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Abstract: In modern urban construction, irregular buildings are increasingly constructed to fulfill
architectural and functional requirements. However, these buildings revealed unfavorable seismic
performance during the past earthquake records. When the seismic design codes deal with the
issue of building irregularity, little attention is paid to the location of irregularity. In the current
study, a detailed structural analysis was performed to investigate the effects of the location of mass,
stiffness, setback, and combined irregularities on the structural seismic response of twelve irregular
building models. Based on the dynamic properties of the building, an irregularity index is proposed
to quantify the effects of the magnitude and location of various types of vertical irregularities. The
proposed index was able to successfully quantify all types of vertical irregularities.

Keywords: earthquake engineering; seismic design; dynamic analysis; moment-resisting frames;
irregularity; irregularity index

1. Introduction

Earthquakes, as natural catastrophic events, are often associated with socio-economic
impacts [1,2]. During the past earthquake records, irregular buildings showed bad seismic
performance [3–9]. Most seismic design codes (IS 1893:2002, EC8 2004, UBC 97, NBCC 2005,
IBC 2003, ASCE 2002, TEC 2007, ECP-201:2012) [10–17] recommend different limits for the
building irregularities. However, these design codes quantify the irregularities in terms of
magnitude, neglecting the influence of irregularity location.

Several researchers investigated the influence of the magnitudes and locations of
vertical irregularities on the seismic response of the buildings [18–24]. Accordingly, they
proposed indices to quantify the degree of vertical irregularities. The first efforts were
made by Karavasilis et al. [18] to examine the effect of changes in setback configuration
on the deformation demands (i.e., maximum roof displacement and maximum drift) of
steel moment-resisting frames (MRF). They found that the geometrical configurations
of setbacks influence the height-wise distribution of deformation demands. They also
proposed two indices based on the building geometry to quantify the effect of setback
irregularities. Roy and Mahato [19] modified the indices proposed by Karavasilis et al. [18]
to make them valid for reinforced concrete (RC) stepped frames. Sarkar et al. [20] proposed
an irregularity index based on the first mode participation factor to quantify the degree of
vertical irregularity for stepped frames. Furthermore, they suggested an empirical equation
to determine the fundamental time period of stepped frames as a function of the irregularity
index. This equation was confirmed by the modal analysis of seventy-eight stepped
frames. Varadharajan et al. [21] investigated the seismic response of short-period buildings
with irregular setback frames. According to the study results, short-period structures
showed higher reactions than long-period structures. Bhosale et al. [22] quantified the
degree of vertical irregularity for RC stepped frames, setback frames, open ground story
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frames, and floating column frames. They proposed an index based on the effective
modal mass and first mode participation factors. The first mode participation factor was
considered an appropriate measure to quantify vertical irregularity for the investigated
frames. Rathnasiri et al. [23] proposed an index to quantify the degree of vertical irregularity
of RC buildings. The index was based on the modal base shear. The authors found that
the index accurately assessed the degree of irregularity in stepped frames, floating column
frames, and setback frames. Siva Naveen et al. [24] investigated the seismic response of
RC frames with various types of vertical irregularities (i.e., mass, stiffness, and setback
irregularities). They found that certain combinations of irregularities reduced the structural
response compared to the regular structures subjected to seismic forces. The combination of
stiffness and vertical geometric irregularities produced the highest displacement response.

Despite the efforts of the researchers to investigate the effects of the vertical irregu-
larities on the structural response, little attention was paid to considering the irregularity
location [25,26]. Moreover, few researchers considered the impact of mass, stiffness, and
combined irregularities [24,26] and, accordingly, the quantification of the proposed indices
was limited to setback irregularities only [18–21].

Thus, the main objective of the current study is to investigate the influence of the
location of various vertical irregularities (i.e., mass, stiffness, setback, and combined ir-
regularities) on the maximum structural response. The current study also aims to acquire
an irregularity index to quantify various types of vertical irregularities depending on the
structural dynamic features (i.e., mass and stiffness). To this end, twelve three-dimensional
RC MRFs were analyzed using the finite element software program ETABS by applying
linear static analysis (i.e., equivalent static load method) and linear dynamic analysis (i.e.,
response spectrum and time history methods).

2. Methodology

In the current study, seismic responses of various vertical irregular MRFs were ob-
tained numerically using finite element software (ETABS), by applying the equivalent static
load method (ESL), response spectrum method (RS), and the time history method (TH).
These methods are summarized in the following sub-sections. The major input data are
as follows: the seismic zone in Cairo city is classified as zone 3 in ECP-201 [17], and the
shape of the spectrum is type (1). The structures are classified as residential structures with
a significant factor = 1. The soil is classified as stiff soil with a soil class of C. The vertical
loads are considered when the reduction factor R = 5 is used, and the frame structure resists
the total base shear without using shear walls or bracings [27].

2.1. Equivalent Static Load (ESL) Method

The ESL method was utilized in the initial design stage to calculate the design internal
forces of structural elements by applying linear elastic analysis of the structure. This
method is applied to regular structures whose dynamic response is mainly affected by the
fundamental vibration waves of the structure in each plane.

2.2. Response Spectrum (RS) Method

The RS method can be applied to regular and irregular structures. RS provides several
vibration modes to capture at least 90% of the structure’s mass in each direction [28].
Figure 1 shows the elastic design RS curve applied in the current study. The elastic RS
is modified by introducing a strength reduction factor R to indicate an inelastic response
demand or an estimated damage level demand of the entire structure caused during the
earthquake excitation [29].
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Figure 1. Elastic-design response spectrum.

2.3. Time History Analysis (TH) Method

The time-history method (TH) is by far the most comprehensive method for seismic
analysis. The earthquake record in the form of acceleration time history is introduced at
the base of the structure [30]. The structure’s response is calculated at each instant of the
earthquake. Furthermore, this method is equivalent to getting 100% mass participation in
each direction. The time history analysis method determines the responses of the structure
using the numerical integration of the differential equation of motion:

kx(t) + cx.(t) + mx..(t) = f (t) (1)

where k, c, m represent the stiffness, viscosity, and mass matrices of the structure, re-
spectively; x(t), x.(t), x..(t) represent the displacement, velocity, and acceleration of the
structure, respectively; f (t) are the external forces that occur at a given time [31]. Equa-
tion (1) is repeated until equilibrium is reached. The drawback of the TH method is that
the results are limited to particularly studied earthquakes, so the results would be radically
different if different earthquake records are used. Therefore, different time runs must be
used to provide a more comprehensive view of the reaction. In the current study, the time-
history analysis was performed using the direct-integration transient analysis technique to
solve the equations of motion considering a time step of 0.005 s. To numerically integrate
the equations, the Newmark technique is utilized. The default parameters Gamma = 0.50
and Beta = 0.25 are assumed for the analyses. A constant damping ratio of 0.05 has been
used for the studied models.

Selecting and Scaling Ground Motion Records

Several recent studies have proposed various methods for selecting a collection of
records based on the location’s seismological features [32–37]. The method described here
scales the magnitude of ground motion data using a multiplication factor. Hence, the
RS of the modified records matches the target spectrum specified in the ECP-201 design
criteria. According to ECP-201, if three ground motion records are used, the findings
should be the maximum value of the three ground motions. The code further specifies
that if seven ground motions records are used, the findings should be the average of the
seven ground motions. In the current research analysis, seven earthquake records were
used, and these records were obtained from the pacific earthquake engineering research
center (PEER 2012) [38] as follows: (a) Gulf of Aqaba earthquake in Hadera; (b) Gulf of
Aqaba earthquake in Eilat; (c) El Centro earthquake in Imperial Valley; (d) N. Palm Springs
earthquake in Morongo Valley Fire Station; (e) Morgan Hill earthquake in Gilroy Array
#6; (f) Cape Mendocino earthquake in Cape Mendocino; (g) Northridge-01 earthquake in
Rinaldi. The acceleration time histories of these records are illustrated in Table 1.
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Table 1. Characteristics of time history acceleration records used in the analysis. (PGA: peak ground
acceleration; PGV: peak. ground velocity; PGD: peak ground displacement).

Level PGA(g) Earthquake
Name Year Station Name Input Wave Earthquake

Magnitude
Scale
Factor

PGV
(cm/s)

PGD
(cm)

Low
0.0125 Gulf of Aqaba 1995 Hadera HAD-NS 7.20 6 2.1 0.65
0.0805 Gulf of Aqaba 1995 Eilat EIL-NS 7.20 1.3 10.6 4.39

Moderate

0.2107 El Centro 1940 Imperial Valley ELC-NS 6.95 0.46 30.2 23.91

0.3332 N. Palm Springs 1986 Morongo Valley
Fire Station MVH045 6.06 0.5204 8.7890 1.5499

0.4061 Morgan Hill 1984 Gilroy Array #6 G06000 6.19 0.999 14.1750 1.6034

High 0.7388 Cape Mendocino 1992 Cape Mendocino CPM000 7.01 0.183 58.0740 57.8340
0.9582 Northridge-01 1994 Rinaldi RRS228 6.69 0.139 42.1880 3.7191

3. Finite Element Modeling

Three-dimensional structures were mathematically modeled and analyzed using the
finite element software program ETABS [39]. These models adequately depicted the spatial
distribution of the structure’s mass and stiffness to compute the dynamic response of the
structure. The beams and columns were handled as frame elements with rigid joints. This
model considers the flexural stiffness of the beam and beam-column joint dimensions, as
well as the stiffness of the panel zone. This model also considers the distribution of shear
forces, flexural moments, and axial forces. As a result, it could be able to determine the
distribution of seismic design demands more accurately.

The slabs were modeled as shell elements with rigid floor diaphragms to distribute
the loads uniformly to the columns. In-plane membrane stiffness and out-of-plane bending
stiffness were considered [40]. Rigid foundations were assumed for the structures under
consideration. Therefore, the soil-foundation interaction and foundation flexibility effects
were ignored. The steps for structural modeling with ETABS are illustrated in the next
Figure 2.

Figure 2. Flowchart of the modeling procedures using ETABS.
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4. Description of Structural Models

Throughout the last two decades, medium-rise RC buildings have been widely used
in Egypt’s construction environment. These buildings were constructed with different
structural horizontal and vertical irregularities. In this research, simulated irregular MRF
buildings with twelve stories were investigated. Various types of irregularities were
considered. The layout of each building is bi-symmetric in the plan, with three equal bays.
The bay width is 5 m, and the typical story height is 3 m. The beams are assumed to be on
grid lines. The building’s structural elements were initially designed in accordance with
ECP-201 to withstand the static forces. The cross-sections of columns, beams, and slabs
are tabulated in Table 2. These elements were tested against seismic conditions using the
Egyptian code for load and forces [17] to ensure that the ECP-201 requirements are achieved
while taking earthquake loads into account. The characteristic strength of concrete fcu is
25 N/mm2, and the yield strength of high-grade steel fy is 360 N/mm2. The specific weight
of concrete γc is 25 kN/m3, and the concrete elasticity modulus Ec is calculated as follows:

Ec=
(

4400
√

fcu

)
N/mm2 (2)

The steel elastic modulus Es is 200 kN/mm2. The ratios of Poisson µ for concrete and
steel are equal to 0.2 and 0.3, respectively. The assigned flooring cover load is 1.5 kN/m2,
and the own weight of the building elements is automatically computed using ETABS. The
live load is 2.5 kN/m2 as recommended by ECP-201.

Table 2. Description of irregularities and cross-sectional dimensions for the investigated models.

Symbol Model Location of
Irregularity

Magnitude of
Irregularity

Story
Numbers

Column Size
(cm)

Beam Size
(cm)

Slab
Thickness

(cm)

BM
Bottom mass
irregularity 1–4

200%

1–4 70 × 970 25 × 70

15

5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50

MM
Middle mass
irregularity 5–8

1–4 70 × 70 25 × 70
5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50

TM
Top mass

irregularity 9–12
1–4 70 × 70 25 × 70
5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50

BS
Bottom
stiffness

irregularity
1–4

50%

1–4 70 × 70 25 × 70

15

5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50

MS
Middle
stiffness

irregularity
5–8

1–4 70 × 70 25 × 70
5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50

TS
Top

stiffness
irregularity

9–12
1–4 70 × 70 25 × 70
5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50

BSB

Bottom
setback

irregularity
2–12

44.4%

1 50 × 50 25 × 70

15

2–12 40 × 40 25 × 50

MSB

Middle
setback

irregularity
5–12

1–4 50 × 50 25 × 70

5–12 40 × 40 25 × 50

TSB
Top

setback
irregularity

9–12
1–4 70 × 70 25 × 70
5–8 60 × 60 25 × 60
9–12 50 × 50 25 × 50
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Table 2. Cont.

Symbol Model Location of
Irregularity

Magnitude of
Irregularity

Story
Numbers

Column Size
(cm)

Beam Size
(cm)

Slab
Thickness

(cm)

BC
Bottom

combined
irregularity

1

mass (400%)
stiffness (47%)
setback (44.4%)

1 70 × 70 - 60
2-4 70 × 70 25 × 70 15
5–8 60 × 60 25 × 60 15
9–12 50 × 50 25 × 50 15

MC
Middle

combined
irregularity

4

1–3 70 × 70 25 × 70 15
4 70 × 70 - 60

5–8 60 × 60 25 × 60 15
9–12 50 × 50 25 × 50 15

TC
Top

combined
irregularity

8
1–7 70 × 70 25 × 70 15
8 70 × 70 - 60

9–12 60 × 60 25 × 50 15

4.1. Models with Mass Irregularity

Three different locations of mass irregularities were considered for the same building:
(a) bottom mass (BM) model (i.e., bottom one-third of the building with heavy mass);
(b) middle mass (MM) model (i.e., middle one-third of the building with heavy mass);
and (c) top mass (TM) model, (i.e., top one-third of the building with heavy mass). The
descriptions of building models with mass irregularities are described in Table 2 and
Figure 3.

Figure 3. Building models with mass irregularity: (a) bottom mass (BM); (b) middle mass (MM);
(c) top mass (TM).

4.2. Models with Stiffness Irregularity

Three different locations of stiffness irregularity were considered for the same building,
where three model cases were investigated: (a) bottom stiffness (BS) model (i.e., bottom
one-third of the building with stiffness irregularity); (b) middle stiffness (MS) model, (i.e.,
middle one-third of the building with stiffness irregularity); and (c) top stiffness (TS) model,
(i.e., top one-third of the building with stiffness irregularity). The descriptions of building
models with stiffness irregularities are described in Table 2 and Figure 4.
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Figure 4. Building models with stiffness irregularity: (a) bottom stiffness (BS); (b) middle stiffness
(MS); (c) top stiffness (TS).

4.3. Models with Setback Irregularity

Three setback irregularity models were considered: (a) bottom setback (BSB) model,
(i.e., bottom one-third of the building with setback irregularity); (b) middle setback (MSB)
model (i.e., middle one-third of the building with setback irregularity); and (c) top setback
(TSB) model, (i.e., top one-third of the building with setback irregularity). Table 2 and
Figure 5 illustrate the details of building models with setback irregularity.

Figure 5. 3D-models with setback irregularity: (a) Top Setback (TSB); (b) Middle Setback (MSB);
(c) Bottom Setback (BSB).
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4.4. Models with Combined Irregularities

A transfer slab was considered to investigate the irregularity combination [41,42],
where three typical plan views are employed (Figure 6). In the current study, three combined
irregularities were investigated in terms of mass, stiffness, and setback. The first irregularity
is the BC model, (i.e., the ceiling slab of the first floor is a transfer slab) as shown in Figure 7a.
The second irregularity is the MC model, (i.e., the ceiling slab of the fourth story is a transfer
slab) as shown in Figure 7b. The third irregularity is the TC model, (i.e., the ceiling slab of
the eighth story is a transfer slab) as shown in Figure 7c. The thickness of the transfer slab
is 0.6 m, and the height of the floor containing the transfer slab is 3.5 m. Table 2, Figures 6
and 7 describe the details of building models with combined irregularities.

Figure 6. Plan views of the combined irregularity models: (a) regular slab; (b) transfer slab; (c) slab
with setback.

Figure 7. Combined irregularity models (a) slab at the first story (BC); (b) slab at the fourth story
(MC); (c) slab at the eighth story (TC).
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5. Preliminarily Numerical Study and Results

This section explains the effects of the location of mass, stiffness, setback, and combined
irregularity on the seismic response of MRF. The seismic analysis procedures for the three
analysis methods (i.e., ESL, RS, and TH) were performed as per ECP-201. The models
illustrated in Table 2 were simulated using ETABS v.18, and the results were compared with
those obtained utilizing the international codes of practice. Here, the seven earthquakes
described in Section 2.3 were employed. The computed results were the fundamental time
period, base shear, maximum roof displacement, and maximum drifts.

5.1. Fundamental Time Period for Different Structural Irregularity Models

Most international building codes (IS 1893:2002, EC8 2004, UBC 97, NBCC 2005,
IBC 2003, ASCE 2002, TEC 2007, ECP-201:2012) [10–17] recommend CALCULATING the
fundamental time period using the empirical Equation (3). ECP-201 and TEC also recom-
mend calculating the fundamental time period using Rayleigh’s approach in Equation (4)
as follows:

T1 = CtHx (3)

Tray = 2π

√
Σ Wi Ui

2

g Σ Fi Ui
(4)

where H is the building height in meters; Ct and x are factors that depend on the construc-
tion material and the structural system; Wi is the design weight of the story i; Ui reflects the
horizontal displacement of the story i; g is the gravity acceleration; and Fi is the horizontal
force at story i. ECP-201 [17] stipulates that the time period calculated using Rayleigh’s
approach equation (4) or the ETAbS shall not exceed the value of (1.2T1). In ECP-201, the
effect of cracking is implemented by multiplying reduction factors to the second moment
of area of the cross-sections of the structural elements. These reduction factors are 0.7, 0.5,
0.25, and 0.35 for columns, beams, slabs, and shear walls, respectively.

In the current study, the fundamental time periods for various irregular buildings
described in Table 2, were calculated utilizing the empirical Equation (3), Rayleigh’s Ap-
proach Equation (4), and ETABS taking into account the presence of cracking. The results
are depicted in Figure 8, where the symbols TRay-Ic and TRay-Ig represent the fundamental
time period with cracking and without cracking effects, respectively. Similarly, the symbols
TETABS-Ic and TETAB-Ig are used to define the fundamental time period with cracking and
without cracking effects, respectively.

Figure 8. Determination of fundamental time period using three methods adopted in ECP-201.
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It can be observed that the empirical equation adopted by most seismic design codes
(Equation (3)) does not consider the location of irregularity (i.e., it depends on the building
height only). Although the Rayleigh approach adopted by ECP [17] and TEC [16] considers
the structural mass and stiffness, the calculated time periods were higher than those
obtained using ETABS for all the studied models as shown in Figure 8.

It can also be noted that the location of the irregularity considerably affects the value
of the fundamental time period. Moreover, the values of the fundamental time period with
cracking effect increased by about 5% more than those without cracking effect in all cases
of the different locations of structural irregularity.

Furthermore, the building models with mass irregularity at top stories have higher
values of the fundamental period. In contrast, the opposite trend is noticed in stiffness
and setback irregularity. The fundamental time period decreased marginally from the BSB
model to the TSB model with setback irregularity as a result of the significant reduction
of floor area in the entire model (i.e., reduction in mass and stiffness). In the case of the
combined irregularity, the building model BC has the most extensive fundamental time
period value. The building model MC had the smallest fundamental time period value.

5.2. Base Shear for Different Structural Irregularity Models

For each irregular building described in Table 2, the base shear force (Fb) was calculated
utilizing the ESL, RS, and TH methods, considering the presence of cracking. The results are
depicted in Figure 9, where the symbols Fb-Ic and Fb-Ig represent the base shear force with
cracking effects and without cracking effects, respectively. From Figure 9, the following
findings can be drawn:

1. The base shear calculated using the ESL method is not affected by the location of
mass, stiffness, or setback irregularity. However, the location of the irregularity has
an obvious effect on the base shear forces estimated from the RS and TH methods.

2. The base shear calculated using the ESL method is based only on the building’s
weight, while the base shear calculated from the RS method depends on the structure’s
weight and stiffness. The base shear calculated using the TH method relies on the
fundamental time period, the seismic spectrum, and the rigidity of the building.

3. The base shear force computed using TH is smaller than that calculated using ESL
or RS methods. Therefore, the base shear force calculated using either ESL or RS is
conservative, and the designed cross-sections are uneconomic.

4. The base shear force is maximum in the building model with mass irregularity at the
top stories (TM), while it is minimum for the building model with mass irregularity
at its bottom stories (BM).

5. The base shear force of the building with stiffness irregularity at the bottom floors
(BS) is greater than the base shear force of the building with stiffness irregularity at
the middle or top stories (MS and TS).

6. In the case of setback irregularity, the building model with setback irregularity at the
top stories (TSB) has shown maximum values of base shear force when compared to
MSB and TSB models.

7. In the building model with combined irregularities on the eighth story (TC), the base
shear force is much more than the base shear of the building model with combined
irregularities on the first story (BC). This is due to the increase in the building’s mass
and decrease in the setbacks on the building’s stories.

8. When taking into account the cracking effect for the cases of structural irregularities,
the base shear forces decrease about 1% to 6% more than those computed when
neglecting the cracking effect.
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Figure 9. Base shear force for different locations of structural irregularity.

5.3. Maximum Displacements and Maximum Drift for Different Structural Irregularity Models

For the same buildings described in Table 2, the analysis methods (ESL, RS, and TH)
were employed to investigate the effect of irregularities on the maximum displacement
(Ds) and maximum drift (Dr). The values of Ds and Dr for all studied cases are shown in
Figures 10 and 11, respectively. From these figures, the following findings can be drawn:

1. For mass irregularity at the top stories, as in the (TM) model, the maximum displace-
ment and maximum drift were more than those computed for other models. This
means that mass irregularity was vital at the top stories.

2. When the stiffness and setback irregularities existed in the bottom stories (BS and
BSB) models, the values of displacement and drift were the maximum.

3. The maximum values of displacement and drift were achieved in the building model
with combined irregularity in the eighth story (TC) model. The minimum values of dis-
placement and drift were achieved in the building model with combined irregularity
in the first story (BC).

4. In all the cases of irregularities, the maximum displacement and maximum drift
calculated using the ESL were higher than those computed utilizing the RS and TH
methods.

5. For the three-time history records, the maximum displacement and maximum drift
computed from the TH were smaller than those calculated utilizing the ESL and RS.

6. When taking into account the cracking effect, the maximum displacements increased
by about 75% more than those computed when neglecting the cracking effect. Simi-
larly, the maximum drifts increased by about 85% more than those computed when
neglecting the cracking effect.
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Figure 10. Maximum roof displacement for different irregularity models.

Figure 11. Maximum inter-story drift for different irregularity models.

6. Quantification of Irregularity

From the results of the previous preliminary study in Section 5, it can be clearly men-
tioned that the location of irregularity has a great effect on the response of the structure
(i.e., fundamental time period, base shear, maximum displacement and maximum drift).
Therefore, in the following subsections, the authors proposed an irregularity index that
depends on the dynamic characteristics (i.e., mass and stiffness), to measure the irregularity
in terms of magnitude and location. For different irregular structures, the proposed irregu-
larity index was applied, and the results were compared with those calculated utilizing the
developed indices in the existing literature. The authors’ assumptions are (a) the building
height ranges between 18 m and 54 m; (b) the bay width is 5 m; (c) a stiff soil is considered;
(d) the structural system is ductile MRF; (e) the mass irregularity limit is 200%; (f) the
stiffness irregularity limit is 50%; and (g) the setback irregularity limit is 44%.
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6.1. Proposed Irregularity Index

The fundamental time period is a dynamic characteristic that can be adopted to
quantify vertical irregularities. The time period and natural frequency can be determined
by Eigen-value analysis using Equations (5) and (6). The proposed irregularity index can
be calculated using Equation (7). [

K −ω2M
]
= 0 (5)

T = 2π/ω (6)

ρ =
∑n

i=1(Tir)i
∑n

i=1(Tr)i
(7)

where K is the structure’s stiffness matrix; M is the structure’s mass matrix; (Tir)i and (Tr)i
are the modal time periods for irregular and regular buildings, respectively. The proposed
index was tested for irregular MRF structures with different heights (18 m, 27 m, 36 m, 45 m,
and 54 m) as shown in Figure 12. Table 3 presents the dimensions of the structural elements.
Firstly, the building structural elements were designed considering the static loads using
ECP-203 [43]. Secondly, the seismic conditions were checked utilizing ECP-201 to ensure
that the structural elements satisfy the design code provisions regarding earthquakes.

Table 4 indicates the location and the magnitude of irregularity for different irregular
building models. The magnitude of irregularity is assumed to be as follows: (a) mass
increased by about 200% with different irregularity locations (BM, MM, and TM); (b) stiff-
ness decreased about 50% with various irregularity locations (BS, MS, and TS); (c) setback
percentage was 44.4% with various irregularity locations (BSB, MSB, and TSB). After calcu-
lating the proposed irregularity index for different irregular models mentioned in Table 4,
the relationship between the number of stories and the proposed irregularity index is
depicted as shown in Figure 13. It can be observed that:

• In the case of mass irregularity, the proposed irregularity index decreases as the
number of stories increases. For models having the same number of stories, the
proposed irregularity index was minimum when the mass irregularity persisted in the
bottom stories, while it was maximum when the mass irregularity persisted in the top
stories.

• In the case of stiffness irregularity, the proposed irregularity index decreases as the
number of stories increases. For models having the same number of stories, the
proposed irregularity index was minimum when the stiffness irregularity persisted in
the top stories, while it was maximum when the stiffness irregularity persisted in the
bottom stories.

• In the case of setback irregularity, the proposed irregularity index increases as the
number of stories increases. For models having the same number of stories, the
proposed irregularity index was minimum when the setback irregularity persisted in
the top stories, while it was maximum when the setback irregularity persisted in the
bottom stories.

6.2. Comparison of Proposed Index and Previous Indices

To demonstrate the proposed irregularity index ρ validity, it is worth comparing
the results of the proposed index with those calculated utilizing the indices proposed by
Sarkar et al. [20], Varadharajan et al. [21], and Bhosale et al. [22]. The models described in
Table 4 were utilized in this comparison. The indices proposed by Kara Vasilis et al. [18]
and Roy and Mahato [19] were not considered because they are based on geometric proper-
ties only.
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Table 3. Dimensions of structural elements.

Properties of Structural Members

6-story building

story number 1,2 3,4 5,6
column (cm) 50 × 50 40 × 40 40 × 40
beam (cm) 25 × 70 25 × 60 25 × 50
slab (cm) 15 15 15

9-story building

story number 1–3 4–6 7–9
column (cm) 60 × 60 50 × 50 40 × 40
beam (cm) 25 × 70 25 × 60 25 × 50
slab (cm) 15 15 15

12-story building

story number 1–4 5–8 9–12
column (cm) 70 × 70 60 × 60 50 × 50
beam (cm) 25 × 70 25 × 60 25 × 50
slab (cm) 15 15 15

15-story building

story number 1–5 6–10 11–15
column (cm) 80 × 80 70 × 70 60 × 60
beam (cm) 25 × 70 25 × 60 25 × 50
slab (cm) 15 15 15

18-story building

story number 1–6 7–12 13–18
column (cm) 90 × 90 80 × 80 70 × 70
beam (cm) 25 × 70 25 × 60 25 × 50
slab (cm) 15 15 15

Table 4. Description of different irregularity models.

Models
Location

of
Irregularity

Mass
Irregularity

Models

Magnitude
of

Irregularity

Stiffness
Irregularity

Models

Magnitude
of

Irregularity

Setback
Irregularity

Models

Magnitude
of

Irregularity

6-story
1,2 BM

200%

BS

50%

BSB

44%

3,4 MM MS MSB
5,6 TM TS TSB

9-story
1–3 BM BS BSB
4–6 MM MS MSB
7–9 TM TS TSB

12-story
1–4 BM BS BSB
5–8 MM MS MSB

9–12 TM TS TSB

15-story
1–5 BM BS BSB

6–10 MM MS MSB
11–15 TM TS TSB

18-story
1–6 BM BS BSB

7–12 MM MS MSB
13–18 TM TS TSB

The graphical representation of the irregularity index concept for each author is given
in Figure 14. In the indices proposed by Sarkar et al. [20] and Varadharajan et al. [21], the
lower index means higher building irregularity. On the contrary, the lower index means
lower building irregularity for the indices proposed by Bhosale et al. [22] and the authors.
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Figure 12. Building models with different heights.

Figure 13. Relationship between the number of stories and the proposed irregularity index: (a) mass
irregularity; (b) stiffness irregularity; (c) setback irregularity.
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Figure 14. The relation between the index and irregularity of the building.

The results of the comparison are given in Table 5. Bearing in mind the aforementioned
concept, the findings can be summarized as follows:

1. In the case of mass irregularity models (BM, MM, TM), the index proposed by
Sarkar et al. [20] was not able to well quantify the mass irregularity because the
index for the MM model was greater than that of the TM model, and this contradicts
the conventional understanding. In the meantime, the indices proposed by Varad-
harajan et al. [21], Bhosale et al. [22], and the authors effectively quantified the degree
of mass irregularity.

2. In the case of stiffness irregularity models (BS, MS, TS), the indices proposed by
Sarkar et al. [20] and Bhosale et al. [22] were not able to well evaluate the stiffness
irregularity because the degree of irregularity for the MS model was less than that of
the BS model. On the contrary, the indices proposed by Varadharajan et al. [21] and
the authors well quantified the stiffness irregularity since the degree of irregularity of
the BS model was greater than those of the MS and TS models.

3. In the case of setback irregularity models (BSB, MSB, TSB), the indices proposed by
Varadharajan et al. [21] and Bhosale et al. [22] were not able to quantify the setback
irregularity, because the degree of setback irregularity of the BSB was lower than that
of TSB. The indices proposed by Sarkar et al. [20] and the authors well quantified the
setback irregularity well since the degree of irregularity of BSB models was higher
than that of MSB and TSB models.

Table 5. Comparison of the previous indices and proposed index for studied models.

Irregularity Indices

Case Models Sarkar et al. [20] Varadharajan et al. [21] Bhosale et al. [22] Proposed Index

Mass
Irregularity

BM 1.12 0.90 1.27 1.07
MM 1.18 0.89 1.40 1.14
TM 1.15 0.88 1.46 1.22

Stiffness
Irregularity

BS 1.01 0.95 1.04 1.05
MS 0.95 0.96 0.91 1.02
TS 0.98 0.97 0.95 1.01

Setback
Irregularity

BSB 0.79 1.06 0.62 0.95
MSB 0.83 1.03 0.69 0.92
TSB 0.93 1.02 0.85 0.91

It can be concluded that the proposed index ρ can quantify all aspects of the irregulari-
ties and may be favored above existing techniques for successfully capturing irregularities.
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7. Conclusions and Scope for Future Works

In the current study, RC building models with various types, magnitudes, locations of
mass, stiffness, setback, and combined irregularities were analyzed. Firstly, several analysis
approaches were used to evaluate irregular building models. Secondly, a factor named
irregularity index was recommended to quantify the magnitude and location of different
irregularities, depending on the building’s dynamic characteristics. The main conclusions
are outlined as follows:

1. The location of the irregularity has a considerable influence on the structural seismic
response. Therefore, to accurately quantify the irregularity, both the magnitude and
location of the irregularity must be included.

2. The comparison between the proposed index and the indices of the previous studies
demonstrated the ability of the proposed index to quantify all types of irregularities
considered in the current study.

The current study clarified the effect of different types of vertical irregularities on the
structural seismic response. The effects of horizontal irregularities could be included in
future work. The proposed index is limited to moment-resisting frame (MRF) buildings.
Thus, the proposed index could be adjusted to include the effects of the dual systems
(i.e., MRF and shear walls). Simple equations could be suggested to estimate the seismic
response demands such as maximum displacement and maximum drift for irregular
buildings in terms of the proposed index based on the regression analysis.
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