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The greatest challenge for any structural engineer in
today’s scenario is to design seismic-resistant struc-
tures. A regular building, i.e. having mass and stiff-
ness uniformly distributed through its height behaves
normally. The presence of vertical irregular frame
subject to devastating earthquakes is a matter of con-
cern. Points of sudden change in stiffness, mass and
strength in buildings are known as weak points. For
the design of safe irregular buildings it is necessary to
study the effect of irregularity on the response of
buildings to lateral loads. Here we study the propor-
tional distribution of lateral forces evolved through
seismic action in each storey level due to changes in
mass and stiffness of frame on vertically irregular
structures. The effect of mass and stiffness irregular-
ity of G + 10-storeyed vertical geometric irregular
building is studied using finite element method-based
software. Two methods of analysis, namely linear
static and linear dynamic analysis are used to evaluate
response of the structure in the form of storey shear,
storey displacement and storey drift. Responses are
plotted and compared, and conclusions have been
made from the results.

Keywords: Finite element method, irregular buildings,
seismic analysis, lateral load.

THE behaviour of a building during earthquakes depends
on its overall shape, size and geometry, in addition to
how the earthquake forces are carried to the ground. The
earthquake forces developed at different floor levels in a
building need to be brought down along the height to the
ground by the shortest path; any deviation or discontinu-
ity in this load transfer path results in poor performance
of the building. Buildings with vertical setbacks cause a
sudden jump in earthquake forces at the level of disconti-
nuity. Most of the time earthquake damage to buildings is
initiated at a storey which has less column or greater
height or heavy mass compared to an adjacent storey.
Many buildings with an open ground storey intended for
parking collapsed or were severely damaged in Gujarat
during the 2001 earthquake.

There have been several studies on such irregulari-
ties'?. Estimation of storey shear of a building with mass
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and stiffness variation due to seismic excitation and eval-
uation of mass, strength and stiffness limits for regular
buildings specified by UBC® and determination of struc-
tural irregularity limits —mass irregularity example®. In
the present article, response of a G + 10-storeyed verti-
cally irregular frame to lateral loads is studied for stiff-
ness and mass irregularity at different floors with four
models. Stiffness irregularity is introduced by increasing
the column height at ground floor and fourth floor. Mass
irregularity is introduced at fourth and eighth floors by
increasing the mass.

Structural irregularities

There are various types of irregularities, IS Code 1893
(Part-1):2002 classifies irregularity in two sections: plan
irregularities and vertical irregularities. In this study, verti-
cal irregularities are considered and described as follows.

Stiffness irregularity

Soft storey: A soft storey is one in which the lateral
stiffness is less than 70% of that in the storey above or
less than 80% of the average lateral stiffness of three sto-
reys above.

Extreme soft storey: An extreme soft storey is one in
which the lateral stiffness is less than 60% of that in the
storey above or less than 70% of the average stiffness of
three storeys above. For example, buildings on stilts fall
under this category.

Mass irregularity

These are considered to exist where the effective mass of
any storey is more than 150% of effective mass of an ad-
jacent storey. The effective mass is the real mass consist-
ing of dead weight of the floor plus the actual weight of
partition and equipment.

Vertical geometric irregularity

Geometric irregularity exists when the horizontal dimen-
sion of the lateral force resisting system in any storey is
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more than 150% of that in an adjacent storey. The setback
can also be visualized as a vertical re-entrant corner.

Discontinuity in capacity—weak storey

A weak storey is one in which the lateral strength is less
than 80% of that in the storey above; the storey lateral
strength is the total strength of all seismic force resisting
elements sharing the storey shear in the considered direc-
tion.

Problem formulation

For the present study the vertical geometric irregular
building model is taken from IS 1893 (Part-1):2002 and
the same model is modeled with three different irregulari-
ties. This building model is G + 10-storeyed (35.5 m
high) and is made of reinforced concrete (RC) special
moment resisting frame (SMRF). Table 1 provides a de-
tailed description. The four frames have been analysed
using equivalent static method of IS 1893-part 1: 2002.
Analysis has been carried out using ETABS software.

Modelling

In all the four models beams and columns are modelled
as a two nodded frame element having six degrees of
freedom at each node, three translations Ul, U2, and U3
and three rotations R1, R2, and R3 along mutually
perpendicular axis. Floor is modelled as a four-noded
shell element having six degrees of freedom at each node,
three translations and three rotations. All the beams and
columns are connected with rigid joint. Imposed loads
have been applied as uniformly distributed loads on the
floor. No infill walls have been modelled, load of infill
wall is directly applied on beams. Floor is considered
here as a rigid diaphragm and masses are lumped at floor
level.

Mesh sensitivity analysis

Mesh sensitivity analysis is carried out for base model
and model-2, and Y-displacement (Uy) of model-2 for
node number 92 of storey 7 for dead load case has been
plotted here (Figure 1). Number 1 on the x-axis in Figure
1 b represents no meshing (one part) no. 2 indicates that

Table 1. Model description
Model no. Description
1 Base model
2 Base model with mass irregularity at third and seventh floor
3 Base model with stiffness irregularity at fourth floor
4 Base model with stiffness irregularity at ground floor
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beams, columns and slabs are divided into two parts.
Similarly no. 3 indicates three parts, and so on. Conver-
gence of displacement is obtained after 4 x 4 meshing. So
all the models are meshed with 4 x 4 parts and results
have been evaluated.

Model-1: Base model

The basic model consists of (G+10) vertically geometric
irregular structure with basement. It has 12 bays of 5 m in
both X and Y directions. After each two consecutive sto-
ries, the size of model is reduced by 5 m in both direc-
tions as shown in Figure 2. The typical storey height is
3.0 m, ground storey height is 3.5 m, and foundation
height below the plinth level is 2.0 m. Table 2 shows the
geometric, structural, seismic, loading and material data
of building.

Model-2: base model with mass irregularity

The structural configuration of this model is the same as
model 1. Imposed load is 5 kN/m* on all the floors,
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Figure 1. a, Model 2 — elevation; b, Displacement versus meshing
plots.
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Table 2. Geometric, structural, seismic, loading and material data for all models
Specification Model-1 Model-2 Model-3 Model-4
Type of structure SMRF SMRF SMRF SMRF
Seismic zone \Y% \% \Y \Y
Zone factor 0.36 0.36 0.36 0.36
Importance factor 1.00 1.00 1.00 1.00

Response spectra

As per IS 1893 (Part-1):

As per IS 1893

As per IS 1893 (Part-1):

As per IS 1893

2002 (Part-1):2002 2002 (Part-1):2002
Type of soil Medium soil Medium soil Medium soil Medium soil
Number of storeys G+10 G+10 G+10 G+10
Dimension of building (m x m) 60 x 60 60 x 60 60 x 60 60 x 60
Floor height (typical) (m) 3.0 3.0 3 and 5 at fourth floor 3.0
Base floor height (m) 35 35 35 5.0
Impose load (kN/m?) 5 32 third and seventh floor 5 5
Materials M30 and Fe415 M30 and Fe415 M30 and Fe415 M30 and Fe415
Sp. weight of infill (kN/m?) 20 20 20 20
Size of column (mm x mm) C700 x 300 C700 x 300 C700 x 300 C700 x 300
Size of beam (mm x mm) 300 x 700 300 x 700 300 x 700 300 x 700
Depth of slab (mm) 150 150 and 200 at third and seventh floor 150 150
Sp. weight of RCC (kN/m®) 25 25 25 25
Table 3. Summary of base shear

Models Height (m)  Time period (7,; sec) Sa/g Ah Swismic Wt (W kN) Base shear (VB; kN)

1 355 1.0907 1.2469 0.0449 251621.67 11297.812

2 355 1.0907 1.2469 0.0449 301549.86 13539.588

3 37.5 1.1365 1.1966 0.0431 264140.12 11384.439

4 37 1.1251 1.2087 0.0435 284346.51 12369.073

Sa/g, Average response acceleration coefficient; Ah, Seismic response coefficient.

Table 4. Storey displacement (U,) in the x-direction (m)
Model-1 Model-2 Model-3 Model-4
Storey U,
Roof 0.092815 0.104726 0.118881 0.105871
Tenth 0.089327 0.101178 0.115687 0.102367
Ninth 0.82156 0.094116 0.109095 0.095375
Eighth 0.074495 0.086706 0.101981 0.087991
Seventh 0.063778 0.076171 0.091971 0.077649
Sixth 0.054715 0.064721 0.083409 0.068848
Fifth 0.043792 0.051499 0.07295 0.058179
Fourth 0.03501 0.041348 0.063706 0.049515
Third 0.025377 0.030459 0.026005 0.039927
Second 0.01786 0.021315 0.017976 0.032342
First 0.010113 0.012045 0.010136 0.024209
Plinth 0.001783 0.002127 0.001786 0.002014
Base 0 0 0 0

except the third and seventh; irregularity is introduced in
model 2 by increasing imposed load to 32 kN/m? for
these two storeys (Figure 2 b).

Model-3: base model with stiffness irregularity at
the fourth floor

This is vertically irregular model. Stiffness irregularity in
the vertical direction is introduced by increasing the
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fourth floor height to 5 m. All the remaining floors except
ground floor are of 3 m height. The remaining data are
the same as model 1 and as mentioned in Table 2. Figure
2 ¢ shows the elevation of model 3.

Model-4: base model with stiffness irregularity at
the ground floor

This is vertically irregular model having stiffness irregu-
larity at the ground floor. Stiffness irregularity is intro-
duced by increasing height of ground floor to 5 m. All
the remaining floors are of 3 m height. The remaining
data are shown in Table 2 and Figure 2 d shows the eleva-
tion.

Analysis of results

Manual calculation has been done for the four models and
base shear is calculated as per IS 1893 (Part-1):2002, as
shown in Table 3; these results are compared with the
ETABS result.

The four models with stiffness and mass irregularity
have been analysed using equivalent lateral load and
response spectra method. Results in the form of storey
displacement, storey drift and storey shear by linear static
method have been evaluated and tabulated (Tables 4-6).
Figure 3 shows the deflected shapes of irregular model
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Model elevation. a, Base model (model-1); b, model-2; ¢, model-3; d, model-4 elevation view.

Figure 2.
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Figure 3. Deflected shape of irregular models. @, Model 1; b, Model 2; ¢, Model 3; d, Model 4.
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Figure 4.

Table 5. Storey drift in the X-direction
Storey Model-1 Model-2 Model-3 Model-4
Roof 0.001162 0.001183 0.001065 0.001168
Tenth 0.002390 0.002354 0.002197 0.002331
Ninth 0.002554 0.002470 0.002371 0.002461
Eighth 0.003572 0.003512 0.003337 0.003447
Seventh 0.003021 0.003816 0.002854 0.002934
Sixth 0.003641 0.004408 0.003486 0.003556
Fifth 0.002927 0.003384 0.003081 0.002888
Fourth 0.003211 0.003630 0.00754 0.003196
Third 0.002505 0.003048 0.002677 0.002528
Second 0.002582 0.003090 0.002613 0.002711
First 0.002380 0.002834 0.002386 0.004439
Plinth 0.000892 0.001063 0.003337 0.003447

Table 6. Storey shear (V) in the X direction (kN)

Model-1 Model-2 Model-3 Model-4
Storey Ve
Roof 279.8094 288.9388 255.0791 284.262
Tenth 766.9844 754.826 808.7402 746.0453
Ninth 2121.592 2050.242 1965.4 2041.597
Eighth 3283.746 3161.614 3063.568 3162.297
Seventh 5146.129 6596.34 4855.083 4990.77
Sixth 6625.345 8010.92 6310.863 6466.243
Fifth 8427.288 9734.125 8138.716 8305.889
Fourth 9705.725 10956.7 10057.51 9654.061
Third 10908.04 13206.54 11128.14 10984.73
Second 11582.64 13851.66 11679.27 11793.4
First 11981.04 14232.66 12004.68 12374.24
Plinth 12016.64 14266.69 12031.73 12417.65
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and Figure 4 a—c shows a plot of the results of storey dis-
placement, storey drift and storey shear.

Storey displacement

From Table 4 and Figure 4 a, it can be observed that max-
imum lateral displacement at the top floor is observed in
model-3, and minimum in model-1. This is because there
is reduction in lateral stiffness at storey-4 in model-3,
which provides overall less stiffness for lateral loads
compared to model-1. Also in Figure 4 a, there is sudden
increase in lateral displacement in model-3 at storey 4
due to sudden change in lateral stiffness at storey 4. Also
due to the same reason, sudden increase in lateral dis-
placement is observed in model-4 at the first storey.
There are no kinks in storey displacement graph of model-1
above the first storey due to uniform distribution of mass
and stiffness throughout the height of the building.

Storey drift

Figure 4 b shows a plot of storey drift ratios for all mod-
els obtained by ETABS. IS 1893 (Part-1):2002 specifies
that storey drift should not be greater than 0.004. From
the storey drift plot it can be observed that for model-1
storey drift is within permissible limits at all storeys,
while for model-2 drift ratio exceeds specified limit at the
seventh storey (0.00441) due to sudden change in mass at
that storey. Storey drift ratio of storey 4 of model-3 is
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very high, almost double the permissible limit (0.00754).
This is due to sudden change in stiffness at the fourth
storey. At the first storey of model-4, storey drift exceeds
permissible limit due to sudden change in stiffness at the
first storey.

Storey shear

Figure 4 ¢ shows the storey shear plot for all models.
Maximum storey shear is observed in model-2 due to
heavy mass at storeys 3 and 7, because storey shear is
directly proportional to seismic weight. Model-4 has
slightly higher storey shear than model-1 and model-3.
Storey shear plots of model-1 and model-3 almost over-
lap.

Conclusion

The behaviour of G + 10-storeyed building with mass and
stiffness irregularity has been studied using four models.
Model-1 is an irregular building which is considered as
the base model and extra mass is applied at storeys third
and seventh of the base model for mass irregularity in
model-2. Model-3 and model-4 are formed by increasing
height of the fourth storey and first storey columns of the
base model respectively. Results in the form of storey
displacement, storey drift and storey shear are evaluated
and compared. The following conclusions can be made
from the obtained results.

e When there is a sudden change in mass between two
storey (mass irregularity) of a building, there will be a
sudden change in storey displacement or storey drift
at that level and if masses are heavy then drift ratio
will go beyond the permissible limit.

e For a building with heavy mass at some storey, storey
shear will be high compared to the same building
having normal mass distribution.

e Vertical stiffness irregularity at a storey in a building
causes increase in storey drift beyond specified limits

at that storey, while buildings without stiffness irregu-
larity perform well for lateral loads.

e Buildings having mass and stiffness irregularity
should be analysed and designed properly. Special
detailing and designing methodology should be
utilized to keep the displacement and stresses within
permissible limit.
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