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Abstract: The symmetry of the structure is the foundation of
Structural Engineering. Non-parallel system irregularity exist
where the vertical lateral force-resisting elements are not
parallel to the major orthogonal axes of the seismic force-
resisting system. Architects generally plan the structures
according to the site orientation and shape. They adopt plans
which have advantage in lighting and ventilation. This might
result in the formation of non-parallel irregular structures at
street intersections or other constricted spaces. Such buildings
should be designed with the collaborative effort of architect and
structural engineer as they experience torsion or local stresses
concentrations. The present research is done to analyze the
earthquake behaviour of several non-parallel irregular
buildings with same floor area and comparing the result with
similar models but by connecting the columns in plan by
triangular module beams. Pushover analysis is done using
SAP2000 software and the results are interpreted in terms of
strength, stiffness and ductility.

Keywords: Non-parallel system irregularity; seismic; pushover
analysis; strength; stiffness; ductility.

I INTRODUCTION

The foundation of Structural Engineering lies on
symmetry. Overall size, shape and geometry plays an
important role in the performance of a building under
earthquake forces and how the earthquake forces are carried to
the ground. Hence, in order to avoid unfavourable situations
architects and structural engineers should work together from
the planning stage itself and select a good building
configuration agreeable to both parties. If we start-off with a
good configuration and symmetry which is compliant in the
functional, structural and aesthetic point, there is less chance
for conflict of interest and hence greater for possibility of
improvement.

According to ASCE, non-parallel system irregularity exist
where the vertical lateral force-resisting elements are not
parallel to the major orthogonal axes of the seismic force-
resisting system [1]. Architects generally begin planning
according to the site conditions. Their main goal for doing this
is to take advantage of the maximum area while considering
owner requirements. This type of irregularity is commonly
seen at complicated street intersections or due to the
limitations and requirements of the space utilization in design.
They are very difficult to change during design and causes the
buildings to experience torsion or local stresses concentrations

[2].

The importance of non-parallel irregularity is highly under
looked. This negligence is what caused the damage of the

shopping centre located in the district of Ercig, 102 km away
from the city centre in the north of Van, Turkey in an
earthquake that struck in 2011 [2]. The architectural plan of
the building is shown in Figure 1.
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Fig. 1 Architectural plan of the shopping centre [2]

In order to reduce the irregularity of the structure, the
building was blocked and separated by dilatation, but from
these three blocks A to C, block C have greater non-parallel
irregular configurations than others. When the earthquake
stroke, from the three blocks, block C was more severely
damaged than blocks A and B because of the non-parallel
irregular configuration in the two-way axes X and Y for block
C compared to blocks A and B which is only on the X-axis,
made a significant contribution to the severe damage of block
C[2].

According to Teddy et al. (2017), the configurations
responsible for the non-parallel system irregularity are 1) The
building is regular, however as the walls of the room are tilted,
or the beam arrangement is also tilted, 2) the building is
regular, but column arrangement is not in one axis, making the
beam connecting the column tilted and 3) the building is
irregular, for adjusting to the shape of the site, or the building
is deliberately tilted for architect’s aesthetic consideration [3].
He analyzed five rectangular models with non-parallel system
irregularity and discovered that for regular buildings, the
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target displacement for the x and y axes are generally
relatively similar and the more irregular the building
geometry, the larger the target displacement of both axes, x
and y. He also proposed that the ratio (j;) of number of beams,
columns and shear walls elements that do not follow the
orthogonal axis to the total number of beams, columns and
shear walls can be used to determine the quality of the
building. If j; is less than 30%, the building is said to be of
good quality, if 30% < jr < 50%, the building is said to be of
moderate quality and if j, > 50%, the building is said to be of
poor quality. It was also found that if it is inevitable to design
a building with non-parallel system irregularity, make the
structure more rigid by connecting the columns in plan by
beams forming a triangle module. However, the percentage of
increase in rigidity by using triangular module is not
mentioned. It is mentioned that future research can be
investigated on the effect of earthquake on geometry
architecture ~ with  non-parallel  system irregularity
configuration in irregular form [3].

For this research, three building models with non-parallel
system irregularity in plan is chosen. Namely, buildings with
Y, V and X shaped floor plans and they are compared with a
square building as standard. These building shapes are widely
adopted by architects because of their advantage in ventilation
and lighting. They are modelled in SAP2000 software before
and after connecting the columns in plan by triangular module
beams and their seismic performance is evaluated using non-
linear static pushover analysis. The results are interpreted
using strength, stiffness and ductility parameters.

1. METHODOLOGY

A. Description of Structures

Four RCC buildings (G+4), one without and three with
complex shapes are chosen to compare the effect of plan
shape on elastic behaviour of buildings. These buildings have
approximately the same plan area of about 200m? in each
floor. The models are typical beam-column RC frame
buildings with no shear walls, located in a high-seismicity
region. A square shaped building is modelled for reference.
The floor plan of the buildings are depicted in Figure 2.
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Fig. 2 Building plans (a) Square shape (b) Y shape (c) V shape (d) X shape

In order to study the performance of buildings with
triangular module beams, three more models with columns in

plan connected by triangular module beams were generated.
They are named YT, VT and XT respectively for Y, V and X
shapes with triangular module. The structural specification of
buildings are shown in Table 1.

TABLE I. SPECIFICATIONS OF MODELS ANALYSED
Model S Y, V, X, YT, VT, XT
No. of floors 5 floors each 3m height
Dimension of beams (mm) 300 x 400
Dimension of columns (mm) 300 x 300
Thickness of slab (mm) 120

M30 concrete, Fe500

Materials Steel

B. Modelling and Analysis

Modelling and analyses have been performed using
SAP2000, which is a general-purpose structural analysis
program for static and dynamic analyses of structures. In this
study SAP2000 v.20.2.0 is used. Two-dimensional plans were
drafted in AutoCAD 2021 and is imported to SAP2000 which
converts the lines into frames. Columns are assigned at all
joints. Three-dimensional structures were modelled within
SAP2000 and loads were assigned.

Loads assigned are based on IS codes. They are calculated
as follows.

(a) Dead load of walls = 19x0.230%(3-0.4) = 11.362kN/m
(b) Dead load of parapet = 19x0.230x1.20 = 5.244kN/m
(c) Floor finish = 1kN/m? [4]

(d) Live load = 3kN/m?  [5]

(e) Roof live = 1.5kN/m? [5]

Load combinations and seismic loads are assigned as per
1893 (Part 1):2016 [6]. As for the seismic loads to be
considered for the analysis, seismic zone V was taken and the
zone factor is 0.36. Medium soil and importance factor 1 were

adopted [6]. Floor plans of the models and their corresponding
3D in SAP2000 are given in Figure 3.

Analysis were done and sections were finalized. Response
spectrum and pushover load cases were defined to conduct
pushover analysis. Base shear v/s displacement curve was
obtained from pushover analysis.
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Fig. 3 Building floor plans and 3D in SAP2000 (a) Square shape (b) Y shape
(c) V shape (d) X shape (e) YT (f) VT (g) XT

I1l.  RESULTS AND DISCUSSIONS

The readings obtained from the base shear v/s
displacement graph are vyield displacement (Dy), ultimate
displacement (D), yield base shear (Fy) and ultimate base

() shear (Fmax). The results are interpreted with respect to
strength, stiffness and ductility.

Strength, R is the ultimate base shear. Stiffness, K is the
ratio of yield base shear by yield displacement and ductility
demand factor, p is the ratio of ultimate displacement to yield
displacement [7]. The values of strength, stiffness and
ductility are given in Table 2.
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TABLE Il SPECIFICATIONS OF MODELS ANALYSED
suldne | Suepgn | St KT ey

S 5167.878 73586.786 5.477

Y 7199.019 106679.16 4.607

\Y 7812.983 114890.11 4.364

X 6259.709 90391.959 3.415
YT 7754.242 121316.85 3.056
VT 7515.672 119839.19 2.964
XT 6631.405 106898.14 2.297

The values of strength, stiffness and ductility for the
models are then compared with the corresponding values of
square model so that the difference can be easily understood.

(e) Figure 4 shows the graph for strength, stiffness and
ductility for building models S, Y and YT and their percentage
difference with square model.

(f)
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Fig. 4 Building model v/s percentage difference with square building for S, Y
and YT models in terms of strength, stiffness and ductility

Figure 5 shows the graph for strength, stiffness and
ductility for building models S, V and VT and their percentage
difference with square model.
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Fig. 5 Building model v/s percentage difference with square building for S, V
and VT models in terms of strength, stiffness and ductility

Figure 6 shows the graph for strength, stiffness and
ductility for building models S, X and XT and their percentage
difference with square model.
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Fig. 6 Building model v/s percentage difference with square building for S, X
and XT models in terms of strength, stiffness and ductility

Y, V and X models has non-parallel system irregularity in
X or y or both axis. But in the case of Y, the bottom wing
which is perpendicular to x axis joins to the two oblique wings
thereby providing additional strength and stability. For X

building, the building itself is symmetric in x and y axis and
the four wings joins at the centre which contributes to the
stability. This is evident from Figures 4, 5 and 6, the strength
value of YT increased 10.75% compared to Y, and the
strength of XT increased 7.19% compared to X but in the case
of VT, the strength decreased 5.75%. This is because in the
case of V building, there are only two wings which are joined
at an angle making it less stable. Also, in the case of Y and X
shapes, the centre of gravity is within the structure. This adds
to stability. Whereas for V shape, centre of gravity is outside
the structure and the angle between the wings can hugely
affect the overall stability. If the initial structure itself is not
stable, joining the columns with triangular module beams will
not have any advantage over the conventional method and
might even have the opposite effect due to additional members
as in the case of VT model.

In the case of stiffness, the stiffness of YT increased
19.89% compared to Y, the stiffness of VT increased 6.72%
compared to V and the stiffness of XT increased 22.43%
compared to X. Stiffness being a material property increased
in the case of all three models with triangular module beams
compared to their conventional models because for models
with triangular module beams, the number of columns and
beams are more. The total number of beams and columns in
each model is given in Table 3.

TABLE Il TOTAL NUMBER OF BEAMS AND COLUMNS
Building model No. of Beams No. of Columns
S 360 216
Y 504 312
YT 738 330
\Y 474 294
VT 678 306
X 432 270
XT 672 294

For models with triangular module beams, the total
number of beams increased average 48.34% and the total
number of columns increased average 6.24% compared to
conventional models. The increase in members caused the
increase in stiffness of the structure.

When stiffness increases, ductility reduces. Hence the
ductility of YT reduced 28.32% compared to Y, the ductility
of VT reduced 25.56% compared to V and the ductility of XT
reduced 20.41% compared to X. The reduction in ductility is
due the increase in total number of members in the structure.

IV. CONCLUSIONS

The important inferences obtained from the present study
are,

1. After connecting the columns by triangular module beams,
the seismic performance of a structure with non-parallel
system irregularity increased with respect to strength and
stiffness and decreased with respect to ductility.

2. If the initial structure itself is not stable, joining the

columns with triangular module beams will not have any
advantage over the conventional method and might even
have the opposite effect due to the additional members.
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(1]

[2]

As the triangular module models possess more number of
members, it contributes to the increase in stiffness and
thereby decrease in ductility.

Triangular module method was efficient in the case of
regular shaped buildings as discovered by Teddy L. et al,
but for irregular buildings with complex geometry, this
method is suitable only if the structure itself is stable and
the centre of gravity is within the floor plan of the
building.
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