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The devadtating earthquake that struck the Kutch area of Gujarat, India on January 26,
2001, India s Republic Day, was the most severe natural disaster to afflict Indiasince her
independence in 1947. The devastation was mgor in terms of lives logt, injuries suffered,
people rendered homeless, as well as economic |osses.

The author vigited the affected areas between February 12 and February 16, 2001, asa
member of a reconnaissance team organized by the Mid- America Earthquake Center
based a the University of Illinois a Urbana- Champaign and funded by the Nationa
Science Foundation of the United States. This report is based partly on hisfirg-hand
observations from that visit and partly on information gathered from severa sources,
including other visiting teams, news reports and technicd literature.

The report touches upon seismol ogical/geotechnica aspects of the earthquake, and then
discusses the performance of engineered buildings. Bridges, non-engineered buildings
and other structures are excluded from the scope. Precast concrete congtruction,
induding non-building uses of precast concreteis discussed. Findly, the building code
gtuaion in Indiais briefly commented upon.

SEISMOLOGICAL AND GEOTECHNICAL ASPECTS

The Bhuj earthquake of January 26, 2001 struck at 8:46 am Indian Standard time and had
a Richter magnitude of 7.7 (United States Geologica Survey, revised from aninitia
estimate of 7.8). The epicenter was located at 23.36°N and 70.34°E, less than 50 km to
the northeast of Bhuj, an old, walled city with a population of 160,000 (see map, Fig. 1).

Although the officid degth toll never exceeded 35,000, unofficia estimates have ranged
from 100,000 to 150,000. Consarvative estimates of economic losses suffered stand at
fivebillion U.S. dollars.

According to a press release issued by the Mid-America Earthquake Center, the Indian
earthquake provided a mirror image of the geology and earthquake history of the New
Madrid Earthquakes of 1811 and 1812, the largest earthquakes to occur in the continental
48 states, even grester than the 1906 San Francisco earthquake. Researching the
geophysics and related damage of this earthquake was consdered aonce in alifetime
learning opportunity to better prepare Mid- Americafor afuture repeat of the New
Madrid earthquake. The Gujarat Earthquake was consdered to be the largest intraplate



earthquake, not associated with a subduction zone, snce 1811-12 events. The Indian
earthquake was fdt to have very important implications for the nature of ground motion
in the next mgjor New Madrid earthquake and how our infrastructure will respond since
both events involve intrgplate faults having very large magnitudes and long atenuation
distances. However, according to some seismologigts, the tectonic setting of the Kutch
region is not well understood. “It has been characterized as a stable continental region
(SCR), but its proximity to the Himalayan front and other active geologic structures
suggest that it may be trangtiona between a SCR and the plate boundary.”

Earthquakes, of course, are not unknown in India. Fig. 2 shows the epicenter of
earthquakes of Richter magnitude 6.0 and higher that have occurred in the short time
gpan between 1964 and 2001. Table 1 showsalist of sgnificant earthquakes occurring
since 1819.

Theland of Kutch was struck by a massive earthquake at 6:45 pm on June 16, 1819.
Captain McMerdo, a British agent stationed a Anjar at that time, described the
devadtating aftermath of the earthquake in aletter that has resurfaced since the recent
earthquake. In many respects, including seismologica and geotechnicd, the January 26,
2001 earthquake was a case of history repeating itself 182 years later.

Captain McMerdo described in his letter how the ground water level rose in most places
and how the underground water turned sweet in areas where it was salty earlier. Heaso
mentioned fissures in the earth, and of the Indus river changing its course.

On February 14, dmost three weeks after the Bhuj earthquake, ground water was
observed to be bubbling out a one location near the village of Lodi. There were reports
from that and other locations of geysers, severa feet tdl, erupting after the earthquake.
The groundwater coming up near Lodi was swest, as evidenced by agae growing on
aready accumulated water, wheress the groundwater in that part of Gujarat istypicaly
ty. Ground falure and liquefaction were quite widespread (Figs. 3,4).

PERFORMANCE OF ENGINEERED BUILDINGS

Performance of engineered condruction was investigated by the MAE team in
Ahmedabad, Morbi, Gandhidham, Bhuj and Bachau located approximately 250, 115,
50, 48, and 30 km away from the epicenter, respectively.

Ahmedabad

The only strong motion instrument in the entire area affected by the Bhuj earthquake was
in the basement of amultistory building in Ahmedabad, gpproximately 250 km away
from the epicenter. The recorded peak ground acceleration was 0.1 g (Fig. 5). Ground
motion of thisintensty should not cause sgnificant structural damage to properly
engineered congruction. 'Y et more than 70 multistory residentia buildings collgpsed in
Ahmedabad. The reasons for such disproportionate damage were fairly apparent.



Building Period versus Ground Motion Period

Short-period components of ground mation typically die out fagter than the long-period
components of ground motion as earthquake shocks travel away from the source of an
earthquake. Typicdly, at long distances away from the epicenter, the ground motion has
predominantly long-period components.

From the copy available to the MAE team of the sole ground motion record, it was not
possible to discern the predominant period. However, it would be safe to speculate that
the predominant periods were 0.5 sec. and longer. Thisin itself would explain the lack of
damage to shorter buildings in Ahmedabad. The buildings that collapsed were in the
ground plus four to ground plus ten-tory height range. Buildingsin this height range,
particularly consdering the type of congtruction, most likely had dastic fundamental
periods in the range of the predominant periods of the ground motion. The consequent
near-resonant response must have been, at least in part, responsible for much of the
damage sustained.

Soft Soil

Goel? has made an important observation with respect to the soils on which the collapsed
Ahmedabad buildings were founded. According to him, “ Although a cursory andysis of
location of buildings collgpses would indicate no particular pattern, a careful andysis
reveds that most of the buildings that collapsed lie ong the old path of Sabarméti
River....Note that the path of most of the buildings that collgpsed in areas west of the
Sabarmati River are closdy digned with the old path of theriver...just west of the
present river path. The south, southeast of the city, especidly the Mani Nagar area,
where additiona collapses were observed, falls between two lakes, indicating the
presence of either poor soil conditions or possibly construction on non-engineered fills.
While the evidence presented....is strong, it would be useful to further verify these
conclusons with fied testing.”

Type of Congtruction

Muiti-gtory residentia buildings (and most other multi-story buildings) in Ahmedabad,
the rest of India, and indeed in much of the rest of the world, are constructed of
reinforced concrete frames, with the openings in those frames infilled with unreinforced
clay brick masonry.

Thereisaproblem inherent in the use of unreinforced masonry infills. Initidly, while
they are intact, they impart Sgnificant stiffness to a building which, as a consequence,
attracts strong earthquake forces. The resulting deformetions are often more than
aufficient to cause cracking or even explosve falure of the infilled masonry. When that
happens, the period of the building lengthens significantly dl of asudden. Although this
usudly is beneficid in terms of atracting less earthquake forces, depending on the nature
of the earthquake ground motion, the opposite may be the case. In the 1985 Mexico
earthquake, with the predominant 2-second period of the ground motion in downtown



Mexico City, abuilding attracted stronger earthquake forces with the loss of theinfill.
Also, very importantly, the atered earthquake forces must be ressted essentidly by the
bareframe. If the frame lacks that capability, severe damage or collgpse may result.

Stiffness Discontinuity or Soft Story

Invirtudly dl Indian cities, the multi-story resdentia buildings of the type described
above, have open ground stories for parking of automobiles, because the smdl lotson
which such buildings are typicaly built do not dlow for open parking (Fig. 6). This
means an dmog total absence of infills at the ground leve, thus creating a very digtinct
diffness discontinuity or a soft sory. Virtualy dl the earthquake-induced deformations
in such abuilding occur in the columns of the soft story, with the rest of the building
basicdly going dong for aride. If these columns are not designed to accommodete the
large deformations, they may fail, leading to catastrophic failure of the entire building, as
was the case with many buildingsin Ahmedabad and elsewhere.

Discontinuity of Vertical Load Path

The locd municipa corporation in Ahmedabad imposes a Floor Surface Index (FSl),
which redtricts the ground floor area of a building to be no more than a certain percentage
of thelot area. It is, however, permitted to cover more area at upper floor levelsthan at
the ground floor level. The same is the Stuation in many other Indian cities as well.

Thus, most buildings have overhanging covered floor areas at upper floors, the overhangs
frequently ranging up to 5 feet or more. The columns on the periphery of the upper floors
do not continue down to the ground level. The columns at the ground floor leve dso

may or may not align with the columns at the upper levels. Significant verticd
discontinuities are therefore generated in the latera-force-ressting system.

Non-Ductile Detailing

God has reported: “ The columns for low-rise residentia buildings, up to ground plus
four stories (G + 4), rest on shdlow isolated footings located about 5 feet below the
ground level. For taler buildings, say up to ground plusten sories (G + 10), the column
foundations are gtill open footings located at a depth of 8 to 10 feet; sometimes the
foundation may dso have tie beams. The column szesfor low-rise buildings (G + 4) are
about 9 inch by 18 inch with ties consgting of smooth No. 2 mild sted bars at a spacing
of about 810 9inches. The beams tend to be much degper to accommodate large spans
and overhangs, giving rise to strong beam-week column congtruction. The column Szes
for taler buildings tend to be allittle bigger, usudly 12 inch by 24 inch with No. 3
deformed sted ties at apacing of 8to 9 inches. The beam size in taler buildings may be
smilar to the column size. Theseties dways end up with 90-degree hooks,

Such nonductile detailing of reinforced concrete construction is common around the
world, including pre-1973 reinforced concrete congruction in Cdifornia, dthough details
vary from place to place and depending upon the age of abuilding. In additionto al of
the above, column reinforcement is typicaly spliced right above the floor levels, splice



length in columns as wdll as beamsis often insufficient; continuity of beam
reinforcement over and into the supportsis often dso insufficient.

The large deformations that take place in soft story columns aso impose extreme shear
demands on them. The meager laterd reinforcement described above not only provides
poor confinement; the shear Srength available is aso quite low. Asaresult, many
ground floor columnsfailed in a brittle shear mode, or in a combined shear plus
compresson mode, bringing down the supported buildings (Fig. 7). Many times, in
columns that had not failed, diagona shear cracking was evident (Fig. 8).

Torsion

Thetypica soft-gtory residentiad building described above is torsondly quite flexible a
the ground floor level. If appreciable eccentricities between the center of mass and the
center of rigidity are introduced because of asymmetric placement of walls or other
reasons, sgnificant torsona motions may result. These may subject columns on one
sde of abuilding to excessve deformations. If not adequately designed to accomodate
such deformations, the columns may fail, contributing to building collgpse. According to
Goel!, “ deformations due to torsion may have contributed to failure of a least one
building” in Ahmedabad.

Detailing of Shearwall core and connection to remainder of Structure

Thetypica soft-gtory resdentid building described above relies upon the shearwall
core(s) around stairwell(s) and/or dlevator shafts to resist most of the laterd load at the
ground floor level. Up the height of the building, the shearwals do unload increasing
percentages of story shears onto the frames, provided the floor digphragms connecting
them are rigid enough in-plane to impaose equd displacements on the shearwdls and the
frames. Severd deficiencies were observed.

The ratio of cross-sectiond area of shearwallsto plan area of building was often quite
low. The shearwdls are typicaly about 4 to 6 inches thick with very light reinforcement
conssting of two layers of mesh formed with No. 3 or 4 bars at vertical and horizonta
gpacings of about 18 inches. Such detailing was often insufficient to resist the latera

loads at the ground floor leve; severe shear cracking of shearwalls at the ground level

was often observed. The shear cracking often did not extend above the ground floor leve,
reflecting reduced shear demand on the walls.

The shearwadll core was often connected to the ret of the building only through the floor
dabs, with no beams framing into the shearwdls. The anchorage of dab reinforcing into
the elevator core was often insufficient. Asaresult, the shearwalls are sometimes just
pulled out from portions of the building, leaving them devoid of much latera resistance.



Material Quality

There were indications that deficient material quality might also have contributed to
structural damage, or even collapse. God, in his recent paper®, showed the bottom of a
columnin a partidly collgosed building. “The concrete has smply disntegrated within

the reinforcement cage, when touched, the concrete felt sandy with little cement. Also
note that the 90-degree hooks have opened up, which leads to little or no confinement of
the concrete. Many of the times, the concrete cover to reinforcement was noted to be less
then half-inch, most of the cover was provided by the plaster used to smooth the column
surface. It is worth noting that most of the water supply in the outer part of the city is
through ground water which is sty intaste. Usudly the same water is used in preparing
the concrete for congtruction. Therefore, the presence of salts may have dso affected the
concrete quality.”

Other Cities

Observation of the performance of engineered buildingsin four other cities— Morbi,
Gandhidham, Bhuj and Bhachau — did not produce substantialy new technical
information. Asthe epicentra distance decreased, even relaively short buildings were
not spared. In Gandhidham, there was an interesting case of severa ground-story
columnsin abuilding (in which the soft ground story had collgpsed) having punched
through the first suspended dab (Fig. 9). In another case, the shear core of a building had
completdly separated from the rest of the building (Fig. 10). Theright wing of the
building had collapsed. The left wing was till anding up. Findly, in Bhuj, one of avery
few overturned buildings was observed (Fig. 11).

PRECAST CONSTRUCTION

According to an EERI Specia Earthquake Report!, some single-story schoal buildingsin
the Kutch region are made of large-panel precast reinforced concrete components for the
dabs and walls, and precast reinforced concrete columns. The EERI report indicates that
atypica desgn using this congtruction has been recently replicated dl over Gujardt,
including the earthquake-affected region. The report aso indicates that approximeately
one-third of 318 such schoolsin the Kutch region had roof collapses. Inadequate
connection between the roof pandsled to alack of floor-digphragm action, and
insufficient seating and anchorage of the roof panels over the walls and beamsled to
didodgment of the precast roof panels from the tops of the wals. These phenomena have
been observed in many past earthquakes across the world. The author did not have the
opportunity to observe the performance of any of these precast schools first-hand.

Precast concrete has found fairly popular usein railway deepers. Therail network in the
affected area was closed for inspection immediately following the earthquake. 1t turned
out that there was surprisingly little damage to the network. It was made operationa up
to Ghandidham on January 29. The Gandhidham to Bhuj railway segment was closed at
the time of the earthquake for gauge conversion (narrow gauge to broad gauge) and was
scheduled to become operationd on January 31). This segment became operationa on



February 3. Figure 12 shows precast deepers supporting the new broad-gauge railway
track near Morbi.

Precast concrete dso is used in alimited way in utility poles and fence poles. In cities
such as Bhuj, there was damage to many of these poles, as would be expected. There was
damage to meta polesaswell.

INDIAN CODES AND STANDARDS

India has, for quite some time now, had sophisticated codes and standards. The three
documents relevant to this discusson are:

1 IS 1893:1984 — Indian Standard Criteriafor Earthquake Resstant Design of
Structures (Fourth Revision).

2. |S 4326:1993 — Indian Standard Earthquake Resistant Design and
Condruction of Buildings— Code of Practice, and

3. IS 13920:1993 - Indian Standard Ductile Detailing of Reinforced Concrete
Structures subjected to Seismic forces - Code of Practice

IS 1893 dates. “It is not intended in this standard to lay down regulations so that no
gructure shdl suffer any damage during earthquake of dl magnitudes. 1t has been
endeavored to ensure that, as far as possible, structures are able to respond, without
gructural damage to shocks of moderate intensities, and without total collgpse to shocks
of heavy intengties”

IS 1893 contains a seismic zoning map. The object of this map isto classfy the area of
the country into anumber of zonesin which one may reasonably expect earthquake shock
of more or lessthe sameintengty in the future. The modified Mercdli Intendty

associated with the various zones is V or less, VI, VI, VIII, and IX and above for Zones
[, 11, 11, 1V, and V, respectively.

It may be noted that Bhuj isin Seismic Zone V, while both Ahmedabad and Mumbai
(Bombay) arein Zonellll.

IS 4326 isintended to cover the specified features of design and construction for
earthquake resstance of buildings of conventiona types. In case of other buildings,
detailed analysis of earthquake forcesisrequired. Recommendations regarding
restrictions on openings, provison of sted in various horizontd bands and verticd sted
in corners and junctionsin walls and at jambs of openings are based on extensive
andyticd work. Many of the provisions have adso been verified experimentaly on
models by shake table tests.

IS 4326: 1976 ‘ Code of practice for earthquake resistant design and construction of
buildings while covering certain specia features for the design and congtruction of
earthquake resstant buildings, included some details for achieving ductility in reinforced
concrete buildings. With aview to keep abreast of the rapid developments and extensive



research in the field of earthquake resistant design of reinforced concrete structures, the
decison was made to cover provisons for the earthquake resistant design and detailing of
reinforced concrete structures separately.

IS 13920 incorporates a number of important provisons not covered in 1S 4326:

a)

b)

c)

Asaresault of the experience gained from the performance in earthquakes of
reinforced concrete structures that were designed and detailed as per 1S 4326:
1976, many identified deficiencies were corrected in 1S 13920.

Provisons on detailing of beams and columns were revised with an aim of
providing them with adequate toughness and ductility so asto make them
capable of undergoing extensve indastic deformations and disspating

seigmic energy in astable manner.

Specifications on seismic design and detailing of reinforced concrete shear
walls were included.

The other significant items incorporated in 1S 13920 are asfollows:

a)
b)

d)

Materid specifications areindicated for laterd- force-ressting dements of
frames.

Geometric congtraints are imposed on the cross section for flexurad members.
Provisons on minimum and maximum reinforcement have been revised. The
requirements for detailing of longitudind reinforcement in beams a joint

faces, splices, and anchorage requirements are made more explicit. Provisons
are dso included for caculation of design shear force and for detailing of
transverse reinforcement in beams.

For members subjected to axia load and flexure, dimensiona congraints have
been imposed on the cross section. Provisons are included for detailing of lap
splices and for the caculation of design shear force. A comprehensive set of
requirements isincluded on the provison of specid confining reinforcement

in those regions of a column that are expected to undergo

cyclic indadtic deformations during a severe earthquake.

Provisions have been included for estimating the shear strength and

flexurd strength of shear wall sections. Provisons are aso given for detailing
of reinforcement in the wall web, boundary e ements, coupling beams, around
openings, a congruction joints, and for the development, splicing and
anchorage of reinforcement.

Whilst the common methods of design and construction have been covered in |S 13920,
gpecia systems of design and congtruction of any plain or reinforced concrete structure
not covered by this code may be permitted on production of satisfactory evidence,
regarding their adequacy for seismic performance by andysis or tests or both.

It isinteresting to note that the provisions of 1S 13920 gpply to reinforced concrete
gructures that satisfy one of the following conditions:

a)

The structure islocated in seismic zone IV or V;



b) The gtructureis located in seismic zone |11 and has an importance factor of

greater than 1.0;
C) The structure islocated in seismic zone 11 and is an indudtrid structure; and
d) The gtructure islocated in seismic zone 111 and is more than 5 stories high.

Thus, the resdentid buildingsin Ahmedabad with ground + 4 stories are exempt from
the requirements of IS 13920.

The above codes, as noted earlier, are quite sophisticated. 1S 13920:1993 is, in fact,
greatly influenced by ACI 318-89. However, code enforcement practically does not exist
inIndia. Centra and State governments would at times require code compliance for
buildings owned by them. For other buildings, code requirements are seldom, if ever,
enforced. Locd jurisdictionstypicaly do not have a mechanism in place to enforce code
requirements. This not only explains much of the damage observed to engineered
buildings, but dso indicates that the promise of a bright future is not on the horizon.
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Tablel. Major Earthquakesin India

DATE LOCATION SCALE
June 16, 1819 KUTCH, GUJARAT 8.0
Jan. 10, 1869 CACHAR, ASSAM 7.5
May 30, 1885 SOPOR, KASHMIR 7.0
June 12, 1897 SHILLONG PLATEAU 8.7
April 4, 1905 KANGRA, HHIMACHAL 8.0
July 8, 1918 SRIMANGAL, ASSAM 7.6
July 2, 1930 DHUBRI, ASSAM 7.1
Jan. 15, 1934 NORTH BIHAR 8.3
June 26, 1941 ANDAMAN ISLANDS 8.1
Oct. 23, 1943 ASSAM 7.2
Aug. 15, 1950 ARUNACHAL PRADESH 8.5
July 21, 1956 ANJAR, GUJARAT 7.0
Dec. 10, 1967 KOYNA, MAHARASHTRA 6.5
Jan. 19, 1975 KINNAUR, HHIMACHAL 6.2
Aug. 6, 1988 MANIPUR 6.6
Aug. 21, 1988 NORTH BIHAR 6.4
Oct. 20, 1991 UTTAR PRADESH HILLS 6.6
Sept. 30, 1993 LATUR, MAHARASHTRA 6.3
May 22, 1997 JABALPUR, M.P. 6.0

March 29, 1999 UTTAR PRADESH HILLS 6.8

Source: Indian Meteorologica Department




Figure Captions

Fig. 1: Map of Earthquake-Affected Area

Fig. 22 Map of India Showing Epicenter of Recent Earthquakes

Fig. 3: Ground Failure Caused by Earthquake

Fig. 4. Liquefaction Caused by Earthquake

Fig. 5. Accderation Recorded at Basement of a Building in Downtown Ahmedabad
Fig. 6: Typicd Soft-Story Resdentia Building

Fig. 7. Non-Ductile Detailing of Column

Fig. 8 Shear Cracking of Column

Fig. 9: Ground Leve Column Punching through Hoor Sab of a Building
Fig. 10:Core Separated from Rest of Building

Fig. 11:Overturned Building

Fig. 12:Precast Railway Seepers
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