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ABSTRACT: India is a vast country that is gro\g even faster. Particularly over the last decdueret ha:
been a sudden spurt in the construction activithecountry, especially in the large low-to-moderseismic
regions of the country. But, no systems are in@lacregulate these massive constructions to esgismic
safety. This paper raises the challenges in theegupractice and provides measures to overconma.the
particular, the paper argues for separate prowssfon the design and construction of structuretowm-to-
moderate seismic regions.
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1 INTRODUCTION 2 BASIC GEOGRAPHY AND TECTONIC
FEATURES
India has a two-pronged earthquake problem. There
is severe seismic hazard along the Himalayan belhdia lies at the northwestern end of the Indo-
and the western margin of the country in the sthte Auystralian Plate, which encompasses India, Austra-
Guijarat, over a relatively smaller land area ofudbo |ia, a major portion of the Indian Ocean and other
27.3%, and low-to-moderate seismic hazard in themaller countries [Bolt, 1999]. This plate is odiifig
remaining large part of about 72.7% of land areagainst the huge Eurasian Plate (Figure 1) andggoin
[BMTPC, 2007]. A large number of large size earth-ynder the Eurasian Plate; this process of onert&cto
quakes (including 4 Great earthquakes) have oglate getting under another is called subduction. A
curred in the area under severe seismic hazard, bgéa, Tethys, separated these plates before they col
the population in these areas is relatively lesSer. |ided. Part of the lithosphere, the Earth’s Criist,
the other hand, few small size earthquakes have ogovered by oceans and the rest by the continents.
curred in the area under Iow_—to-moderate seismic harhe former can undergo subduction at great depths
zard, but a large number of lives have been lost.  when it converges against another plate, but the la
The country has a large population — about a sixtker is buoyant and so tends to remain close tsiihe
of the world’s population is in India. But, theeeno  face. When continents converge, large amounts of
critical mass of technical professionals (approprishortening and thickening take place, like at the H
ately qualified and trained) to undertake the earthmalayas and the Tibet.
guake safety related technical and co-technical ac- -
tivities. The promulgation of the Disaster
Management Act in 2005 and the formation of the
National Disaster Management Authority is expected
to lead to activities and initiatives that will ewa-
ally build the required critical mass of earthquake
professionals. This paper presents an analysigeof t
issues involved and challenges the country is faced
with on the various fronts to making India better
prepared to face earthquakes with lesser losdeof li
and property, especially in the large land aredn wit
low-to-moderate seismic threat.
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Figure 1 Geographical Layout and Tectonic Plate Boundaries
at India [Murty, 2005]
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Three chief tectonic sub-regions of India [GSI,the low-to-moderate seismic region of the peninsula
2000] are the mightidimalayasalong the north, the also (i.e., intra-plate earthquakes).
plains of the Ganges and other rivers, and thenpeni  Some of the damaging and recent earthquakes are
sula. The Himalayas consist primarily of sedimentdisted in Table 1. Four Great earthquakes (M>8) oc-
accumulated over long geological time in the Tethyscurred in a span of 53 years from 1897 to 1950; the
The Indo-Gangetic basin with deep alluvium is alanuary 2001 Bhuj earthquake (M7.7) is almost as
great depression caused by the load of the Himslaydarge. Each of these caused disasters, but also al-
on the continent. The peninsular part of the cquntrlowed us to learn about earthquakes and to advance
(i.e., low-to-moderate regions of the country) con-earthquake engineering. For instance, 1819 Cutch
sists of ancient rocks deformed in the past HimalaEarthquake produced an unprecedented ~3m high
yan-like collisions. Erosion has exposed the r@dts uplift of the ground over 100km (called Allah Bund)
the old mountains and removed most of the topograrhe 1897 Assam Earthquake caused severe damage
phy. The rocks are very hard, but are softened byp to 500km radial distances; the type of damage
weathering near the surface. Before the Himalayasustained led to improvements in the intensityescal
collision, several tens of millions of years agayd from I-X to I-XIl. Extensive liquefaction of the
flowed across the central part of peninsular Indiagground took place over a length of 300km (callesl th
leaving layers of basalt rock. Coastal areas lik&Slump Belt) during 1934 Bihar-Nepal earthquake in
Kachchh show marine deposits testifying to submemwhich many structures went afloat; liquefaction was
gence under the sea millions of years ago. Thus, ubrought to fore. Some of these events occurred in
derstanding the seimotectonics of the peninsular rgpopulated and urbanized areas and hence causec
gion (i.e., low-to-moderate seismic region) of thegreat damage. Many went unnoticed, as they oc-
country is a complex. curred in relatively un-inhabited places. For these

The seismotectonic atlas of the country [GSlreasons, scientists showed lesser interest in areas
2000] indicates few fault lines, but a large numifer with low-to-moderate seismicity.
lineaments. This information is not readily usaible Instrumented data also is scanty. Most of the
engineering applications owing to absence of sligtrong motion arrays are in the severe seismic re-
rates at the faults and the size of potential marim gions, and none in the low-to-moderate seismic re-
events at the faults. Also, there are no commonlgions; there are individual instruments scattered i
understood mechanisms of macro-tectonics withithe latter region, but not in arrays. Even the labée
the Indian plate (i.e., the low-to-moderate seismiaata is neither compiled at a single reliable seurc
region of the country) as agreed by the commuriity onor available easily. Even for recent events, e.g.,
earth scientists, which leads to lack of confidenc004 Sumatra Earthquake and Tsunamis, strong
amongst the younger scientists to take to suctsinveground motions are not available. Once again, an
tigations with conviction. opportunity was lost to calibrate the ground motion

Time is opportune to take steps to (a) create with the performance of buildings and structures.
map of active and passive faults in the countmgi-in Steps should be taken immediately to (a) compile
cating the slip rates on them, and (b) develop and scientifically complete catalog of past eartheasak
popularize macro-tectonic models for the low-to-in India, (b) make instrument recording reliabled a
moderate seismic regions of the country. (c) maintain a centralized database of strong gfoun

motions recorded from instruments.

3 PAST EARTHQUAKES IN INDIA
4 SEISMIC ZONE MAPS

3.1 Text and indenting Four decades from 1962 also saw the development

A formally collected and scientifically complete of the Indian seismic codes, and along with it the
catalog is not available of earthquakes in Indi&. O formal seismic zones and seismic zone maps. Vary-
ten, information on past earthquakes is gathered inng geology at different locations in the countmy-i
directly from historic renditions of the politichis- plies that the likelihood of damaging earthquakes
tory of the country or from religious scriptures taking place at different locations is differentel
[lyengar, 2004]. Thus, most existing catalogs [e.g.seismic zone map attempted to reflect these regions
Bapat et al, 1983] are incomplete from many pointd he Indian Standards provided the first seismicezon
of view. A number of significant earthquakes oc-map in 1962, which was later revised in 1966. The
curred in and around India over the past centurjirst seismic zone map [IS:1893, 1962] of Independ-
(Figure 2). Most earthquakes occurred along thk higent India had seven seismic zones, namely O, |, I,
seismic region of the Himalayan plate boundary,(i.elll, IV, V, and VI; O was considered non-seismic
inter-plate earthquakes), but a few have occumed izone (Figure 3a).
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Figure 2 Epicenters of Past Earthquakes (1800-2001) of mag
nitude greater than 5.0 [IMD, 2008]

Table 1. Some Past Earthquakes in India [IMD, 2@xat et '
al, 1983] 1] PO R e s

Time ‘ Magnitude Inll\:f:ilv Deaths
16 June 15819 Cutch 11:00 8.3 VIII 1,500
12 June 1897 Assam 17:11 8.7 x11 1,500 ."_ y
8 February 1900 Coimbatore 03:11 6.0 X il 3 b
4 April 1905 Kangra 08:20 2.6 s 12,000 %
15 January 1934 Bihar-Nepal 14:13 5.4 S 11,000 ..-__l." = Y
31 May 1935 Cluetta 02:03 7.6 s 30,000 s = .‘:Er_
15 August 1950 Assam 13:31 8.5 S 1,530 ‘! _-_-:"h- =3 -
21 July 1956 Arjar 21:02 7.0 IxX 115 T U -
10 December 1967 |Koyna 04:30 6.5 VIIT 200 ! :. x\_’r"
22 March 1970 Eharuch 20:56 5. V11 30 el |
21 August 1988 Bihar-Nepal 04:3% 6.6 IX 1,004 A A - l
20 Getober 1991 [Uttarkashi 02:53 6.6 Ix 768 Y. § E
30 September 1993 |Killari (Latur 03:53 6.4 X 7,528 iy - F
22 May 1957 Jabalpur 04:22 6.0 VIII 38 : ’
29 March 1999 Chamoli 12:35 6.6 VIII 63 PP !;E}
26 January 2001 Ehuj 08:46 7.7 * 12,805
26 December 2004 |Sumatra 06:28 9.3 IX 10,749
10 October 2005 Kashimir (2:20 76 Ix ~1,400

The seismic zone maps are revised from time to :
. ; 8 . . -
time (Figure 3) as more understanding is gained on "El"-' _
the geology, the seismotectonics and the seismic ac [ % <_‘-:-{
el —\‘wr

-~
tivity in the country [Murty, 2005]. The second map .
[1S:1893, 1966] only moved the margins between
these zones; the broad features were maintained ] -
(Figure 3b).Based on the levels of intensities sus- - E= 1)
tained during damaging earthquakes in the interim L

period in regions considered to be low seismicsarea (d)

(e.g., 1967 Koyna and. 1969 Bhadrachalam Eart Cigure 3. Indian Seismic zone maps since 19621 edi-
quakes), the 1984 version of the zone map [IS:1893 0, (o) 1966 edition, () 1984 version. and (@)ngsgfjition
1984] subdivided India into five zones — I, I, IV (Redrawn based on IS:1893-1962, 1966, 1984 and)2002

and V (Figure 3c), by merging area under erstwhile

zone O to that of zone |, and of zone VI to that ofPublic uproar following the 1993 Killari (Maharash-
zone V (Table 2). Also, significant changes ocadirre tra, Central India) earthquake that occurred in the
in the peninsular region along the western and- easgrstwhile seismic zone |, with about 8,000 fatediti

ern coastal margin, where these 1967 and 196&gain raised questions on the validity of the siEism
earthquakes occurred. The maximum Modified Merzone map in peninsular India. The 2001 Bhuj earth-
calli (MM) intensity of seismic shaking expected inquake in the most severe seismic zone V of the
the five zones |, II, lll, IV and V were V or lesg],  country caused about 13,805 fatalities. These two
VII, VIII, and IX and higher, respectively. Part$ o events in particular pressured the Bureau of Indian
Himalayan boundary in the north and northeast, angtandards to revise the seismic zone map again in
the Kachchh area in the west were classified as zorp002 (Figure 3d); it now has only four seismic zne
V. — I, lll, IV and V [IS:1893, 2002].
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Table 2. Indian Seismic zones reduced with eacenteevi-  jarat in the west, and Andaman & Nicobar Islands in

sion, owing to increased perception of seismicatre the southeast (Figure 4). The fault lines in thase
Year of Release of Zone Maps eas are capable in generating large magnitude-earth
7060 | 1986 | 1934 5000 guakes putting the neighbouring areas also to mod-
5 5 erate ground shaking. But, on a large part of the
I remaining regions, information is not easily avail-

[ I I1
11 II 11
111 I11 111 111

able on existing active and passive fault systems,
thereby giving a false impression of low seismicity
in that region. Surprise events (e.g., the 199&Kil
earthquake in the lowest seismic zone 1) have re-
sulted in heavy loss of life and property. Thuss-se
mic hazard assessment is of prime importance in In-
4dia. It has been suggested that paleoseismic
|é1vestigations are one of the best approachesitd bu
dnderstanding of the past historic earthquakes that
I[lemained unrecorded, in locating the areas having
potential of producing large magnitude earthquakes,

IV I W1 IV

The areas falling in seismic zone | in the 198
version of the map are merged with those of seismi
zone Il. Also, the seismic zone map in the pengrsul
region has been modified. Chennai now comes i

seismic zone |l as against in zone Il in the 19¢0 CRehaviors of individual active fault lines and slgte

sion of the map. This 2002 seismic zone map is n along them, and recurrence interval of major earth-
the final word on the seismic hazard of the coyntry 9 1 L o | 3
Hakes. This information is very vital in evalugtin

and hence there can be no sense of complacency . . . ,
seismic hazard of any tectonically active region

this regard. . .
The national Seismic Zone Map presents a large:V1cCalpin, 1996]. However, very few studies have
een carried out so far in India, specifically den-

scale view of the seismic zones in the countryal.oc tify the presence of active faults and to undecstan
variations in soil type and geology cannot be repre hei pres | d | itud h
sented at that scale. Therefore, for important prot- e'L potentlaN tf(’ prolsl;;:; \?rge maglnltlljgge)zgg?(rt .
jects, such as a major dam or a nuclear power,planggzleié%?: Sge%tear’ ot al’ 1%632_ elt?g"e’ndran’eteglt
the seismic hazard is evaluated specifically fat th 1998.' Rai ’d d Rai "d '19991_ Sukhi I
site. Also, for the purposes of urban planning,-met 999’ atjje.:noran an ?Jeznoor?_nk » U |”a28:){il-'
ropolitan areas are being microzoned to account f a b; Qatney et al. ; Kumar et al., '

- . : . lik and Nakata, 2003; Malik et al., 2003; Malik
local variations in geology, local soil profilecetOn a ' ’ . ;
the one hand, a consistent material macro seism d Mathew, 2005; Kumar et al., 2006; Malik et al.,

zone map is not available, while on the other han Ic?r?; @?ﬁ Qﬁi;antﬁé iliét%(r)i(c);G(;:i;ZJiesn?}roatnc?)tmal'Igel)o
detailed seismic micro-zonation studies are bein arthg uakes in’ India. hence making pro erpseismic
undertaken for many cities of the nation. Fieldlgeo 9 ’ g prop

: . azard assessment even more challenging.
o9y ar]d paleo-seismology stud|e§ are t0o few espQ— Paleoseismological information fro?n gthe high
cially in the low-to-moderate seismic zones, that

there is little confidence in the available dataeT >ScoC Himalayan regions has added to the existing

number of qualified and trained technical handsois data, and is of fgrﬁat (iijO.“a”f]? Izlor the lmc;céelrate
few and the pace of urbanization is so rapid in thgelsmic region of the adjoining thickly populat

low-to-moderate seismic zones, that an urgent Eﬁo'?hoa;tG:rnegi?Ch|P|?/IS|nvevrha{g|1e (ign;gzg? dt?rlgrn ?i”l:}g?arg_
is required to revise the macro zones of the cguntr _. - nighly L ; qu
tion during strong seismic shaking. In the regoén

At least, the new constructions in these low-to ., nn “seismic events did not always result in su
moderate seismic zones should be made consist a%e ru t'ure indicating that large mg nitude earth
with the rationally considered prevalent seismiz-ha pture, 9 9 9

guakes are generated not only by active faults, but

ard. While in the long run, a probabilistic seismic . , ) ;
zone map may be developed, for now a deterministﬁlISO by blind faults (Figure 5). This is also tieis

cally derived seismic zone map is necessary. on in low-to-moderate seismic regions, which
makes seismic hazard assessment in those regions

most difficult and complex task.

The area of peninsular India where the rate of
seismicity is very low as compare to that observed
along the plate boundary. Inconsistency between the
short term and long term geological manifestations

Indian sub-continent is prone to earthquakes in thgfec()jteefc?trc)nr]]?c;u?nnoggrrﬁzaS;gr?ceth%efaﬁtsseh(:v\e/errillljﬁled
inter-plate as well as intra-plate regions. Theagare . g

that fall in severe seismic regions include the &im Er;e;)ggerruréctle;sltanfgé%]of ll[ﬁrea—r())lséir?grl]scrgotoefcis:iigg:?)
layan belt in the north from Kashmir to Assam, Gu- N '

5 PALEOSEISMOLOGY IN LOW-TO-
MODERATE SEISMIC REGIONS OF INDIA
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(Mw6.1) event killing about 8,000 people was anphasized that India needs to reduce earthquake risk

example which suggested that the area which wdsy improving its built environment.

considered to be the part of the “Stable Contidenta In 1958, a young academic then, Professor Jai

Regions” (SCR) is no more considered as stablérishna, of the University of Roorkee, on a shap t

Therefore, such areas are extremely difficult talde to North America learnt that indeed India could

with in terms of seismic hazard assessment where meork towards reducing earthquake risk. On his re-

historic earthquake data as well as geological eviturn to India, he started the School of Research an

dences are available. Training in Earthquake Engineering (SRTEE) at the
University of Roorkee in 1959. And the next two
decades were spent in developing the earthquake en-
gineering program — a post graduate program in
Seismology, Soil Dynamics and Structural Dynam-
ics, Shock Table (laboratory) facility, and eartalkge
recording instrumentation program. The SRTEE
grew into the Department of Earthquake Engineer-
ing. In the late 1980s, the shake table was irestalt
the University of Roorkee. The faculty members at
the University of Roorkee offered consultancy ser-
vices to support the needs of large civil engimegri
projects of the country. But strangely enough from
the 1960s through the 1980s earthquake engineering
was not known to be on the list of activities ofyan
other academic institute /university or of any origa

Figure 4:. Current seismic zone map of India [Redrdbased  z5tion of the country.

on 1S: 1893-2002 From 1988, the country has experienced nine

earthquakes that resulted in loss of life and pitype

Cmfj:i?lord;nasttergn nagggqal OLZ?I?a:)th glrgg;g?;mgio INAwareness grew amongst the academics, practicing
g 9 P b gyprofessionals, governments, and local population. |

should be put in place urgently to develop better e the last decade, a number of changes have taken

timate the low-to-moderate seismicity in the countr gace in the country. In 1999, the National Informa

Totp-do;/vn rerscﬁarcrh prOJe(_:ttr? Sho(l;l?r bi (?ntrursatedn on Center of Earthquake Engineering (NICEE) was
active research groups with good track record, ang, oy gt |1 Kanpur; this center gives away infor

bottom-up research proposals from younger SCIeM, ation on earthquake safety. In 2003, the National
tists should be funded with appropriate accoumab'lprogramme on Earthquake Engineering Education

ity and peer review. (NPEEE) was initiated by the Ministry of Human
Resource Development, Government of India; this is
a program targeted towards training teachers on
earthquake engineering. In 2005, the National Disas
ter Management Authority (NDMA) was formed to
The Indian earthauake histor I d coordinate all matters related to disaster manage-
ring y was Well doCU yant and the Disaster Management Act was passed
mented by the British. The 1897 Great Assam ea}rti]h the Parliament of India, mandating the need to

quake (M8.1) is a major event tha.‘t led to an Im'formally recognize disaster management in the plan
provement of the Earthquake Intensity Scale — from ocess of the country. The NDMA released the

; r
to X to | to Xll, based on the widespread damageg guidelines for management of earthquakes in July

sustained by the built environment and extensiv : - I
changes noticed in natural topography. The 1935 B%r?gs?'invyr?erkv;igﬂges?gt%i to implement these guide

luchistan earthquake led to the first unofficialsse Notwithstanding the above changes in the coun-
mic zone map of undivided India, when a young €Ntyy, the practice has remained to be non-seismic.

gineer provided a zonation based on damag arthquake resistant design was not taught at any

sustained by large earthquakes till then. : N
college in India till 2003. Even after that onlynigia
The 1930 Assam earthquake brought to fore th'ﬁJI of colleges mandated the need to teach earth-

importance of soil liquefaction, while the 1905 Kan uake desian concebts in the underaraduate pro-
gra earthquake showed that the un-reinforced m%rams of gengineerir?g and architec'?ure. Henl?:e,

sonry constructions can lead to large human fatalll-argely the practicing architects and engineersgare

ties. The recurrence of another large earthqua : .

. Jorant of the correct practices of earthquake taasis
(19.50 Great Assam earthquake) in the same tecton sign and construction. With over 60% of India un-
region as the Great Assam earthquake of 1897, em-

6 EARTHQUAKE ENGINEERING PRACTICE
IN INDIA
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der the threat of moderate to severe seismic thredluman resource development should be given the
and no education at the technical colleges, th@-couhighest priority. Implementing earthquake safety re
try continues to add brittle constructions in seesm quires a large workforce that is trained in thejscto
areas. Moreover, there is no regulation in place téormal training and private training, both shout b
ensure that only such engineers are employed, whuoade easily available. The Ministry of Human Re-
have the requisite education and experience to deource Development should reinstate educational
sign and build earthquake resistant structureso,Als programmes, such as the National Programme on
there is no mechanism in place to scrutinize the deearthquake Engineering Education, for sustained
sign submitted to the municipal offices by profes-human resource development. In addition, another
sional engineers for their compliance with theleart initiative should be put in place to encourage re-
guake resistant design standards. With this piight search on problems of national relevance. The areas
the high seismic regions, the challenge of makin@f research should span all aspects of seismiatiaza
construction that can safely withstand seismic shakassessment, and earthquake resistant design and con
ing in low seismic regions is a far cry. struction.

In the severe seismic regions, the occasional oc-
currence of earthquakes does help sensitize the
common man of the need to undertake steps to ed- EARTHQUAKE-RESISTANT DESIGN FOR
sure earthquake safety in the built environment. STRUCTURES IN LOW-TO-MODERATE

This opportunity is not available in low-to- SEISMIC REGIONS
moderate seismic regions. The rare occurrence of
earthquakes in these regions develops complacence
in the common man and prevents them from unders _ o .
taking steps to protect themselves from the evdantug'1 Why Seismic Design is different from Design for
reality of the earthquake shaking. Hence, an earth- Other Effects
guake awareness program is required in low-tobesign for wind forces and for earthquake forces ar
moderate seismic regions to sensitize the varioudistinctly different. The intuitive philosophy of
stakeholders of the importance of seismic desigh anstructural design uses "force" as the basis, wlich
construction. consistent in wind design wherein the building is

Even though the country is huge and the populasubjected to a "pressure”-type loading on its eggos
tion large, India needs to put a stop to non-formasurface area. However, in earthquake design, the
practice of adding built-environment. As a step tostructure is subjected to random movement of the
improve the earthquake safety of the built environ ground at the base of the structure (Figure 6)s Thi
ment, the Government of India should (a) enforcemotion at its base induces inertia forces in thacst
the regime of licensing of engineers, and (b) introture that cause relative deformations in the stinggt
duce the concept of peer review process for sgrutinwhich
of structural designs. Dioos

-

@ (b)
Figure 6. Difference in the design effects on ddiog during
natural actions of earthquake and wind: (a) EadkguGround
Motion at base, and (b) Wind Pressure on exposeal ar

Further, wind force on the structure has a non-

Figure 5. West wall view of trench excavated on hh@ging zero mean component superposed with a relatively

wall of Allah Bund Fault (ABF) near Vigokot. Theetich re- small oscillating component (Figure .7)- Thus, under
veals occurrence of at least 3 events. The eves been in-  Wind forces, the structure may experience smat-flu

ferred based on the formation of carter and itsswutting re-  tuations in the stress field, but reversal of stes
lationship occurs only when the direction of wind reverses,
which happens only over a large duration of tim
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time time

(@ (b) Figure 9. Damage during earthquakes: In normalcttras,

Figure 7. Nature of temporal variations of desigticms of damage is acceptable. However, location and typeaciage
earthquake and wind: (a) Earthquake Ground Motizero need to be carefully tuned through Capacity De€lgncept.

mean, cyclic (b) Wind Pressure: non-zero mean)lagmiy.

> 7
Nwlvjlr

On the other hand, the motion of the ground dur! 2 Ductility

ing the earthquake is cyclic about the neutral posiThe design for only a fraction of the elastic lewél
tion of the structure. Thus, the stresses in thecst seismic forces is possible only if the loading is-d
ture due to seismic actions undergo many completelacement controlled (as imposed by earthquake
reversals and that too over the small duration o$haking) and the structure, its components or the m
earthquake. terials used in construction can stably withstand
Moreover, since the earthquake induces inertigtructural inelastic actions without collapse amd u
forces, the mass of the structure being designed edue loss of strength at deformation levels well be-
ters seismic design calculations. Normal civil engi yond the elastic limit. This property is callddctil-
neering structures tend to be very massive, and déy (Figure 10) and helps in absorbing input
signing them to behave elastically duringearthquake energy through hysteretic behavioss It i
earthquakes without damage may render the projeguantified as the ratio of maximumdeformation
economically unviable. On the contrary, it may be maxthat can be sustained prior to failure (or signifi
necessary for the structure to undergo damage ag@nt loss of strength) to tlygeld deformation .
thereby dissipate the energy input to it during the

earthquake. Therefore, as per the seismic design ph e e ot ductiey avaiable (110

losophy, (a) under strong shaking, structural damag Range <; > = 00
is acceptable, but collapse is not, (b) under nadder swength: — - - 0
shaking, repairable structural (and non-structural) _ [ 1]

damage is acceptable, and (c) under minor shakingg
structural damage is not acceptable. Consequentlyg
structures are designed only for a fraction of the
force that they would experience if they were de-
signed to remain elastic during the expected strong 5 5D
ground shaking (Figure 8), and thereby permitting Relative Lateral Deflection D
damage (Figure 9). But, sufficient initial stiffree’  Figure 10. Ductility: Overall load-deformation riétn of a
ensured to avoid structural damage under mingstructure with good inelastic range of behaviodlofeing the
shaking. Thus, seismic design balances reduced cdgfial elastic range.

and acceptable damage, thereby making the project . - :
viable. This careful balance is arrived at based on. 1hus, & good ductile system exhibits enhanced in-

extensive research and detailed post-earthquali@stic deformation capacity without significansso
damage assessment studies. A wealth of this infof! Strength capacity (Figure 11). This condition is
mation is translated into precise seismic design pr (N€plasticconditionof the structure. .
visions. In contrast, structural damage is not pisce Earthquake-resistant design of structures relies

Later:

able under design wind forces. h_eavily on ductility_ in accommodating the imposed
hD displacement loading on the structure. Overall duc-
=100 tility of a structure is realized through ductiiti at

Maximum | ________ 00 different levels — these are structuralgtebal duc-

r  [Eteroce Elastic Structure [1[] tility, memberductility, sectionductility and mate-

2N by rial ductility. Good material ductility helps in

5 [afacorr Actual Structure achieving better section ductility, which, in turn,

5

helps in achieving improved member or component

------ ductility.
Good global ductility depends on good member,
section and material ductility. Post-earthquake
Figure 8. Basic strategy of earthquake design: (laie maxi- investigations of structures damaged during

mum elastic forces and reduce by a factor to obt&sign )
forces. Y 9 earthquakes and extensive laboratory tests on full-

Design
Force™

0 Relative Lateral Deflection D
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scale specimen identified preferable methods olevels of nonlinearities are visible. Thus, damage
design and detailing that leads to improved dugtili  classified in terms of users perceptions into thiese
gions (Figure 13), namely (a) the structwan be
occupiedimmediately after the earthquake, (b) the
= structuredoes not pose threat ide and property,
but structural evaluation required before re-use of
the structure, and (c) the structuee in the pre-
collapse stageit cannot be occupied after the earth-
guake and it cannot be re-used after this eartlequak
event. The boundaries between these regions are
fuzzy; neither the user nor seismic behaviour sibje

Figure 10. Ductility: overall load-deformation cessof three  experts can give sharp demarcation boundaries be-
structures with varying ductility. Through seisndiesign, struc- :

tures are designed and detailed to develop faveré&lure tween these regions.
mechanisms that possess specified lateral strergspnable
stiffness and, above all, good pgdeld deformability.

100
010

Medium
Ductility

Lateral Force H

Relative Lateral Deflection D

Moderate Severe

It is possible to design structures to possess a re shaking shaking
quired lateral strength and initial stiffness byap § sy
priately proportioning the size and material of thes
members, but achieving sufficient ductility through =
mobilization of plastic condition is more involved. el
For example in RC buildings, an overattuctural shaidns
ductility of only 2-5 may be possible (based on, say,

roof displacemenb), even when mild steel reinforc- 0

ing bars (rebars) in RC beams hawvaterial ductility Relative Lateral Deformation D
(i.e., ratio of ultimate strain and yield strain) as &rg _ _
as 150-170. Figure 12. Levels of earthquake shaking: Strondekisg

pushes the structure into a larger displacementmesn load-

Ductility in buildings and structures can be joormationrelation of a structure.

achieved by (a) choosing a regular seismic strattur

configuration for the structure with adequate strucgyt, given the visible damage in a structure, itds
tural redundancy, (b) tuning damage to occur &t Présasy even for experienced experimentalists to point
determined locations in members by capacity desiggyt exactly the state of the structure on the load-
concepts, and (c) ensuring that only a certain 8fpe geformation curve. In any case, the user is more in
damage occurs (i.e., that with increased membegrested in the direct losses (measured by theofost
ductility). The architect is responsible for achi®/  (etrofitting the structure to restore it to fullpzeity)

the first step and the second and third stepstee tincyrred by each level of damage than in the level
responsibility of the structural engineer, who mus‘honlinearity.

follow the requirements of the relevant codes in al
regards. Performance-based Design

Under strong earthquake shaking, the structure Boundaries fuizzy
undergoes nonlinear actions. As mentioned before, \
the earthquake imposes a displacement loading on —— —
the structure, i.e., the earthquake demands tleat thg SR

structure be capable of resisting a certain displac &
ment loading underneath it. The more severe is th&
earthquake, the more is the relative displacement
imposed in the structure (Figure 12). If the stoet

does not have that capacity to deform in the nenlin
ear range (i.e., it has poor ductility), the stauetis
expected to perform poorly during strong earth-
guakes. 0
The extent of these nonlinearities determines the Relative Lateral Deformation D

level of damage incurred in the structure andets r

sidual strength. While low levels of nonlinearities Figure 13. Performance regions: Overall load-de&dion rela-

may not be manifested into visible signs, ofterhhig :gpoﬁfbi,it;g%ure showing the various zones &edf tnterpre-
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7.3 A Case for Displacement-Based Design Thirdly, a study of near-field data from the North-
ridge earthquake in 1994 described the implications
Qf near-field characteristics of ground motion for

The current seismic codes assign a peak ground gtructural design [Iwan, 1994]. dift spectrumwas

celeration factor Z with each seismic zone. Thus, roposed as a supblement to the resoonse spectrum
typical designer associates this peak ground accet- P PP P P

eration factor Z with force-based design — a tota was argued that the response spectrum is uasiul
force demand is to be calculated, applied on th&n indicator of the demand placed on a structure

structure, elastic structural analysis performedWhen the structural response is dominated by a sin-

members designed for the stress resultants so og:’-e mode, and when the ground motion resembles a

tained, elastic displacement demand verified to b rgig]gﬁcg rﬁggi?]m ogrt?]cee?nsb(;;sc?)?T/(i)kgr:t(i;gguer/];]iror
within the permissible lateral inter-storey driéind i f P 9 larly i ¢ lsedik
detailing done as per prescriptions of codes. Thg"s actor Is particularly important for pulse

conflict arises when the designer is asked to guaraghorﬁn:ngog;g%alhbee l:mg::ggz doL acroer?giggfii gsgetg
tee certaininelastic displacementductility in the ysIs d at its b b f.V. durat

overall structure that was just designed for aagert Structure excited at its base by a finite-duraton-
force level as per the zone. There appears togag@ a stant-amplltude velocity pulse. The pulse will Gaus
between thesteps involvedn the design process 2 [raveling wave to propagate upward through the
(that considerelastic behaviour) and thenddeliv-  Structure until it reaches the top and is reflected
erable of the design process (that refleatslastic bhack. As moreh plalsfes begin to tijavelll up alnd down
behaviour). Of course, the catch is in the ducide the structure, the deformation gradually settlés a

tailing prescribed by the seismic design codes-— r teady Sta:ﬁ dorr]ninate? t?]y %nef modte_ of the strcllJct.ure
search has established that the ductile detailing oV .cver: the Shape of the detormation wave during

- e e first few cycles of reflection cannot be approx
makes members to develop certain ductility in themmated by any single mode. Thus, it was concluded

and collectively the ductilities in these individua that theforce-basedesnonse spectrum is a aood in-
members result in certain displacement ductility indicator of maximum riobal ar% itude of s'?ructural
the whole structure. g b

Alternately, to make designers internalize theresponse, but does not accurately predict localized

concept of ductility, it may be easier to bring thedeformatlons.

concept of displacement demand from the seismic

zone map itself. Let each zone be assigned awertaf.4 Separate Provisions for Low-to-Moderate
peak displacement demardgsociated with the de- Seismic Regions

sign ground motion in addition to the peak ground
acceleration factor Z. This displacement demand is

useful in designing the non-structural components, (it SERARY TS 0 oS B o
particularly ones whose design is governed by dis: y 9
ause damage. But, when these events occur, losses

placement demands. A few examples of such non*

structural elements are: (a) biitie water and sewd (" TCESSY PRAEE T RS REIRERCE B e
pipes running along the height of buildings and>UCLUres. g , g

structures, (b) safety of structural glazing unider do not mandate seismic design provisions (particu-

eral deformation of buildings, and (c) electricak c larly those that build ductility into the structyine

bles and gas pipes running from outside ground tW Seismic regions. While this may be in order to
inside the building that is swaying laterally byga ensure economy of constructions, it does not addres

displacements under strong ground motion. the consequences when the rare earthquake even

Secondly, the near-field of an earthquake has |Or§_ccurs. An alternative option is that all desigovpr

been recognized as a region in which convention ions valid for high seismic regions may be applied

wisdom regarding earthquake resistance has been i3 OW S€ISMIC regions aiso, in particular the dact
tailing provisions. The design process may bé kep

adequate. Studies showed that the type and locati I e for both hiah and low seismic redions. with
of damage to buildings defied explanations pre= st the seismic zgne tactor Z bein differtgant :
sented by normal analyses. The reason for thiseis ¢ The alternate option is conse?vative Th s the
presence of directivity and fling effects in theane ] ptio . - IhUs,
field, which translate as strong and distinct palige  CUT™eNt practice (original option) needs to be re-
the ground displacement and velocity records. Thes\gfg‘rﬁdoggrrsloivr\]’ t?\ilslcr)nvlvc sre?grlr?iréS?eV\i/()r]r?sn ttr?;t déiiren
pulses are extremely damaging to buildings as theg urs 1 g ' g
cause very high localized deformations. Moreover rocess must incorporate only such elements of the

conventionalforce-basedequivalent static analysis ?heeSI%?r p(:rftizsse\\llvgrllcqhvglﬁuﬁrﬁnﬁgg n(r)]acvoe”asgfeét ral
often fails to take them into consideration. ucture, ug y uctu

damage that is not repairable. This is not sogitai
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forward a task to accomplish. In stiff structurese  BMTPC, (2007), Vulnerability Atlas of India, Buildg Materi-
may provide ductility, but that cannot be exploited als and Technology Promotion Council, New Delhi

because unless the structure swings and goes int§'LB-A (1999), Earthquakes, Fourth Edition, WFkeeman
and Company, New York, USA

inelastic range} the d,l"Ctility (?E_ipaCity that iS\deEd GSl, (2000), Seismotectonic Atlas of India and Eisvirons,
for use under inelastic conditions cannot be ubed.  Geological Survey of India, Calcutta

flexible structures, again the ductility may notuse  IMD, (2008), India Meteorological Department, Nevelbi,
able, because most of the deformation is absorbed a www.imd.ernet.in _ _
elastic deformation and thereby leaving very litde 'S %iigfér(tggfﬁqluﬁ% 1R9ei?§t§2? Sggizg)ﬁ 'Qf'g?ru%ti‘:g;t;j
!nelaStl.C actions. A comprehensn{e research program General Provisions and Buildings, Bureau of Ind&ian-
is required to develop such a design methodology. dards, New Delhi, India

Iwan,W.D., (1994), "Near-Field Considerations ineSifica-
tion of Seismic Design Motions for Structures" Rredings

8 CONCLUDING REMARKS of the Tenth European Conference on EarthquakenEagi
ing, Vienna, Austria, August 28 - September 2, Nefi
257-267

It is difficult to believe that in the Iarge_s_t deanatic lyengar, R.N., and Ghosh, S., (2004) Microzonatbrearth-
country of the world with over 1.1 billion popula- ~ quake hazard in Greater Delhi area. Current Science
tion, there is a severe shortage of trained teahnic  87(9):pp. 1193-1202

manpower to successfully technical manpower tdumar,S., Wesnosusky,W.G., Rockwell, T.K., Ragonalha-
successfully conduct earthquake engineering prac- kur,V.C., and Seitz,G.G., (2001), Earthquake Rence

; 0 ) ; and Rupture Dynamics of Himalayan Frontal Thrusdlid,
tice. Over 60% of the country’s land area is under Science, 294, 9328-2331

_the threat of moderate_ to high seismic agtivitydAn Kumar,S., Wesnousky,S.G., Rockwell, T.K., Briggs,R.Wha-

in the last 60 years of independence, India hasddd  kur,v.C., and Jayangondaperumal,R., (2006), Paisoge

large vulnerability through its built environment Evidence Of Great Surface Rupture Earthquakes Alirey

even with four earthquakes of magnitude greater Indian Himalaya. Journal of Geophysical Researctl, 1
than 8.0 taking place during 1897-1950 and creating B03304, Doi:10.1029/2004jb003309

enough negative experiences. alik,J.N., and Nakata,T., (2003), Active faultsdarelated

L . Late Quaternary deformation along the northweskt#ima-
But, there has been a significant change in the na- layan Frontal Zone, India, Annals of Geophysics(536

tional scenario particularly in the last decaded an 917-936

seismic hazard is being better understood by th®alik,J.N., and Mathew,G. (2005), Evidence of Palsth-
stakeholders. During the last decade, a number-of i  quakes from trench investigations across Pinjored&a
itiatives were undertaken in the country. Today, if fault in Pinjore Dun, NW Himalaya, Journal of Eagfs-

the momentum of these initiatives is sustaineqﬂaltﬁ(rg ﬁc'e”,\jlej’ré,lé(\‘})&?’ifdooRaiD (2006). Landpea

through quality leadership and unflinching hard" changes in the Andaman and Nicobar Islands (Irafiey
work, India may be well on the road to a sStrong the December 2004 Great Sumatra Earthquake andnindi
earthquake engineering practice within another two Ocean Tsunami, Earthquake Spectra, EERI, 22(S3):S43
decades. But, a prerequisite for this is that exggin S66 _ _

ing design strategies need to be developed, particlficCalpin J P (1996) Paleoseismology; Academic Phess

h . g . York, p.588
larly suited for low-to-moderate seismic regions. | Murty,C.V.R., (2005), Earthquake Tips: Learning tBguiake

particular, efforts are required towards (a) imple-  pesign and Construction, An IITK-BMTPC release, Na-
menting an awareness campaign for all stakeholders tional Information Center of Earthquake Engineeritig
especially in low-to-moderate seismic regions, (b) Kanpur, March 2005 o

enforcing design codes by instituting a techno_"egal\lakata,T., (1972), Geomorphic history and crustav@ments

: e : ; _of foothills of the Himalaya, Sendai, Institute@éography,
regime, (c) providing education (teaching and re Tohuku, Univ., pp. 77

search) in technical colleges and institutes along)atney E.M., Virdi,N.S. and Yeats,R.S., (2001), @iontion
W'th Sc_hoql& (d)_contlnua_lll_y developing a_nd Upd_at' of Trans-Yamuna Active Fault System towards Hanging
ing seismic design provisions towards improving wall strain release above the décollement, Himald@ot-

earthquake safety, especially for the low-to-mot#era  hills of Northwest India, Himalayan Geology, 22(2)27

seismic regions, and (e) understanding and estimagaendran,C.P., Rajendran,K. and John,B., (1998fage de-

; i o formation related to the 1819 Kachchh earthquaka: E
ing seismic activity across the country. dence for recurrent activity, Current Science, J5@23-

626
Rajendran,K., and Rajendran,C.P., (1999), Seisnmesigrn
the stable continental interiors: an Appraisal dase two
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