.15 L ; agx=0.5 agy 
 SRSS rule ;  esx=0.05 L ; agx=0.5 agy 
 SRSS rule  ;  esx=0.15 L ; agx=0.5 agy 
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Figure 5. Normalised ductility demands of transversal elements in mono and bi-directional 

asymmetric systems designed without design eccentricity. 

Ωθ=1.4 
esy=0.15 L 

Ωθ=1.0 
esy=0.15 L 

Ωθ=0.6 
esy=0.15 L 

 
 
 
 
 

 Legend: 
 no SRSS rule ;  esx=0 ; agx=0 
 no SRSS rule ;  esx=0.05 L ; agx=0.5 agy 
 no SRSS rule ;  esx=0.15 L ; agx=0.5 agy 
 SRSS rule ;  esx=0.05 L ; agx=0.5 agy 
 SRSS rule ;  esx=0.15 L ; agx=0.5 agy 

Ωθ=1.4 
esy=0.05 L 

Ωθ=1.0 
esy=0.05 L 

Ωθ=0.6 
esy=0.05 L 

 
 



The damage distributions present approximately the same aspect as those of the 
corresponding mono-eccentric systems so that the additional strength due to the applica-
tion of the SRSS rule is expected to reduce the normalised ductility demands respect to 
the same schemes for which the afore-mentioned rule has been not applied. The effi-
ciency of the SRSS rule is indeed sometimes remarkable but not so strong to reduce the 
ductility demands of the asymmetric schemes to those of the corresponding torsionally 
balanced systems; e.g. the normalised ductility demand at the stiff side element of tor-
sionally rigid systems with high structural eccentricity (Ωθ=1.4; es=0.15 L) decreases 
from 2.0 to 1.6. 

The ductility demand of the transversal elements, shown in Figure 5, are always 
lower than unity because the damage parameter is normalised to that of the correspond-
ing symmetric model designed by the design peak ground acceleration (0.35 g), inde-
pendently of the value of the peak ground acceleration agx adopted in the numerical 
analyses. In torsionally rigid mono-eccentric systems designed without design eccen-
tricity, subjected to mono-directional seismic input, transversal elements do not gener-
ally experience an inelastic behaviour (a value of the normalised ductility demand equal 
to 0.20 can be approximately roughly considered as limit between the elastic and inelas-
tic behaviour if we consider the ductility demand equal to the behaviour factor q=5 ). 
Conversely in torsionally flexible structures characterised by moderate or high struc-
tural eccentricity the same elements are well into the inelastic range. Bi-eccentric sys-
tems subjected to bi-directional seismic input show a remarkable increasing of the duc-
tility demand of the transversal elements, greater in torsionally flexible systems than in 
torsionally rigid systems. The application of the SRSS rule slightly reduces the maxi-
mum values of the normalised ductility demand at the outer elements. 

As shown in Figure 6 the application of the design procedure proposed by Ghersi 
and Rossi [6] limits the normalised ductility demands of longitudinal elements of mono-
eccentric systems subjected to mono-directional ground motions to unity in both tor-
sionally flexible and rigid systems. The simplified approach, which adopts a design ec-
centricity equal to the structural eccentricity, leads globally to similar results. Neverthe-
less the normalised ductility demands are just slightly higher than unity at the flexible 
edge of torsionally flexible systems with low structural eccentricity. Quite good is in-
stead the inelastic response in systems characterised by an uncoupled lateral-torsional 
frequency ratio Ωθ equal to 1.0 and 1.4; even too much low seem to be the normalised 
ductility demands in torsionally rigid systems with low structural eccentricity.  

The presence of structural eccentricity in both longitudinal and transversal direc-
tions and the occurrence of bi-directional ground motions increase the normalised duc-
tility demands respect to those of mono-eccentric systems, even when the SRSS rule has 
been applied in the phase of design. The over-conservatism of the simplified procedure 
in torsionally rigid systems (Ωθ=1.4) prevents normalised ductility demands from over-
coming unity. Conversely, the procedure suggested by the Authors which propose for 
such structures a design eccentricity lower than the structural eccentricity highlights, for 
high values of both structural eccentricity esx and esy, values of the normalised ductility 
demand quite higher than unity. 
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Figure 6. Normalised ductility demands of longitudinal elements in mono and bi-directional 

asymmetric systems designed with design eccentricity. 

 Legend: 
 Proposed procedure [6] ;  no SRSS rule ;  esx=0 ; agx=0 
 Proposed procedure [6] ;  SRSS rule ;  esx=0.05 L ; agx=0.5 agy
 Proposed procedure [6] ;  SRSS rule ;  esx=0.15 L ; agx=0.5 agy 
 Multi-modal analysis + translation ;  no SRSS rule ;  esx=0 ; agx=0 
 Multi-modal analysis + translation ;  SRSS rule ;  esx=0.05 L ; agx=0.5 agy 
 Multi-modal analysis + translation ;  SRSS rule ;  esx=0.15 L ; agx=0.5 agy 
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Figure 7. Normalised ductility demands of transversal elements in mono and bi-directional 

asymmetric systems designed with design eccentricity. 

 Legend: 
 Proposed procedure [6] ;  SRSS rule ; esx=0.05 L ; agx=0.5 agy 
 Proposed procedure [6]  ;  SRSS rule ; esx=0.15 L ;  agx=0.5 agy 
 Multi-modal analysis + translation ;  no SRSS rule ; esx=0 ; agx=0 
 Multi-modal analysis + translation ;  SRSS rule ; esx=0.05 L ; agx=0.5 agy 
 Multi-modal analysis + translation ;  SRSS rule ; esx=0.15 L ; agx=0.5 agy 
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The influence of the design eccentricity on the inelastic behaviour of the transver-
sal elements is instead shown in Figure 7. The application of the design procedure pro-
posed by the Authors or that of the simplified approach, in which the design eccentricity 
is equal to the structural eccentricity, shows non remarkable effect in the normalised 
ductility demands of the transversal elements of mono-eccentric models subjected to 
mono-directional ground motions. The effectiveness of the design procedure seems not 
to be particular for such elements even in the case of bi-directional systems; the values 
of the ductility demands reach approximately those corresponding to the standard appli-
cation of the multi-modal analysis with the application of the SRSS rule.  

CONCLUSIONS 

In this paper the influence of different design procedures on the response of mono 
and bi-eccentric systems has been examined. All the selected design procedures are 
based on the application of the multi-modal analysis, with or without design eccentric-
ity. The rule proposed by Eurocode 8 to estimate the effect of the contemporary action 
of the two horizontal seismic components has been furthermore applied so as to evalu-
ate and quantify its effectiveness in reducing the ductility demands in occurrence of bi-
directional seismic input. The numerical analyses have lead to these principal observa-
tions: 
 
1. The standard application of the multi-modal analysis does not produce dramatic lev-

els of normalised ductility demands in mono-eccentric systems. The presence of 
structural eccentricity in both longitudinal and translational directions amplifies the 
ductility demands in both torsionally flexible and rigid systems.  

2. As reported in other papers [5] the SRSS design rule proposed by Eurocode 8 consti-
tutes an opportune design criterion to limit the ductility demand of transversal ele-
ments in occurrence of moderate or strong secondary components, particularly in 
torsionally flexible systems. Its action is indeed remarkable also in reducing the duc-
tility demands of the longitudinal elements in bi-eccentric systems. The normalised 
ductility demands are anyway not yet smaller than unity. 

3.  Proper design procedures based on the design eccentricity concept may improve 
such behaviour and provide limited (minor than unity) and more uniform values of 
the normalised ductility demand. The design procedure proposed by Ghersi and 
Rossi [6] or that simplified based on the application of a design eccentricity equal to 
the structural eccentricity constitute two valid alternatives. 

4.  Even if in mono-eccentric torsionally rigid systems (Ωθ≅1.2-1.4) the simplified pro-
cedure seems to be over-conservative in terms of ductility demands it gives good re-
sults in bi-eccentric systems. Conversely the formulation proposed by Ghersi and 
Rossi [6] which is based on the response of mono-eccentric systems subjected to 
mono-directional ground motions provides a correct response of mono-eccentric tor-
sionally rigid structures but shows some increase of ductility demand in bi-eccentric 
systems with high structural eccentricity in both longitudinal and transversal direc-
tions. For the same values of structural eccentricity the simplified procedure seems 
instead to give some increased ductility demands in torsionally flexible structures. 

 
 



REFERENCES 

[1] Chandler, A.M., Correnza, J.C., Hutchinson, G.L. (1996). “Seismic torsional 
provisions: influence on element energy dissipation”, Journal of Structural Engi-
neering, Vol. 122, n.5, 494-500. 

[2] De La Llera, J.C., Chopra, A.K. (1995). “Understanding the inelastic seismic be-
haviour of asymmetric-plan buildings”, Earthquake Engineering and Structural 
Dynamics, Vol. 24, 549-572. 

[3] De Stefano, M., Faella, G., Ramasco, R. (1998). “Inelastic seismic response of 
one-way plan-asymmetric systems under bi-directional ground motions”, Earth-
quake Engineering and Structural Dynamics, Vol. 27, 363-376. 

[4] Eurocode 8 (1994). Design provisions for earthquake resistance of structures, 
European Committee for Standardization, ENV 1998-1-1/2/3. 

[5] Ghersi, A. and Rossi, P. P. (1998). “Behaviour of in plan irregular buildings sub-
jected to bi-directional ground motions ”, Proc. of the Eleventh European Confer-
ence on Earthquake Engineering, Paris. 

[6] Ghersi, A. and Rossi, P. P. (1999). “Formulation of design eccentricity to reduce 
ductility demand in asymmetric buildings”, Engineering Structures (accepted). 

[7] Ghersi, A., Marino, E., Rossi, P.P. (1999). “Un confronto tra analisi statica e mo-
dale quali strumenti di progetto di edifici multipiano planimetricamente irregolari 
soggetti ad azioni sismiche”, Proc. IX National Conference “L’Ingegneria sismica 
in Italia”, Torino (Italy) – in printing. 

[8] Ghersi, A., Marino, E., Rossi, P.P. (2000). “Inelastic response of multistory 
asymmetric buildings”, Proc. 12th World Conference on Earthquake Engineering, 
Auckland (New Zealand) – in printing. 

[9] Goel, R.K. (1997). ”Seismic response of asymmetric systems: energy-based ap-
proach”, Journal of Structural Engineering, Vol. 123, n. 11, 1444-1453. 

[10] Mazzaglia, A. (1999). “Modellazione e analisi del danno in strutture asimmetriche 
in zona sismica”, Degree Thesis, Faculty of Engineering, Catania (Italy). 

[11] Rossi, P.P. (1998). “Comportamento sismico di edifici planimetricamente irregola-
ri”, Ph.D.Thesis in Structural Engineering, Faculty of Engineering, Catania (Italy). 

[12] Rossi, P.P. (2000). “Ductility and energy dissipation demands of asymmetric build-
ings”, Proc. 12th World Conference on Earthquake Engineering, Auckland (New 
Zealand) – in printing. 

[13] Rutenberg, A., Chandler, A.M., Duan, X.N., Correnza, J.C. (1995). “Non linear 
seismic response of asymmetric structures: bibliography”, National Building Re-
search Institute, Haifa. 

[14] SIMQKE (1976). “A program for artificial motion generation”, User’s manual and 
documentation, Department of Civil Engineering M.I.T., 1976. 

 
 


