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Abstract — Reinforced concrete high-rise buildings
undergo extensive cracking of structural elements
during earthquakes, leading to a reduction in the
effective cross-sectional area and stiffness of
members. This reduction in stiffness lowers the axial,
flexural, shear and torsional capacities of the section,
increases lateral displacement and inter-storey drift,
and alters the distribution of forces between structural
members. In the present study, a 30-storey plan-
irregular reinforced concrete building is analysed in
ETABS using the Response Spectrum Method for the
four seismic zones of India (Zone II, III, IV and V).
Two sets of models are considered for both design
and service load combinations: one using gross
(uncracked) section properties and the other using
cracked section properties obtained by applying the
stiffness modification factors recommended in IS
16700:2017. The time period, lateral displacement,
storey drift, support moments, and beam and column
forces obtained from the two sets of models are
compared for each seismic zone. The results indicate
that the application of stiffness modifiers increases
the time period, lateral displacement and storey drift
of the structure, while support moments and the shear
force and bending moment in beams and columns
reduce. The axial force in columns increases when
the stiffness of the structure is reduced.
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1. INTRODUCTION

The increasing demand for high-rise construction
driven by urban land scarcity has made the accurate
estimation of lateral stiffness a critical part of
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structural design. Lateral loads such as earthquake
and wind forces largely govern the sizing of beams
and columns and the selection of the lateral load-
resisting system in tall buildings. Because concrete
has very limited tensile strength, flexural cracking of
structural members is unavoidable under seismic
stress reversals. Cracking reduces the effective
moment of inertia of the cracked members, which in
turn reduces the lateral stiffness of the building,
increases lateral displacement and inter-storey drift,
and redistributes moments from cracked members
(such as beams) to relatively uncracked members
(such as columns).

Most seismic codes therefore recommend the use of
reduced, or 'effective’, section properties rather than
the full gross-section properties while carrying out
the seismic analysis of reinforced concrete buildings,
so that the estimated time period, displacement, drift
and member forces reflect the true cracked behaviour
of the structure rather than an artificially stiff,
uncracked response.

Modern buildings are also frequently irregular in plan
and elevation due to architectural and functional
requirements.  Irregularity causes eccentricity
between the centre of mass and the centre of stiffness,
resulting in an undesirable coupled lateral-torsional
response under earthquake shaking. IS 1893 (Part
1):2016 classifies building irregularities into plan
irregularities  (torsional irregularity, re-entrant
corners, floor slabs with excessive cut-outs, out-of-
plane offsets and non-parallel lateral systems) and
vertical irregularities (soft storey, mass irregularity,
vertical geometric irregularity, in-plane
discontinuity, weak storey, floating columns and

irregular modes of oscillation). India is divided into
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four seismic zones (Zone Il to Zone V) of increasing
seismic hazard, as per the seismic zoning map
published by the Bureau of Indian Standards.
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Fig -1: Seismic zoning map of India

This study investigates the combined effect of
member cracking (through stiffness modifiers) and
plan irregularity on the seismic response of a 30-
storey reinforced concrete building situated in each
of the four Indian seismic zones.

2. LITERATURE REVIEW

Priestley (2003) highlighted that most seismic codes
do not provide accurate effective-stiffness values for
reinforced concrete members, and that uncracked
stiffness cannot be relied upon since cracking occurs
even under earthquakes smaller than the design
earthquake; once cracked, a member does not fully
recover its uncracked stiffness. Paulay and Priestley
(1992) similarly noted that use of uncracked stiffness
in modal analysis leads to inaccurate estimates of
elastic period and force distribution, since the latter
depends on the relative stiffness of the various
members.

Rethaliya et al. observed that using the full
(uncracked) moment of inertia makes the structure
artificially stiff, under-estimating storey drift and
lateral ~ displacement;  using  cracked-section
properties gives more realistic, larger deflections,
requiring larger lateral load-resisting members and
hence a safer design. Kontoni et al. found that the
axial load ratio significantly affects cracking,
deflection amplification and the stiffness ratio of
vertical members, and that increasing column

stiffness reduces the natural period of the building.

Sarkisian et al. noted that appropriate modelling of
the effective stiffness of shear walls is critical to
right-sizing lateral systems in tall buildings, since
overly conservative stiffness assumptions lead to
unnecessary and costly over-stiffening. Murthy et al.
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explained that the ratio of effective to gross moment
of inertia is higher for columns than for beams
because columns are less damaged owing to the
presence of axial compression. Causevic reported
that reducing beam or wall stiffness changes the
distribution of internal forces depending on the
structural system and behaviour factor used, and that
using about 50% of the original stiffness of beams or
walls produces more realistic seismic behaviour and
more evenly distributed reinforcement. Kumar and
Singh identified reinforcement ratio and concrete
compressive strength as the parameters with the most
pronounced influence on the effective stiffness of RC
members.

Branson's classical expression, along with the
approximations proposed by Grossman, Wang,
Elwood and Eberhard, and Priestley, are widely used
to estimate the effective moment of inertia (Ie) of a
cracked reinforced concrete section as a function of
the applied moment, the cracking moment and the
gross moment of inertia. IS 16700:2017, the Indian
code for structural safety of tall buildings, prescribes
stiffness modification factors for slabs, beams,
columns and walls for both design and service load
combinations, which form the basis of the cracked-
section models used in this study.

3. OBJECTIVES AND METHODOLOGY

3.1 Objectives

e To study the cracked behaviour of a plan-
irregular reinforced concrete structure.

o To evaluate the effect of stiffness modifiers
on the seismic performance of structural
elements.

e To compare lateral displacement and storey
drift of the structure with and without
stiffness modifiers.

e To compare beam and column forces with
variation in stiffness modifiers.

e To compare support moments with and
without stiffness modifiers, for all four
seismic zones of India.

3.2 Methodology

A 30-storey reinforced concrete special moment-
resisting frame with an identical, plan-irregular floor
layout at every level is modelled in ETABS 2019 as
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a 3-D space frame, fixed at the base. For each of the
four seismic zones (11, III, IV and V), four models are
analysed: (i) a Design model with gross section
properties (modifier = 1.0) under design load
combinations, (ii) a Design-Modified model with IS
16700:2017 stiffness modifiers under design load
combinations, (iii) a Service model with gross section
properties under service load combinations, and (iv)
a Service-Modified model with stiffness modifiers
under service load combinations. The Response
Spectrum Method (modal analysis) is used to obtain
the equivalent static seismic response, combining the
modal responses of the structure to a code-specified
acceleration response spectrum.

4. MODELLING OF STRUCTURE

The building considered is a 30-storey plan-irregular
RC building of plan dimensions 35 m x 30 m, storey
height 3 m and overall height 90 m, with column
spacing of 5 m centre-to-centre. Beam sections are
450 mm % 600 mm; columns are 900 mm % 900 mm
up to the 10th floor, 800 mm % 800 mm from the 10th
to 20th floor, and 700 mm X 700 mm from the 20th
to 30th floor. Slab thickness is 150 mm, and shear
wall thickness is 230 mm. Concrete grades of M45
and M40 and reinforcement grades of Fe500 and
Fe415 are used. Design live loads of 3 kN/m? (floors)
and 1.5 kN/m? (roof) are applied per IS 875 (Part 2),

Fig -3: Elevation view of the irregular building

Table 1 lists the area and effective moment-of-inertia
modification factors used for slabs, beams, columns
and walls, as prescribed by IS 16700:2017, for both
design and service load combinations.

Table -1: Stiffness modification factors used (IS
16700:2017)

and seismic parameters (zone factor, response
reduction factor of 5 for SMRF, importance factor of
1.2, and 5% damping, Type Il medium soil) are taken
per IS 1893 (Part 1):2016.

Design — | Service =
Element Moment  of | Moment  of
Inertia Inertia
Slab 0.251g 0.351Ig
Beam 0.351g 0.70 Ig
Column 0.70 Ig 0.90 Ig
Wall 0.70 Ig 0.90 Ig

l—-r -

Fig -2: Plan view of the irregular building

5. RESULTS AND DISCUSSION

The structural response of the general (uncracked)
model and the stiffness-modified (cracked) model is
compared for time period, support moments, lateral
displacement, storey drift, and beam and column
forces, across all four seismic zones.

5.1 Time Period

Applying stiffness modifiers increases the
fundamental natural period of the structure, since a
reduction in stiffness increases flexibility. For the
design load combination, the time period increased
from 2.20 s (general model) to 3.005 s (stiffness-
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modified model), an increase of about 36.5%. For the
service load combination, it increased from 2.20 s to
2.445 s, an increase of about 11.1%.

5.2 Support Moments

Support moments in both X and Y directions decrease
when stiffness modifiers are applied, since the
redistribution of stiffness reduces the moment
attracted at fixed supports. The reduction ranged from
about 5% to 10% (X-direction) and about 2.5% to
10% (Y -direction) moving from Zone V to Zone II.

5.3 Lateral Displacement and Storey Drift

Reduced member stiffness increases lateral
displacement and storey drift in both principal
directions. Displacement in the X-direction increased
by 23.1%—-40.2% and in the Y-direction by 12.1%—
17.9%, moving from Zone V to Zone II. Similarly,
storey drift in the X-direction increased by 20.9%—
31.5% and in the Y-direction by 12.1%—18.5% across
the seismic zones. In all cases the maximum storey
drift remained within the 0.004 times storey height

limit specified in IS 1893 (Part 1):2016.

5.4 Beam and Column Forces

Shear force and bending moment in the beam reduce
with stiffness modifiers, by about 10.2%-17.2% and
15.6%—23.6% respectively, across the seismic zones.
In columns, the axial force increases by about 17.8%—
24.8%, while shear force and bending moment
decrease by about 22.3%-23.6% and 17.7%—22.1%
respectively, when stiffness modifiers are applied.

Table -2: Summary of change in response
parameters due to stiffness modifiers (relative to
the general/uncracked model)

T ith
Response 1:end wit Range of
Parameter Stiffness Change
Modifiers -
Ti iod
( (;:sliegn) petio Increase up to 36.5%
Ti iod
1me' perio Increase upto11.1%
(service)
S rt t(X, 2.5% —
Yl;ppo moment ( Decrease ) 0%0
Lateral Increase 23.1% -
displacement (X) 40.2%

Lateral Increase 12.1% -
displacement (Y) 17.9%
. 20.9% -
Storey drift (X) Increase 31.5%
12.1% -
St drift (Y I
orey drift (Y) ncrease 18.5%
10.2%  —
Beam shear force Decrease 17.2%
Beam bending Decrease 15.6% —
moment 23.6%
) 17.8%  —
Column axial force | Increase 24.8%
22.3% -
Col hear f D
olumn shear force ecrease 23.6%
Column  bending Dectense 17.7% -
moment 22.1%
6. CONCLUSIONS

1. The natural time period increases with a decrease

in stiffness of structural elements, for both design
and service load combinations (36.5% and 11.1%
increase respectively).

2. Support moments in both the X and Y directions

reduce for the stiffness-modified structure
compared to the general structure, by about 2.5%—
10% across seismic zones.

3. Reduction of stiffness in structural members

increases lateral displacement, by 23.1%—40.2%
in the X-direction and 12.1%—17.9% in the Y-
direction.

4. Storey drift increases for the stiffness-modified

structure, by 20.9%-31.5% in the X-direction and
12.1%-18.5% in the Y-direction.

5. Shear force and bending moment in beams reduce

for the stiffness-modified model, by 10.2%—
17.2% and 15.6%-23.6% respectively.

6. Axial force in columns increases for the stiffness-

modified column, by 17.8%24.8%, compared
with the general column.

7. Shear force and bending moment in columns

reduce for the stiffness-modified model, by
22.3%-23.6% and 17.7%22.1% respectively.
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Overall, neglecting cracked-section stiffness
modifiers leads to an under-estimation of lateral
displacement and drift and an over-estimation of
support moments and beam/column shear and
bending forces, which can result in an unconservative
estimate of serviceability response and an unrealistic
distribution of design forces in tall, plan-irregular

reinforced concrete buildings.

The study can be extended to other plan shapes and
vertical irregularities, and to non-linear dynamic
(time-history) analysis to further validate the trends
observed using the linear Response Spectrum
Method.
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