SCIENTIFIC CORRESPONDENCE

A case for use of dynamic analysis in designing for earthquake forces

Reinforced concrete (RC) franbeiildings  ogical Field Survey ofhe US Coast and  Therefore, the national codes of a few
are the most common type of construc-Geodetic Survey, USA, installed thiest  countried recommend nonlinear analysis
tions in urban India, which areigjected strong-motion accelerograph in late 1932only for highly irregular and important
to several types of forces during theirwhich recorded the ground motions of 10structures. In comparison, linear DA is
lifetime, such as static forces duedead March 1933 Long Beach earthquake simpler and adequately captures dynamic
and live loads and dynamic forces due taRecording of ground motions greatly im- behaviour in elastic range and therefore
wind and earthquakes. Unlike static forcesproved the understanding of earthquakes a better indicator of structural perform-
amplitude, direction and location of dynamicforces and an improved ESMA was in-ance than ESMA. However, it fails to
forces, especially due to earthquakes, varyroduced in théuilding code of Los An- capture the capacity-related information
significantly with time, causing consider- geles on 1 January 1943. In the improvedf structural members, which is orppssi-
able inertia effects obuildings.Behav- method, the design horizontal forces varble with nonlinear dynamic or statpro-
iour of buildings uder dynamic forces ied over the height dfuildings andvere cedures. A simple nonlinear static (Push-
depends upon the dynamic chetesistics  also a function of the total height, which isover) analysis is being used nowadays
of buildings which are controlled by both approximately related to the fundamentaffor certain projects, especially those related
their mass and stiffness properties, véas  period of vibration of buildings T;)*.  to seismic strengthening and rehabilitation
the static behaviour is solely dependenESMA that is being used presently inthe The main purpose of linear DA is to
upon the stiffness characteristics. seismic codes of most of countriesevaluate the time variation of stresses
Performance of buildings largely de-worldwide, including India, is the result and deformations in structures caused by
pends on the strength and defobitity = of several modifications in the original arbitrary dynamic loads. As in any dyna-
of constituent members, which is furthermethod proposed in 1908. mical system, vibrational properties of build-
linked to the internal design forces for Computers made possible the speedjngs can be estimated by solving Eigen
the members. The internal design forcesnalysis of accelerogramsc(elerograph value problem given by:
in turn depend upon the accuracy of theecordings) and development of response
method employed in their analytical deter-spectrum of earthquake motions and design
mination. Analysing and designirguildings  spectrum. Later, with digital computers,
for static forces is a routine affair thesestructural dynamics was developed and
days because of avaliltity of affordable detailed linear dynamic analysis (DA)
computers and specialized programs whictmethod was evolved, which coders the
can be used for the analysis. Onthieeot effects of all the dynamic characteristics
hand, dynamic analysis is a time-consumingf buildings. It was only after the 1971
process and requires additional input relate®an Fernando earthquake in USA that line
to mass of structure, and an understandin®A was made mandatory in Los Angele
of structural dynamics for interpretation for structures over about 50 m iniget'.
of analytical results. In reality, durmg earthquakes, b_U|Id|r_1gs Buildings can vibrate in different
Nearly a century ago, after the 28 De-are generlly subjected to large inertia .

. - . . . mode shapes, as shown for a typical ten-
cember 1908 Messina earthquake in Italyforces, which cause members of buildings P —
th - itt intetb beh : i : : storey RC building in Figure 1. There
! eﬂ:econnalssancte ;:(I)tmlml eg app0|r_1f_ed e aV(ta in a nonlinear rrlgnnelr,tl.e. f "€S%.n be as many mode shapes possible as

y the government of Italy made specificdoes not remain proportional to strain oo~ ¢ dynamic degrees of freedom
recommendations to design struetsifor  (material nonlinearity) in addition to . he buildi D ic @ f
thquake resistahcEor the first nonlinearity associated with large defor-In the urding. vynamic egrees o
iomefar ted that the effects ofmati Earth ke shaki f struct freedom in a structure are thember of
|m¢fr,]| wssfrepore ta t ee eczo ma |ons.|_ arthquake s at;lngo sdructurqndepenclent coordinates in which the
earthquake forces on structures are dynds a nonlinear dynamic problem and struc .t re can undergo motion under dyna-
mic in nature and should be dealt with agural analysis should be able to incorpo-_. . o
; . . mic forces. Depending upon the building
such. It was recognized that structural dynarate the nonlinear behaviour of member h
; - - ype, only the first few mode shapes may
mics was not sufficiently developed by for evaluating the actual response of struc- e
. o - ; . govern the response of theilding. Laeral
that time; therefore a simplified method wastures. Nonlinear alysis requires a lot of . : -

. . . . _displacementu at any point on buildings

recommended, which takes care of thdnput data related to material and section -
d ics involved in th bl ; " d load hich uring earthquakes can be expressed as a
ynamics involved in the problem 10 aproperties and loads, which are gsﬂﬂg linear combination of all the mode shapes
certain extent. The method was referredifficult to obtain accurately. ¥perimen- - : .
) . . : .. of buildings as given below:
to as the Equivalent Static khed of Analy- tal data are not available in sufficient
sis (ESMA). The committee recommendedquantity to develop accurate analytical N
that the first storey be designed for hori-models for analysis procedures to character- u = Z(pnqn, (2)
zontal forces equal to 1/12 theilding  ize nonlinear dynamic force-deformation n=l
weight above and the second and thirdehaviour of members. Further, the in- _
storeys to be designed for 1/8 of theterpretation of analysis results requires avhereq, are thenth modal coordinates
building weght above. great deal of expertise and in-depth underandN is the total number of modes. Shear
With the development of earthquakestanding of the nonlinear behaviour offorces onbuildings can be estiated as
engineering and computers, the Seismolstructures. stiffness times the lateral displacement.

[k — ] @, = 0, wherew, :ZT_" . Q)

n

wherek andm are the stiffness and mass
matrices of buildings respectively, and
wn, @ andT, are the natural frequency,
mode shape and natural period of build-
airngs respectively, for theth mode. Given
Sk and m, the eigenvalue problem is to
find positive w,s and correspondings.
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Therefore, mode shapes of buildings playhigher mode effects into the picture.and the corresponding cdhbtrtion of differ-
an important role in estimating the de-Therefore, for taller buildings (generally ent modes depend upon the amount and
sign base shear fdaildings. ten or more storeys), even if they arelocation of infills in the frame because of

Along each principal axis, contiition regular, the first mode may not be thetheir high initial stiffness, as shown in
of first mode is highest among all possi-only governing mode; participation from Figure 2, where a single frame of the ten-
ble mode shapes in reguldouildings higher modes may also be significantstorey building is shown. In the case of a
while contribution of hyher modes re- (Figure 1). In reality, several types of ir- fully infilled frame, lateral displeements
duces depending upon the natural charagegularities are introduced intwildings  are unifomly distributed throughout the
teristics of buildings. Regularbuildings because of unsymmetrical and non-height as shown in Figuree2andb. On
have simple geometry without any abruptuniform distibution of mass and stiff- the other hand, in the case of open first-
change in dimension, and uniform andness, which are often respdsie forthe storeybuildings, most of the lateral dis-
symmetric distribution of mss and stiff- predominance of higher modes in theplacement is accumulated at the first-
ness along height as well as in plan. Deseismic force demand on buildings. Thusstorey level itself because the firsosy
pending upon its contribution, each modethe effects of higher modes arepiontant is the most flexible due to absence of infills
imposes some force demand lmrildings, in analysis, design and ultimately in the(Figure 2c). Similarly, the seismistorey
and adding the forces imposed by all theperformance of buildings. ESMA cannot shear forces and subsequently the bending
modes gives the total force on the build-take into account such behavioural changesnoments concentrate in the open first storey,
ing for which it is needed to be designed.which are highly dynamic in nature. instead of gradually varying as in fully

In some short buildings, the first vibra- In addition, masonry infill walls are infilled frame (Figure Z andb).
tion mode may be the only governinggenerally espongle for introduction of The basic assumption in ESMA is that
mode with more than 90-95% participationseveral types of irregularities in RC frames,only the first mode of vibration of build-
factor. With increasingumber of floors, e.g. torsional irregularity in plan and softings governs the dynamics and the ef-
flexibility of buildings increases bringing storeys in elevation. The mode shapedects of higher modes are not significant;

therefore, higher modes are not consid-

@ ered in the analysis. Thus, irrespective of

@ whether thebuilding isregular or irregu-
lar, ESMA cannot adequately capture the
true behaviour of multistoreluildings;
the design forces for the members in
buildings may bgrossly underestiated.
However, several uncertainties and ap-
proximations are involved in DA in de-
scribing the true dynamic loads, estimating
the actual material and sectional proper-
ties, etc. Therefore, DA must be used with
great caution.

1S:1893-2002 has divided India into
four seismic zones depending upon the
seismic hazard associated with different
regiond and recommends different analy-
sis methods depending upon height, location
(zone) and configuration obuildings.
ESMA is permitted for regulasuildings
of height up to 90 m (30 storeys) in
lower seismic zones (zones Il and lll),
and of height up to 40 m (3 storeys) in
higher zones (zones IV and V). On the other
hand, for irregulabuildings, ESMA can
be used up to height of 40 m 13 sto-
reys) and 12 m (4 storeys) in lower and
higher zones respectively. Linear DA is
required for buildings not covered under
the above restrictions.

Using 1S:1893-2002, regulduildings
can be designed as high as 30 storeys in
all the metros of India, except New Delhi,
b without using linear DA. Also, for irregular

buildings dsign can be done for up to 13
storeys. New Delhi is located in a higher

Figure 1. First few mode shapes of a typical ten-storey RC building along one direation. S€iSmic zone (zone IV), thus, _ESMA can
Typical building;b, | mode of vibrationg, Il mode of vibrationd, 1ll mode of vibration. be used for up to 13 storey high regular

ﬁ'.:;‘/
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Table 1.

Conditions on use of ESMA in various national codes

Maximum building height (m)

Country Regular Irregular Seismic zone Soil profile T, (S)
India® 40 12 Higher - -

90 40 Lower - -
USA (IBCY 2-3 storeys - Lower - K5T*
Eurocode 8 (ref. 2) - - - X0 or < or*
Columbig 60 - - Not on soft clay &7

— 18 - — —
Israef 80 - All - 2.0

- 80 Lower - 2.0

- 5 storey Lower For buildings with a soft storey -

- 20 All For buildings with plan irregularities -
The Philippine% 70 20 - Soft clay <12 m thick &7
New Zealan# 15 - - - 2.0 (regular)

- 15 - - 9.45 (irregular)
Algerig? 65 - Lower - -

30 8-23 Higher - -

- All Lowest - -
Costa Rica 30 - - - -
Irar? 50 18 - - -
Nepaf 40 - Lower - -
Venezuel - 60 - For buildings with plan irregularities -

*Typical storey height in buildings is about 3.0 to 3.5 m.
*T. is the natural period corresponding to the beginning of velocity-sensitive region on the response spectrum as shown in Figure 3
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Figure 2. Effects of masonry infills on the first mode shape of a typical frame of a ten-storey RC buadigplacement pro-
file; b, Fully infilled frame;c, Open first storey frame.
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Figure 3. Acceleration regonse spectrum
for average ground motion.

and up to 4 storey high irregulauild-

Building Code (IBC} allows ESMA for According to several codes as shown
regular and slightly irregulabuildings in Table 1, ESMA is not allowed for flexi-
consisting of only 2 to 3 storeys even inble structures whos&; is more than a
lower seismic zones; these being thevalue varying from 0.45to 2.0s, or 3.5 to
most stringent requirements among the4 times the natural period corresponding
national codes worldwide to the beginning of the velocity-sensitive
Conditions imposed on use of ESMA region on the response spectriry Figure

by the national codes of twelve countfies 3), whichever is less. Velocity-sensitive
from different parts of the world are sum-structures have intermediate fundamental
marized in Table 1. Codes of many develnatural period ofiibration on the response
oping countries follow height restilons  spectrum, and their response is governed
similar tothe Indian cod&for ESMA to be by the ground velocity. The stiffer structures
used. However, in many codes, soil typehave lesser natural period (towards left
andT; also play an additional role in se- of the velocity-sensitive region), and their

ings. Onthe other hand, the Internationalecting the method of analysis. response is governed by the ground ac-
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celeration; mostbuildings fall in this

software are available at an affordablet. 1S: 1893-2002, Bureau of Indian Stan-

category. The flexible structures have largeprice, which can be used for static and dards, New Delhi, 2002.
natural period (towards the right of the dynamic analysis considering linear and®- 'BC: 2003, International Building Code,

velocity-sensitive region), and their res-nonlinear behaviour.

ponse is governed by the ground displace-

International Code Council, Inc., Viginia,

The primary motive of this correspon- USA, 2003.

ment, for example, large span bridges. dence is to alert the readers that time has
The codes of Columbia and the Philip-come to switch over to linear/nonlinear ACKNOWLEDGEMENTS. ' We acknowledge

pines do not allow ESMA fobuildings

dynamic and pushover analysis methods
on deep, soft clayey soils, which are likelywhich not only provide better under-
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to amplify the ground motion and causestanding of structural behaviour but also

buildings to experience larger-than-expectedmproved estimates of member desig
seismic forces. All the conditions specifiedforces. The restrictiofisn 1S:1893-2002
in Table 1 for a particular code must begoverning the choice of methods of analysis
need serious reviews and revision.

satisfied for the use of ESMA.
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India lies in one of the most seismi-
cally active regions of the world. However,
the provision$in 1S:1893-2002 governing
the method of analysis to be used for
seismic design obbuildings are the most 5
liberal. Use of ESMA could have been
justified when computers were not available
easily. Now, with high-speed digital com-3.
puters available easily, senal specialized
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