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Abstract
Irregular reinforced concrete framed buildings are peculiar and their seismic response is 
difficult to predict using simplified approaches. The irregularity in structural configuration 
is characterized by cross-sectional area reduction of the columns along the height, in-ele-
vation and in-plan irregular distribution of the masses, complex floor geometry or floor 
geometry variation along the height. This study analyses the seismic response of several 
four-storey buildings with different types of irregularities, namely in-elevation floor height 
and floor geometry variation. Additionally, responses of both seismically designed and 
gravity load designed structures are compared for each geometry considered. A numerical 
model accounting for non-linear flexural and shear response of the structure is developed, 
aimed at conducting non-linear incremental dynamic analyses. The results are discussed in 
terms of inter-storey drift, floor acceleration profiles, fragility functions and floor response 
spectra. A significant influence of the irregularity on floor accelerations and displacements 
was observed, as well as on the spectral acceleration at collapse, mainly caused by mass 
and stiffness variation along the height. On the other hand, no significant influence was 
detected on failure modes.

Keywords  Irregular frames · Seismic performance · RC frames · Incremental dynamic 
analysis · Fragility curves
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Gc	� Shear modulus of the concrete
GM	� Ground motion
hc	� Column height
I	� Irregular structure
IDA	� Incremental dynamic analysis
IM	� Intensity measure (ground motion intensity)
IS	� Inter-storey
Kshear	� Elastic stiffness of the column
Ksoft	� Softening slope of the model for shear springs in columns
L	� Lateral setback
LS	� Life-safety performance Level
M	� Central setback
MDF	� Maximum drift factor
Mmax,i	� Maximum bending moment in the i-th column
Mmax,t	� Maximum bending moment computed among all columns
Mmin,t	� Minimum bending moment computed among all columns
MSF	� Maximum shear factor
N	� No setback
NLTH	� Non-linear time-history
PFA	� Peak floor acceleration
PGA	� Peak ground acceleration
PID	� Peak inter-storey drift
R	� Regular structure
RC	� Reinforced concrete
S	� Seismic designed structure
Sa,c	� Spectral acceleration at collapse
Sa,d(T1)	� Spectral acceleration at the first period obtained from the design spectrum
Sa,i(T1)	� Spectral acceleration at the first period computed as the SRSS of the X and Y 

components of the spectrum of the i-th ground motion
SRSS	� Square root of the sum of squares
T1	� Fundamental period of the structure
T1,sec	� Secant period
Tk	� Period of the k-th mode with participating mass higher than 5%
TNS	� Period of the non-structural element
Vn	� Peak shear strength of the column
w1, w2	� Two circular frequencies with higher participating mass ratio in a specific direc-

tion (either X or Y)
Z	� Damping ratio
αM	� Mass-proportional Rayleigh coefficient
βK	� Stiffness-proportional Rayleigh coefficient
βs	� Maximum tolerance allowed for ground motion selection
Γ1	� Fundamental modal participation factor
ρ1	� Fundamental modal participation mass ratio
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1  Introduction

Post-earthquake collapse of multi-storey reinforced concrete (RC) framed buildings can be 
often caused by structural irregularity, related to uneven mass and stiffness distribution, as 
well as complex geometry (Verderame et al. 2011; Manfredi et al. 2014; Zhao et al. 2009). 
Building codes and standards provide a classification of irregular structures (NTC 2018; 
ASCE/SEI 2010), based on several parameters, aiming to assess the suitability of tradi-
tional simplified methods for their seismic design. Irregular structures generally require 
more accurate analyses for the evaluation of their global seismic performance (Valmunds-
son and Nau 1997; Al Agha and Umamaheswari 2020) due, for example, to the greater 
influence of higher modes on the dynamic response (Sarkar et al. 2010).

In-plan eccentricity between stiffness and mass centre influences torsional modes, lead-
ing to local increase of internal forces in specific elements (Gokdemir et al. 2013; Pachla 
et al. 2019). Patil et al. (2017) investigated the dynamic response of multi-storey buildings 
with L-shaped and T-shaped floor geometry, observing uneven distributions of internal 
forces in the columns. Karabini et al. (2022) analysed the seismic damages of Π-shaped 
4-storey buildings with the combination of open ground floor morphology and strong 
perimetral beams at the first storey. Severe local shear damage was observed in the col-
umns of the ground floor. Favvata et  al. (2013) investigated the effects of different first 
floor irregularities on the seismic performances of RC framed structures, observing major 
reduction in global capacity compared to regular structures. In-elevation stiffness irregu-
larities, due to inter-storey height variation or cross-section reduction of columns along the 
height, generally cause irregular distribution of the lateral loads induced by earthquakes 
(Nezhad and Poursha 2015). Dya and Oretaa (2015) performed static pushover analyses to 
compare the damage distribution obtained in case of regular inter-storey to that resulting 
from the presence of a soft-storey at the first floor. The results showed that the damage to 
the regular buildings is more evenly distributed with respect to the irregular ones. Satheesh 
et al. (2020) evaluated the seismic response of buildings with a combination of in-plan and 
in-elevation stiffness irregularities. The obtained results led to the calibration of an irregu-
larity coefficient to be used in simplified approaches for computing the fundamental period 
and the base shear in case of irregularities. Buildings with regular geometry and stiffness 
distribution can feature irregularities caused by the strength variation of columns, lead-
ing to major modification of the post-elastic dynamic behaviour (De Stefano et al. 2013). 
Moreover, the presence and distribution of infill walls can cause significant in-plan or in-
elevation irregularities (Rooshenas 2020; Kong et al. 2022). 

Upper floor setbacks represent a significant in-elevation stiffness reduction and highly 
affect the dynamic behaviour of a building (Wood 1992; Bohlouli and Poursha 2016). 
Additionally, setbacks can affect both in-elevation regularity and in-plan eccentricity 
between the stiffness and mass centre. For this reason, several studies have been conducted 
on RC framed buildings with setbacks, and the results showed higher top displacements 
and discontinuity of internal forces along the elevation compared to regular buildings. 
Bohlouli and Poursha (2016) analysed different types of irregular structures, observing a 
significant influence of the location and type of setbacks on global seismic response. The 
study conducted by Athanassiadou (2008) showed lower ductility in structures with set-
backs compared to in-elevation regular structures, although higher lateral strength was 
observed in the former case. Mehta and Chey (2023) performed seismic analyses in order 
to assess the dynamic behaviour of three 8-storey frame models, with either in-plan or in-
elevation geometric irregularities. The outcome of the study showed high influence of the 
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irregularities on displacements due to seismic action. Jiang et al. (2020) performed non-
linear time-history analyses on structures with vertical setbacks and with varying lateral 
stiffness along the height. Higher influence on the seismic behaviour  of the in-elevation 
position compared to the in-plan position of the setback was observed. Such aspect evi-
dences the lack of knowledge when dealing with buildings with combined irregularities, 
which more likely reproduce real buildings.

A comprehensive study was provided by Siva Naveen et al. (2019) on several buildings 
with combined irregularities. In-elevation and in-plan mass, stiffness and geometric irregu-
larities have been assumed aiming to compare the seismic response of regular and irregular 
structures. The results showed that in-elevation stiffness irregularity mostly influences the 
seismic performance of buildings in terms of inter-storey drift.

Simplified static analyses hardly result in reliable methods for irregular buildings, since 
uneven mass and stiffness distributions generally lead to greater influence of higher modes 
and/or a different response along the two principal horizontal directions (Kreslin and Faj-
far 2010). On the other hand, mostly  used linear dynamic approaches, such as response 
spectrum or time-history analyses, might misinterpret the internal forces distribution 
in the lateral load resisting system in the post-elastic range, leading to overestimation of 
the global ductility. Consequently, response spectrum analyses employing the so-called 
structural behaviour factors (EN 2005) can lead to unreliable results. The greater influ-
ence of higher modes in irregular structures also leads to difficulties in employing Pusho-
ver analyses, because of the complex interaction between vibrational modes. Multi-modal 
procedures (Manoukas 2018) adopted in Pushover analyses are, indeed, generally based 
on assumptions which may lead to unrealistic results in case of non-linear response of the 
structural system. Additionally, the influence of the earthquake properties (e.g. duration, 
frequency content, etc.) on cyclic damage of the structure are neglected in static analyses 
(Pachla et al. 2019; Oyguc et al. 2018). In some cases, the Pushover analysis of irregular 
frames was found to overestimate the seismic demand compared to non-linear time-history 
(NLTH), leading to possible increase of construction costs (Koçak et al. 2015). Cimellaro 
et al. 2014 compared Pushover to NLTH results on irregular frames with upper floor set-
backs and in-plan irregularities. The results showed a high overestimation of inter-storey 
drifts in case of Pushover analysis compared to NLTH.

Consequently, non-linear dynamic procedures are often the only option for the analysis 
of RC framed buildings with highly irregular mass and stiffness distribution. Recent stud-
ies adopted such advanced analysis methods for computing fragility functions of case study 
irregular frames (AL-saedi et al. 2024). It is worth mentioning that structural irregularities 
are peculiar and significantly vary, depending on specific architectural requirements. Fur-
thermore, simplified models for numerical analyses should include ad-hoc approaches to 
obtain a reliable simulation of the structural response (Blasone et al. 2022). In (Moon et al. 
2018), fragility curves of RC frame structures with different degrees of plan irregularity 
were computed through an innovative computational framework, integrating structural and 
reliability analysis, with the aim of reducing computational efforts.

Non-linear dynamic approaches were also adopted in the literature to compute floor 
response spectra (FRS). In (Landge and Ingle 2021), 2D frames with in-elevation mass 
or stiffness irregularities were analysed to assess the influence of irregularity on FRS. In 
(Landge and Ingle 2022), the effect of in-plan mass eccentricity on FRS was investigated 
through both non-linear and linear TH analyses.

The outcome of literature studies discussed herein evidenced the need of further inves-
tigation on the seismic behaviour of irregular buildings. Particularly, the analysis of the 
effect of both in-plan and in-elevation irregularity, as well as of the design type on fragility 
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functions and on floor spectra may represent a further contribution to the existing litera-
ture. Lastly, the topic of irregular buildings is often investigated from a global standpoint, 
neglecting the effect of local failure modes on the earthquake load distribution among the 
resisting system. Particularly, the uneven distribution of loads in irregular frames could 
increase shear demand on single columns, leading to shear failure in case of gravity load 
designed frames. This fashion can cause a significantly different post-elastic behaviour 
comparing the response of gravity load designed to seismically designed frames, since 
flexural failure of columns is obtained in the second case (Palanci et al. 2016; Blasi et al. 
2023).

To this regard, the main scope of this work is assessing the influence of different types 
of upper floor setbacks on the seismic behaviour of RC framed structures, focusing on the 
seismic fragility and the non-linear seismic demand on non-structural components. The 
effect of floor stiffness variation on the results is also analysed by comparing the response 
in case of constant and variable inter-storey height. Moreover, both gravity load designed 
and seismically designed frames performances are compared. To this scope, advanced 
non-linear models able to simulate both flexural and shear failure of the frame elements 
were developed in OpenSees (McKenna et al. 2000). Incremental dynamic analyses (IDA) 
(Vamvatsikos and Cornell 2001) were carried out, employing spectrum compatible ground 
motions specifically selected by adopting a single-period oriented spectral compatibility 
approach (Kayhan et  al. 2022). The IDA results allowed computing fragility functions, 
expressing the probability of collapse of each frame depending on the seismic intensity 
measure. The seismic response of irregular buildings is compared to that of a benchmark 
regular building, to analyse the influence of the considered irregularities on peak floor 
accelerations and peak inter-storey drifts. Lastly, floor spectra were computed based on 
the outcome of NLTH analyses, aiming to compare the numerical results to those resulting 
from the analytical formulation provided by the Italian building design code (NTC 2018).

2 � Description of the case study frames

In order to analyse the effect of setbacks and floor stiffness irregularity on the seismic per-
formance of RC framed buildings, two sets of RC structures were analysed in this study. In 
both sets, a regular four-storey four-bays building with inter-storey height and bay length 
equal to 3.0 m and 4.0 m, respectively, was preliminarily designed as the benchmark for 
defining the configuration of the irregular buildings. The mechanical properties of materi-
als were assumed based on usual configurations of RC framed buildings in Mediterranean 
regions (Del Gaudio et al. 2015). Particularly, the compressive strength of concrete, fc, and 
the yielding strength of steel rebars, fys, were equal to 25 MPa and 450 MPa, respectively. 
The first set of frames is representative of gravity load designed frames. The cross-sec-
tional area of columns was computed based on the tributary area of the slab, assuming 
dead and live loads equal to 7.46 kN/m2 and to 2.0 kN/m2, respectively. The longitudinal 
reinforcement was defined according to Italian building design code (NTC 2018). In the 
case of beams, the cross-section and the longitudinal and transverse reinforcement were 
defined by adopting a continuous beam model for the evaluation of the internal forces.

The second set was aimed at reproducing seismically designed buildings, by adopting 
Italian building design code provisions (NTC 2018) for the definition of the geometry and 
the reinforcement details of beams and columns. An equivalent static analysis was per-
formed to compute internal forces in beams and columns due to seismic action. The design 
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spectrum assumed was referred to a soil type A in the area of Benevento (Italy), for a return 
period of 475 years. The longitudinal and shear reinforcement in beams and columns were 
defined according to the capacity design method.

The cross-sectional area and the reinforcement details of columns and beams are illus-
trated in Fig. 1, with further details in Table 1, referring to all floor levels. Identical val-
ues of cross-sectional areas of beams and columns were obtained comparing gravity load 
to seismically designed buildings. A constant cross-section of the columns was assumed 
along the height of the buildings, to neglect the influence of such parameter on the results.

Eight configurations for each set were defined, including different types of irregularity 
to the benchmark regular frame configuration. Firstly, three different upper floor setbacks 
were introduced, namely a central setback, a lateral setback and a corner setback at the 
last two floors. Additionally, the presence of a higher inter-storey (IS) height (4.0 m) was 
assumed at the first two floors. As the result of the combination of the irregularities, eight 
configurations were obtained for each of the two sets (gravity load designed and seismi-
cally designed frames).

The details of the case study frames and their 3D and 2D illustration are provided in 
Table  2, Figs.  2, 3, respectively. An ID is associated to each frame, where the symbols 
from left to right refer to the design type (G = gravity load design, S = seismic design), the 

Fig. 1   Cross-sectional and reinforcement details of the structural elements of the case study frames

Table 1   Cross-sectional area 
dimensions and reinforcement 
details of structural elements in 
the analysed frames

Gravity load 
designed frames

Seismically 
designed frames

Columns Beams Columns Beams

B (mm) 400 400 400 400
H (mm) 400 500 400 500
n. of long. rebars 8 4 + 4 16 5 + 5
Long. Bars diameter (mm) 12 14 14 14
Reinforcement ratio (%) 0.57 0.31 1.54 0.38
Stirrups diameter 8 8 8 8
Stirrups spacing 140 100 80 50



5237Bulletin of Earthquake Engineering (2024) 22:5231–5257	

1 3

presence of the IS height irregularity (R = regular, I = irregular) and the setback location 
(N = None, M = Central, L = Lateral, C = Corner), respectively.

It is worth mentioning that specific design requirements (NTC 2018) were adopted 
for irregular seismically designed frames. Firstly, a reduced behaviour factor (4.68) was 
assumed compared to S_RN (5.85). Additionally, the effects of torsional modes were con-
sidered through an amplification factor for lateral forces on the external columns (please 
refer to NTC (2018) for further details). However, the same geometry and reinforcement 

Table 2   Description of the case study frames

Frame ID Design type IS height 
irregular-
ity

Setback loca-
tion

Frame ID Design type IS height 
irregular-
ity

Setback 
location

G_RN Gravity No None S_RN Seismic No None
G_RM Gravity No Central S_RM Seismic No Central
G_RL Gravity No Lateral S_RL Seismic No Lateral
G_RC Gravity No Corner S_RC Seismic No Corner
G_IN Gravity Yes None S_IN Seismic Yes None
G_IM Gravity Yes Central S_IM Seismic Yes Central
G_IL Gravity Yes Lateral S_IL Seismic Yes Lateral
G_IC Gravity Yes Corner S_IC Seismic Yes Corner

Fig. 2   3D view of the case study frames for the case of regular inter-storey height
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details obtained for S_RN resulted from the simulated design of the whole set of seismi-
cally designed frames, regardless of the irregularities.

Lastly, the modal properties of the case study frames are provided in Table 3. Particu-
larly, the fundamental period T1, the modal participation factor Γ1 and the modal participa-
tion mass ratio ρ1, for the fundamental vibrational mode, were computed for each structure.

The presence of setbacks reduces the fundamental period of the structures because of 
the lower mass with respect to structures without setbacks, both in case of regular and 
irregular IS height. On the other hand, the IS height irregularity increases the fundamental 
period, due to the higher flexibility of lower floors. Referring to modal participating mass 

Fig. 3   2D view of the case study frames
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ratio, lower influence of the presence of setbacks is detected for structures with irregular IS 
height. For such structures, a higher value of ρ1 was obtained compared to regular struc-
tures. In fact, the floor mass is shifted to upper levels, leading to a global behaviour closer 
to that of a cantilever system.

3 � Description of the modelling approach

The case study frames were modelled in OpenSees (McKenna et al. 2000), using a smeared 
and lumped plasticity hybrid approach to simulate the non-linear response of beams and 
columns. Particularly, fiber-based nonlinear beam elements at the ends of the columns were 
used to model flexural response, with length equal to 550 mm according to NTC (2018). 
Furthermore, lumped shear springs were included to simulate brittle shear failure (Fig. 4). 
Referring to the beams, only non-linear flexural response was simulated, by employing 
fiber-based nonlinear beam elements. In fiber-section used for non-linear beam elements, 

Table 3   Modal properties of the case study frames

Frame ID T1 (s) Γ1 ρ1 [%] Frame ID T1 (s) Γ1 ρ1 [%]

G_RN 0.51 1.29 83.38 S_RN 0.49 1.29 83.27
G_RM 0.37 − 1.74 74.44 S_RM 0.36 − 1.74 74.25
G_RL 0.38 − 1.74 72.57 S_RL 0.36 − 1.74 72.38
G_RC 0.38 − 1.74 72.72 S_RC 0.36 − 1.74 72.53
G_IN 0.70 1.22 88.55 S_IN 0.66 1.22 88.48
G_IM 0.52 − 1.49 85.01 S_IM 0.49 − 1.49 84.91
G_IL 0.52 − 1.51 83.91 S_IL 0.49 − 1.51 83.80
G_IC 0.52 − 1.51 84.00 S_IC 0.49 − 1.51 83.88

Fig. 4   Numerical model used for the RC frame
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Concrete02 and Hysteretic uniaxial materials were employed for concrete and steel, respec-
tively, according to several modelling approaches from the literature (Blasi et  al. 2022; 
Di Trapani et al. 2021; Jeon et al. 2015). Shear springs in columns featured rigid-softening 
behaviour, with peak shear strength Vn, computed according to the variable strut inclina-
tion truss model (Fardis 2009). The softening slope was equal to Ksoft = 0.8·Kshear, where 
Kshear = Gc·Ac/hc, Gc and Ac are the shear modulus of the concrete and the cross-sectional 
area of the column. The adopted modelling approach allowed discerning the seismic behav-
iour of gravity load and seismically designed structures depending on the shear and flex-
ural response of columns and on the flexural response of beams, while non-linear response 
of beam-column joints was neglected.

Damping was defined through classical Rayleigh method (Strut 1877). Mass-propor-
tional and stiffness-proportional coefficients (αM and βK, respectively) were computed as:

In Eqs. (1) and (2), �1 and �2 are the two circular frequencies with higher participating 
mass ratio in a specific direction (either X or Y), expressed in rad/s, while � is the damp-
ing ratio, assumed equal to 0.05 for all the frames. The presence of in-plane rigid slab was 
assumed for all the considered case study frames. This feature was modelled by employ-
ing a rigid diaphragm multi-point constraint at all floor levels, aiming to reduce computa-
tional time. A uniform distribution of the infill walls along the height and for all the spans 
was considered for both structures. Their presence was only accounted in terms of masses 
and gravity loads, neglecting their influence on lateral stiffness and strength. However, the 
assumption of uniform distribution does not significantly affect regularity of the consid-
ered structures. Hence, the statements provided in the following, regarding the comparison 
between regular and irregular structure performances, are still suitable when considering 
infills. Additionally, soil-structure interaction was neglected assuming fixed restraints at 
base nodes.

4 � Nonlinear dynamic analyses of the frames

4.1 � Ground motion selection

A set of ten spectrum-compatible conditional ground motion pairs (X and Y components) 
was selected for each building analysed, according to a single-period oriented spectral 
compatibility approach (Kayhan et al. 2022; Kohrangi et al. 2020). Firstly, the design spec-
trum parameters were set by assuming a return period of 475 years and a soil type A in 
the area of Benevento (Italy). The resulting peak ground acceleration (PGA) was equal to 
0.22 g. This assumption led to defining a life-safety performance level according to Italian 
seismic design code NTC (2018). Subsequently, a total of 500 scaled spectrum compatible 
ground motion pairs were selected from the European strong-motion database (Ambraseys 
et  al. 2004) using REXEL (Iervolino et  al. 2010). Upper and lower deviation tolerances 
of matching between the average and the design spectrum were assumed equal to 30% 

(1)�M =
2 ⋅ �

(
�1 ⋅ �2

)

�1 + �2

(2)�K =
2 ⋅ �

�1 + �2
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and 10%, respectively, in a period range between 0.17 and 0.70 s. Such range includes the 
periods of each significant vibration mode of all considered structures, according to NTC 
(2018). Lastly, ten conditional ground motion pairs were selected for each frame, assuming 
the first period of the frame T1 as the conditional period, as also suggested in Baker (2011). 
The selection was conducted according to the following criterion:

where Sa,d(T1) and Sa,i(T1) are the spectral acceleration at the first period of the frame 
obtained from the design spectrum and that computed as the square root of the sum of 
squares (SRSS) of the X and Y components of the spectrum of the i-th ground motion, 
respectively.

Moreover, a period range-oriented (Tmin – Tmax) spectral compatibility was set for each 
spectrum, adopting the formulation:

where Tk is the period of the k-th mode with participating mass higher than 5% and T1,sec 
is the secant period of the frame. The value of T1,sec was computed assuming the secant 
stiffness of the frame being equal to half of the elastic stiffness. It is worth mentioning that 
the period range defined for spectrum compatibility leads to very close results compared to 
EC8 provisions.

The maximum tolerance allowed for ground motion selection, βs, was defined by the 
reverse approach, namely setting the lowest value for which the selection procedure led to 
obtain ten records. The conditional spectra selected for the gravity load designed frames 
are provided in Fig. 5, along with the design spectrum, the mean spectrum and the varia-
tion range of the spectral acceleration values.

The IDA (Vamvatsikos and Cornell 2001) was conducted by considering as the input 
both the X and Y components of each ground motion selected, with the amplitudes scaled 
up to structural collapse. This approach allowed obtaining IDA curves reporting the ground 
motion intensity IM versus the damage level index DI. In order to assess the collapse mech-
anism of each structure, the value of DI was computed based on the maximum drift factor 
(MDF) and the maximum shear factor (MSF) (Blasi et al. 2023). MDF is the highest value 
among all the columns of the ratio of the maximum drift obtained from the analysis to the 
ultimate drift. The ultimate drift corresponded to the achievement of either the ultimate 
compression or tension strain in concrete and steel, respectively. For concrete, the ultimate 
strain was computed considering the effect of confinement, according to NTC (2018). The 
Load-Drift response of the columns with the highest and the lowest axial load in case of 
both regular and irregular inter-storey height are provided in Fig. 6.

The MSF is the highest value among all the columns of the ratio of the maximum shear 
resulting from the analysis to the shear strength. The shear strength of all considered col-
umns was related to stirrups tensile failure mode. Hence, two different values of Vn were 
obtained, equal to 191 kN and 382 kN, for gravity load and seismically designed columns, 
respectively. The adopted approach for defining IDA curves allowed to assess whether flex-
ural (MDF = 1.0) or shear (MSF = 1.0) collapse was obtained.

The IDA (Vamvatsikos and Cornell 2001) allowed computing fragility functions for 
each structure analysed, expressing the probability of collapse as function of the ground 
motion Intensity Measure (IM). Different parameters can be used to represent ground 

(3)Sa,d
(
T1
)
≅ Sa,i

(
T1
)

(4)
||Sa,d(T) − Sa,i(T)

|
|

Sa,d(T)
< 𝛽SforTk < T < T1,sec
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Fig. 5   Conditional spectra of the selected accelerograms for a G_RN, b G_RM, c G_RL, d G_RC, e G_IN, 
f G_IM, g G_IL, h G_IC
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motion intensity, such as peak ground acceleration (PGA), velocity (PGV) and displace-
ment (PGD), as well as inter-storey drift or elastic and inelastic spectral acceleration or 
displacement (Del Gaudio et al. 2017, 2019). In this study, the values of Sa(T1) obtained at 
collapse (Sa,c) for each ground motion are used as IM parameters.

The IM at collapse was computed for each ground motion considered, allowing a 
regression of the Sa,c data through lognormal cumulative distribution function CDF(X), 
illustrated in Eq. (5). The parameters defining the function shape can be estimated through 
different approaches, such as Least Squares Estimation (LSE) and Maximum Likelihood 
Estimation (MLE).

Herein, MLE approach was adopted. Hence, Sa,c,m is the logarithmic mean of the ten Sa,c 
values obtained for each structure and σ is the logarithmic standard deviation (Rota et al. 
2008).

Alternative approaches to IDA are available in the literature to compute fragility func-
tions, such as Multiple Stripe Analysis (Mackie and Stojadinovic 2005; Bhasker and 
Menon 2020). Such strategy consists in selecting unscaled ground motions sets representa-
tive of a specific site for each IM. Consequently, a more realistic simulation of the site’s 
seismic hazard is obtained compared to IDA, because the accelerograms real amplitudes 
are not scaled. However, this study is addressed at assessing the influence of the irregu-
larities on the seismic response of the considered structures regardless of the reference site 
and the site parameters are only considered for the simulated design. Hence, IDA strategy 
remains a valid approach for the pursued objective.

In the fragility functions obtained herein, the value of σ only accounts for record-to-
record variability uncertainties, related to the different seismic inputs considered for each 
structure. Additional uncertainties should be considered when computing fragility func-
tions, such as total system collapse uncertainty, design requirements-related collapse 
uncertainty, test and modelling related collapse uncertainties (FEMA 2009). However, 
investigating such aspects is outside the scope of the present work, because the consid-
ered structures were defined through simulated design. Hence, the mentioned uncertainties 

(5)CDF(X) =

X

∫
0

1

x
√
2��

e
−
(ln �−Sa,c,m)

2

2�2 dx

Fig. 6   Load-Drift response of 
columns with the highest and the 
lowest axial load in case of both 
regular and irregular inter-storey 
height
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would be considered in the post-processing stage, by directly modifying the value of σ 
depending on the quality rating of each uncertainty. This would affect all fragility curves 
obtained in the same way, since the same quality rating must be assumed for all consid-
ered structures. For this reason, uncertainties other than record-to-record variability were 
neglected in the present paper.

4.2 � Incremental dynamic analysis results

Examples of the IDA curves are provided in Fig. 7a, b, which show the results obtained for 
G_RN and G_IC, respectively. Similar results were obtained for all the analysed structures 
in terms of IDA curve shape and dispersion. In all considered cases, DI corresponds to the 
MDF, meaning that ductile collapse mechanisms were obtained for all the structures. No 
significant difference is observed comparing G_RN to G_IC, since similar spectral accel-
eration at collapse, Sa,c, and data dispersion were obtained. Moreover, similar curve shapes 
were obtained. However, significant dispersion of the results is detected in both cases, due 
to record-to-record variability.

In Table 4, the IDs of the columns affected by the first failure for each structure and for 
each ground motion considered are listed. In the n-m ID associated to each column, m and 
n are the floor number and the column number, respectively (see Fig. 3). It is worth saying 
that flexural failures, characterized by concrete crushing, were obtained in all the consid-
ered cases.

In Fig. 8, a colour map of the first floor of each structure is depicted, showing the aver-
age value of the ratio between the maximum bending moment in each column (Mmax,i) and 
the maximum value among all columns (Mmax,t) obtained from the analysis. As expected, a 
more uniform distribution of the seismic demand in structures with no setbacks is clearly 
observed. Defining Mmin,t as the minimum bending moment value among all columns, the 
value of Mmin,t/Mmax,t ranges between 0.36 and 0.50 and between 0.61 and 0.70 in presence 
and in absence of setbacks, respectively.

Figure 9 shows the fragility curves obtained for gravity load designed structures. In 
case of regular IS height (Fig. 9a), similar values of the median Sa,c are obtained com-
paring the regular structures to those with setbacks. On the one hand, the presence of 
irregularities in G_RM, G_RL and G_RC results in torsional motion and leads to uneven 
distribution of internal forces in the columns, reducing the seismic performance. On the 

(a) (b)

Fig. 7   IDA curves obtained for a G_RN and b G_IC
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other hand, the larger mass of G_RN compared to the structures with setbacks causes 
higher inertia forces, increasing the base shear and internal forces in the columns and 
leading to early collapse. The IS height variation (Fig. 9b) has a different influence on 

Table 4   IDs of the columns affected by the first failure for each structure and for each ground motion

Frame ID GM1 GM2 GM3 GM4 GM5 GM6 GM7 GM8 GM9 GM10

G_RN 1–4 1–12 1–4 1–4 1–4 1–4 1–4 1–4 1–24 1–4
G_RM 3–13 3–14 3–14 3–14 3–7 3–14 3–9 3–18 3–7 3–14
G_RL 3–8 3–18 3–15 3–8 3–8 3–15 3–10 3–18 3–8 3–15
G_RC 3–8 3–10 3–10 3–10 3–8 3–10 3–5 3–13 3–8 3–10
G_IN 1–4 1–4 1–12 1–4 1–4 1–12 1–4 1–24 1–4 2–21
G_IM 1–3 1–4 1–4 1–3 3–17 1–4 1–5 3–7 1–24 1–3
G_IL 1–1 1–4 1–12 1–6 3–18 1–1 1–6 3–8 3–15 3–8
G_IC 1–1 1–7 1–16 1–6 1–6 1–16 1–19 3–10 3–10 3–8
S_RN 1–4 1–12 1–4 1–4 1–19 1–4 1–4 1–2 1–24 1–4
S_RM 3–12 3–14 3–9 3–14 3–12 3–17 3–9 3–12 3–12 3–7
S_RL 3–13 3–13 3–15 3–13 3–13 3–10 3–10 3–13 3–13 3–8
S_RC 3–8 3–10 3–5 3–10 3–8 3–8 3–5 3–8 3–8 3–5
S_IN 1–4 1–4 1–12 1–4 1–4 1–12 1–24 1–24 1–4 1–4
S_IM 1–9 1–13 1–5 1–4 3–17 1–3 1–9 3–12 3–9 3–9
S_IL 1–6 1–4 1–4 1–6 3–18 1–6 1–6 3–13 3–10 3–13
S_IC 1–19 1–1 1–1 3–13 1–16 1–19 1–19 3–8 3–5 3–8

Fig. 8   Average seismic demand distribution among 1st floor columns for all the frames analysed
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structures with and without setbacks. In case of G_IN, the fragility curve has higher dis-
persion compared to G_RN, although it shifts toward lower Sa,c values. Particularly, the 
median Sa,c value of G_IN is 32% lower compared to G_RN. In fact, despite the higher 
flexibility of G_IN, an acceleration demand increase is obtained at upper floors, caused 
by the greater stiffness of the columns compared to that at lower floors, which leads 
to earlier flexural failure of the columns at the first floor. In case of G_IM, G_IL and 
G_IC, a similar dispersion is observed compared to G_RM, G_RL and G_RC, alongside 
slightly lower Sa,c. To this regard, the effects due to higher flexibility (which reduces the 
seismic demand) and higher irregularity (which leads to uneven distribution of lateral 
forces) are balanced. Hence, no significant influence on the value of Sa,c is detected.

Regarding seismically designed structures, the fragility curves provided in Fig.  10 
show similar trends compared to gravity load designed frames for almost all cases. As 
expected, greater Sa,c values were obtained due to the presence of seismic detailing. 
Particularly, in case of regular IS height, the median Sa,c increases by 55%, 46%, 38% 
and 48% for S_RN, S_RM, S_RL and S_RC, respectively, compared to the gravity load 

(a) (b)

Fig. 9   Fragility curves obtained for gravity load designed frames in case of a regular and b irregular inter-
storey height

(a) (b)

Fig. 10   Fragility curves obtained for seismically designed frames in case of a regular and b irregular inter-
storey height
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designed frames. Referring to irregular IS height, the median Sa,c increases by 60% for 
S_IN and by 67% for S_IM, S_IL and S_IC.

In Table 5, the values of the median Sa,c and the coefficient of variation (CoV) referred 
to the obtained fragility curves are provided.

4.3 � Influence of the irregularities on the dynamic response

Aiming to deeply analyse the effects of irregularities on the dynamic response of the struc-
tures, the peak floor displacement and acceleration profiles are provided in the following, 
referring to damage-limitation and life-safety performance levels (DL and LS, respec-
tively). These performance levels were obtained by scaling the seismic input selected to 
match the design spectra at DL and LS, respectively, according to Italian NTC (2018). Fig-
ure 11 shows the peak floor acceleration (PFA) profiles along the height at DL. It is worth 
mentioning that the provided values represent the average among the results obtained from 
the ten ground motions. Additionally, the results are expressed as the SRSS of the values 
along the two principal directions. For all the considered cases, the dispersion obtained 
among the ten input motions was consistent with the results of the fragility curves listed in 
Table 5, with maximum value of CoV equal to 0.36. The design approach does not seem to 
affect the results. In fact, since elastic response is obtained at DL (Average MDF = 0.14), 

Table 5   Results of the median 
Sa,c(T1) and CoV of the fragility 
curves for the case study frames

Frame ID Median Sa,c (g) CoV Frame ID Median Sa,c (g) CoV

G_RN 1.132 0.49 S_RN 1.756 0.50
G_RM 1.341 0.52 S_RM 1.960 0.40
G_RL 1.466 0.50 S_RL 2.029 0.39
G_RC 1.325 0.55 S_RC 1.956 0.39
G_IN 0.768 0.67 S_IN 1.231 0.73
G_IM 1.327 0.55 S_IM 2.218 0.38
G_IL 1.341 0.52 S_IL 2.230 0.36
G_IC 1.287 0.50 S_IC 2.147 0.33

(a) (b)

Fig. 11   PFAs at damage-limitation performance level obtained in case of a regular and b irregular inter-
storey height
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the post-elastic behaviour and, consequently, the ductility can be neglected. On the other 
hand, the presence of irregularities significantly affects the results. Particularly, all types of 
setbacks considered caused higher peak acceleration. For gravity load designed structures, 
the PFA increases at top floor by around 78% for G_RM and 66% for G_RL and G_RC 
with respect to G_RN. Referring to seismically designed structures, the PFA at top floor 
increases by 89% in case of S_RM and by 78% in case of S_RL and S_RC, compared to S_
RN. These results are primarily caused by the greater influence of higher modes and higher 
flexibility of upper floors. Additionally, the lower fundamental period of the structures with 
setbacks compared to the structures without setbacks, due to lower mass-to-stiffness ratio, 
causes higher seismic acceleration demand. Moreover, an uneven distribution of lateral 
loads and a lower redundancy are obtained at the top floors because of the reduction in the 
number of columns.

The variation in the inter-storey height causes a decrease of PFA with respect to regular 
structures, as shown in Fig. 12, reporting the comparison of the results between G_RN and 
G_IN. This fashion is due to the higher IS height in the irregular structures (e.g. G_IN), 
compared to the regular structures (e.g. G_RN), which leads to lower lateral stiffness in 
the former case. Hence, higher mass-to-stiffness ratios are obtained in irregular structures, 
increasing their fundamental periods and, consequently, reducing acceleration demand.

In Fig. 13, the peak inter-storey drift (PID) profiles along the height obtained at DL are 
provided. The reported values represent the average among the results obtained for each 
of the ten selected conditional accelerograms. As for the case of PFA, the dispersion of 
the results among the ten accelerograms is consistent with the CoV values obtained for 
the fragility curves (maximum CoV equal to 0.46). Also in this case, the different design 
approach causes negligible variation of the results, while a major influence of irregularities 
is observed. Particularly, the proportional lateral load distribution along the height in case 
of RN causes higher shear demand at lower floors. As a result, greater IS drift is observed 
at lower floors. On the other hand, the presence of setbacks highly increases flexibility 
and, consequently, IS drift at top floors. In case of regular IS height (Fig. 13a) the high-
est PID increase was, indeed, observed between the 2nd and 3rd floors, where the setback 
starts. Additionally, the uneven distribution of internal forces in the columns due to the 
setbacks leads to higher damage at upper floors and, consequently, greater IS drift. Refer-
ring to irregular IS height (Fig. 13b), higher PIDs were observed with respect to the regular 

Fig. 12   Comparison of the PFA 
at the damage-limitation per-
formance level between G_RN 
and G_IN
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structures. In fact, the PID increases by 33% comparing IN to RN, both in case of grav-
ity load and seismically designed buildings. Additionally, no significant variation of the 
PID profile along the height is observed. On the other hand, different PID profiles were 
obtained for the structures with setbacks. Particularly, the PID was higher at upper floors in 
case of regular IS height, while a more even distribution of the inter-storey displacements 
was obtained for irregular IS height. This occurs because the greater flexibility of the lower 
two floors in the structures with irregular IS height reduces the demand and, consequently, 
the damage at upper floors.

Figure 14 shows the average PFA profiles along the height referring to LS performance 
level. Differently from the DL, a noticeable influence of the design approach on the results 
is observed. In fact, larger PFAs were obtained for seismically designed structures com-
pared to gravity load designed structures. In case of regular IS height (Fig. 14a), the PFA 
increases by 14%, 26%, 23% and 22% for S_RN, S_RM, S_RL and S_RC, respectively, 
compared to gravity load designed frames. Referring to irregular IS height (Fig. 14b), the 
PFA increases by 10%, 13%, 16% for S_IN, S_IM and S_IL and S_IC, respectively. Similar 
observations to those referred to PFA apply for the average PID at LS (Fig. 15). In fact, 

(a) (b)

Fig. 13   PIDs at damage-limitation performance level obtained in case of a regular and b irregular inter-
storey height

(a) (b)

Fig. 14   PFAs at life-safety performance level obtained in case of a regular and b irregular inter-storey 
height
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seismically designed structures exhibit slightly higher IS drifts at each floor level compared 
to the gravity load designed structures.

This non-intuitive outcome is related to the higher lateral load capacity of seismically 
designed frames compared to gravity load designed frames. In the latter case, non-linear 
response due to major damage at LS performance level causes period elongation and sig-
nificant reduction of the acceleration demand. On the other hand, seismically designed 
frames exhibit lower damage rate resulting in less pronounced increase of the period.

Regarding the influence of the irregularities on the performance, similar trends were 
obtained comparing LS and DL performance levels. Hence, the same statements provided 
above apply in this case.

4.4 � Influence of irregularity on floor spectra

The floor accelerograms obtained from the NLTH analyses were employed to compute 
floor response spectra at DL and LS performance level. The FRS showed in the following 
were computed taking the average among the ten spectra obtained for each structure, con-
sidering floor accelerograms obtained at the top floor. Additionally, the analytical spectra 
obtained using the simplified formulation available in NTC (2018) are provided. For the 
sake of clarity, TNS is the period of the secondary (Non-Structural) element connected to 
the floor.

Figure  16 shows the FRS at DL for gravity load designed frames. The influence of 
setbacks on the floor spectral acceleration is noticeable for both regular and irregular IS 
height. In the first case (Fig. 16a), the peak spectral acceleration is 59% higher for G_RM 
and 52% higher for G_RL and G_RC, compared to G_RN. Referring to irregular IS height 
(Fig. 16b), the peak spectral acceleration is 55% higher for G_IM and G_IL and 51% higher 
for G_IC, compared to G_IN. Furthermore, a more pronounced effect of higher modes is 
observed for irregular frames, as shown by spectral acceleration peaks for shorter periods.

The comparison between the FRS obtained numerically and those resulting from the 
analytical formulation provided in NTC (2018) shows a major underestimation of the 
spectral acceleration at shorter periods in case of the structures with setbacks and regu-
lar IS height. Firstly, a mismatch between numerical and analytical spectral amplification 
period range is observed. Additionally, a significantly higher value of the peak spectral 

(a) (b)

Fig. 15   PIDs at life-safety performance level obtained in case of a regular and b irregular inter-storey 
height
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acceleration is obtained from the numerical simulation compared to the analytical value in 
the plateau (+ 187%). In case of varying IS height, the percentage difference between the 
numerical and analytical result is equal to 95%. On the other hand, the analytical formula-
tion seems conservative in case of G_RN and G_IN, except for a limited period range, in 
which the peak spectral acceleration obtained numerically is 85% and 62% higher than the 
analytical value, respectively.

The results obtained for the seismically designed frames at DL (Fig. 17) are close to 
those obtained for the gravity load designed frames, hence the same statements above 
apply in this case.

The FRS at LS are shown in Figs. 18 and 19, for gravity load and seismically designed 
frames, respectively. For G_RN, S_RN and S_IN, the analytical formulation yields to a con-
servative estimation of the spectral acceleration for almost all the period values. However, 
the spectral acceleration is significantly overestimated for G_IN. Such result may be related 
to both the IS height irregularity and design approach. In fact, higher flexibility at lower 
floors reduces the acceleration demand at upper floors and the gravity load design leads to 
higher damage and, consequently, period elongation.

(a) (b)

Fig. 16   FRS versus code models at DL for gravity load designed frames with a regular and b irregular 
inter-storey height

(a) (b)

Fig. 17   FRS versus code models at DL for seismically designed frames with a regular and b irregular inter-
storey height
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Similarly to DL performance level, the presence of setbacks significantly increases 
the peak values of spectral acceleration for all considered cases. However, the differ-
ence between numerical and analytical result is more noticeable in case of seismically 
designed frames, because of lower damage rates compared to gravity load designed 
frames.

The mismatch obtained by comparing the analytical to the numerical curves is 
mainly caused by the characterization of the parameters employed in the analytical for-
mulation. Such parameters only depend on the fundamental period of the structure and 
are obtained through simplified staircase functions. Consequently, a negligible variation 
of fundamental period may lead to significant variation of the analytical curve.

For comparison purposes, the FRS computed for the 2nd floor for gravity load 
designed frames, along with the analytical curves, are shown in Figs. 20 and 21 at DL 
and LS, respectively. The major difference with respect to the FRS computed at the top 
floor is noticeable at LS, where the analytical models significantly underestimated the 
obtained FRS in almost all period ranges.

(a) (b)

Fig. 18   FRS versus code models at LS for gravity load designed frames with a regular and b irregular inter-
storey height

(a) (b)

Fig. 19   FRS versus code models at LS for seismically designed frames with a regular and b irregular inter-
storey height
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5 � Conclusions

In this paper, incremental dynamic analyses were performed on regular and irregular four-
storey reinforced concrete buildings, aiming to evaluate the influence of the irregularities 
on the spectral acceleration capacity. The main results are summarized in the following.

•	 Ductile collapse mechanisms were obtained for all the considered structures. Particu-
larly, no significant influence of the design approach was detected (either gravity load 
or seismic) on the failure modes of the columns.

•	 In case of the structures without setbacks, the inter-storey height variation led to a 
greater acceleration demand at upper floors compared to the structures with constant 
inter-storey height. Hence, higher internal forces were obtained for the columns at 
lower floors, causing their early flexural failure.

•	 In case of the structures with combination of both irregularity types, a balance of 
the effects of higher flexibility and higher irregularity on the response was observed 
compared to the regular structures. However, slightly greater values and dispersion of 

(a) (b)

Fig. 20   FRS versus code models at DL computed at 2nd floor for gravity load designed frames with a regu-
lar and b irregular inter-storey height

(a) (b)

Fig. 21   FRS versus code models at LS computed at 2nd floor for gravity load designed frames with a regu-
lar and b irregular inter-storey height
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spectral acceleration at collapse were obtained, despite the greater influence of higher 
modes.

•	 The presence of setbacks led to higher peak floor acceleration and peak inter-storey 
drift values, due to the greater influence of higher modes and higher flexibility of upper 
floors, compared to the structures without setbacks.

•	 The floor response spectra obtained showed that the presence of setbacks increased 
spectral acceleration peaks compared to the structures without setbacks. Additionally, 
a more pronounced effect of higher modes was evidenced by the presence of additional 
spectral acceleration peaks for shorter periods.

•	 The comparison between the computed floor spectra and the Italian building code for-
mulation evidenced possible shortcomings when addressing irregular structures, as well 
as the need of more accurate formulations to compute spectral acceleration demand 
on non-structural components, accounting for further parameters expressing structural 
irregularity.

Some aspects were neglected in this study, which may significantly affect the regular-
ity of RC framed buildings, such as the presence and the distribution of infill walls and 
localized stiffness variation. Further investigation should also regard the seismic response 
of irregular high-rise structures, considering additional types of irregularities. Hence, the 
present study is meant to lay the basis for future studies, aimed at obtaining code-oriented 
approaches for irregular buildings.
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