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The Indian Standard Gnterm for Earthquake Resmant Deslgn of Suucmres, IS F 1893._

specifies the seismic foices to be adopied in the design of gravily dams. ‘L he code provisivns

have been revised from time to time to mcorpom'n mere rational . apipraach . for: design . of

dams. : Several .dams have: been . designed using . these provisions. as, given in the. vqnqus

_révisions &f -the.code. It:would be; therel'qre, useful to.the designer to know the qpannmuve _

differerence:jn the various code provisions and their adegua,cy for dam .design _

This paper presents a comparative study of the seismic forces worked out as given in the >

varionus revmons of 1.5..Code (1,2, 3).and the dynamic analysis (4). A companson of the

dynamic moments and dynamic shears due to horizonial inertia forcea has been made {or, '
dams of heights varying from 30 m to 200 m. The hydmdynamlc forces as prOVlded in, Ihe ’

code are based on the assumption that water is mwmpressnble and the dam is treat.ed as
- rigid. Thé code’ also recommends approximate expressions to estimate the hydrodynamic

moments and shear! In order to check the appromanom mvolved in the use of"- theie'

the hydrodynam:c pressure distribution: given in the code and the ‘percentage eérror |s3

determined.

Simplified design procedures (5, 6} evolved on the basis of dynamiic fanalysis of dams are
" also now available. ‘lhese procedures account for the compressiliility of water and dam-
reservoir interaction. The feasibility of the use of simplified methods .of design in actual
practice using the presently accepted design criterion: has been investigated. This has
been done by applymg the method for design of four dams with hquhts varying from 50 m
to 150 m. :

The design of a dam is considerably dependent on the choice of design seismic coefficient
which, in turn, depends on the seismicity of the site and. the properties of the structure. It is
rather difficult to assess precisely the seismic activity at the site due to Jack of seismic data

- and uncertainty involved in the phenomenon of earthquake occurmn!ce Hence, there is a
tendency amongst field design -engineers to estifhate the design seismic forces on the higher.
side. This is generally done without giving any due consideration to the economic aspects.

To make &' judicious estimate ‘of “the deugn Bei¥mic coefiient, it ‘vould be usefitl, from -

economic: cons:dequ;ons, to know the increase in tbf «cost.of the da wltln an, increase in the
deugn seismic coeﬁicxent ‘The mﬂuenoe of the variation of de:.ngu se:snuc coeﬁ'iclént ‘on cot

of gravity dams has, - therefore, been ugvequgated here, by studymg four damss of heng(hts'_ _

varymg from 50 m to 150 m, u.;mg 1.S. Code pcovmona (3, 71
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gravity damns increases rapidly with an increase in the design seismic cocfficient. 'l‘h‘ugﬂ,_‘t_hg ‘
design seismic forces should be estimated after detailed seismic investigativny 'ind"liiln'g' ‘
rational dyndmic analysis procedures. '

Study of Indian Standard Code’ Previsions B . , c
. The Indian Standard Code 1.} 1893 (1,12, 3) K¥s Been revised from tine-to time in an
atternpt ' to provide 75:"r_noy'e_’:rqti'o_i;g_lih']iﬁrd&hh‘fot_"dé‘s"ikﬁ‘6? dams. The essential diff-rences
- in the seismic provisions for gravity dams in the (hree versions of the code are summarized .
below: . . . . c : _ ,
"Y.!'.'Tl'ie" seismic ‘zones as derharcated in 1.8, Code of 1966°'(1) have been revised in -
subsequent revisions of the code (2. 3) based on additional seismic data and taking: im0
condidetation the'tectogenesis and ,géo]bgical‘fealtg"res. ' ‘ :

"2 There is & defipite .'change in the prowisions, specifying the distribution of hariz -nial
1€ismic acceleration along the hyight. of dum in three successive. code revisions (1,2, 3). “lhe
LS. Code.of 1966 (1) specifies a uaiform variation of horiz :ntal acceleration along the height

of the dam as shown in Figure 1 (a). Based on the analysis of dynamic behaviour of several

L Land I )
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ta) | 5 COOE 19&s (b)} S CODE 1970 (¢} PROPOSED VARIATION
] SEISMIC ACCELERATION

‘Fig: 1 Variation of horizontal seismic acceleration along the height of dam

dams (B), it is observed ‘that the distribution of horizontal seismic accelerarion along the
height of a dam is not yniform but has a generzal shape as shown in Fig. 1 ¢) with zero value
at base and maximum at the top. Hence, the unifirm distribution of seismic acceleration as
suggested in the 1.8, Code of 1966 (1) has been subsequently médified in the second ‘revision
of I'8. Code (2). For specifying-the seismie aceelerstion along. the height of the dam, the
curve has been approximated as varying linearly, from zero at base to maximum at o , the
top value being 1.5 times the design ‘horizontal seismic coefficient as shown in Figure 1 (b),
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In- 1.8, Code  revision of 1975 (3) which ia the latest revision. two methods have been
suggested for determination of earthquake forces, namely the Response spectrum method and
the seismic coefficient method. - In Response spectrum method of analysis, average design
curves giving distribution of dynamic moments and dynamic shears along the height of dams
have been specified which are based on the dynamic analysis of several dams (4, 11). Itis,
however, noted that for Jow dams, the details of the dam near the top contribute greatly to
the overall response (4, 10) and hence the average design gurves can not be specified in this
case. Accordingly, the average design curves have been specified for dams of heights more
than 100m. The idea of choosing a value of 100 m is also that most.of the dams upto this
height will have periods shorter than 0.30 seconds and the spectral acceleration may not be
influenced by change of natural period in this range. = In seismic coefficient method, which is
to be applied for dams upto 100 m in height, the distribution of horizontal earthquake acceler-
ation is the same as specified in 1.S. Code of 1970 (2). :

3. The vertical seismic coefficient has been specified as half of the horizontal seismic
coefficient. This is reasonable in accordance with the observations that peak ground acceler-
ativn in vertical component caused by an earthquake is about one half that of peak horizontal
component. The distribution of vertical seismic acceleration along the height of the dam is
sumilar to the hotizontal seismic acceleration distribution. 1t is uniform in the 1.5, Code of
1966 (1) and it is specified to have a shape of an inveried triangle with value at top of dam
being equal to half the horizontal acceleration in 1.S. Code of 1970 (2) and 1975 (3).

Assessment of Horizontal Inertia Forces

The effect of an earthquake on a dam is to induce inertia and hydrodynamic forces. It
is of interest to know the effect on distribution and magnitude of inertia forces due to modifi-
cations in the nature of distribution of horizontal seismic acceleration along the height of dam.
This will give an assessment about the underestimation or overestimation of seismic forces in
the design of dams based on provisions in the various code revisions. A comparison of these
code provisions (1,2, 3) with dynamic analysis (4) would be of interest to the designer to
assess the adequacy of the latest code provisions.
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Fig. 2 Dam cross-sections selected for comparison of seismic provisions
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. The variatign of dynamic moment’ abd shear cocHicients, C,, and C, as worked iy for
the gelected dam sections has been shown in Figures 3 to 7. Considering the forces
obtained by, dynamic apalysis as more accurade, it ig noted from the figures that the’ variatioh
-of dysamic mcment and shear cpeﬂigiengiqu‘ﬁﬁg LS. Code of 1966 (1)'is markedly different
fram  those obtained by using later code revisions (2, 3) and déoﬁamfc ‘gng.lff;i_i.(ﬂ'.‘ ' The
dynamic moments and shears are overestimated at base using 1.8 | Sode ‘provisions as com-
pared to dynamic analysis whereas these are underestimated in the top portion of the dam.
It is noted that LS. Code provision of 1966 (1) overestimates thfgé“dyn'a:lpéic moments g_t_gPﬁa;e
for all the dam sections under consideration y about 20 to 35 percent, where as dynamic
shears afe ovérestimited’'to the ‘extent of '70 i5'90 percetit at bage, in comparifon‘lo those
“obtained’ using’ dynami¢' analysis. The ‘uhderestimation of dynamic moments ini‘the upper
portion of the dams" varies from 30 to 8Q percentand for dynamic shear, from 30 to 60

A = USING | S CODE 1966 o \
02 1 B ——- USING I.S. CODE 1970 ' .“k‘
C —-— USING 1.S. CODE 1875 '
D —wa USING DYNAMIC ANALYSIS |
4 - =F o
0 M s G WHLp LT
= Q
oz vV :C, Wd’.h‘_ E g
Sosf wioost
A w (@
8 AND ¢ °
IIT
o-8f a2 os}-
Wy
1 N N . 10
0 01 02 03 04 0

Cm
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percent. Thus, the 1.S. Code of 1966 is inadequate to give realistic pattern of distribﬂtio;!
of dynamic moments and shears.
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Fig. 4 Comparisor of dynamic moments and shears due to horizontal
inertia forces for 50 m high dam
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Fig. 5 Comparison of dynamic moments and shears due to horizontal
inertia forces for 100 m high dam

The 1.S. Code provision of 1970 (2) shows definitely an improvement over the earlier
code provision of 1666 (1) but siill the distribution of dynamic moments and shears does
not follow' ﬁe variation as' obtained by using the dynamic ahalysis. Tt is noted that the
dynamic mamients and shears are overestimated by marginal amounts at the base but the

~
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Fig. 6 Comparison of dynamic moments and shears due to horizontal
inertia forces for 150 m high dam
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Fig. 7 Comparison of dynamic moments and shears due to horizontal
inertia forces for 200 m high dam

code provisions indicate large error in evaluating the dynamic moments and shears in the
top portion of the dams. For a 30 m high dam, the dynamic moments are overestimated
by 14 percent at the base but these are underestimated by about 32 percent in the top
po-tion of the dam. Similarly, the dynamic shears are overestimated by 12 percent at the
base and these are underestimated by about 25 percent in the top portion of the dam. The
underestimation of dynamic moments and shears in the top portion of the dams is. more -
for higher dams. This can be observed from Figs. 6 and 7 which give the disiribution of
dynamic moments and shears for dams of 150 m and 200 m in height. '
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The 1.S. Code provision of 1975 (3) is observed to be reasonably realistic and gives
results clese to those obtained by dynamic analysis. For a 150 m high dam, the dysamic
moments are overestimated by abour |1 percent at base and about 17 percent in the top
portion of the dam. For other dam heights also, it can be seen that the distribution of
dynamic moments and shears as obtained by using the I8. Code provisions of 1975 (3)
closely follows the variation as obtained from dynamic analysis (4). The overestimation
by small amounts as obtained in the distribution of dynamic moments and shears using
response spectrum analysis can be accepted because of the many uncertain factors on which
estimation of seismic forces i based, Thus, the code provisions in the third revision {3)
are quite rational and can be used with more confidence in the preliminary design of dams.

Assessment of Hydrodynamic Forces
The LS. Code provisions (1, 2, 3) specify Zanger's expressions (9) for estimating
hydrodynamic pressures on dams which are based on the assumption of treating the dam as
rigid and neglecting compressibility of water. The 1.S. Code also gives approximate
expressions for obtaining hydrodynamic moments and shears due to hydrodynamic effect as
follows :
Vi = 0.726 p, y 3
M, = 0.299 p, y? {4)
Where V, is the hydrodynamic shear, M, the hydrodynamic moment, p, the intensity of
hydrodynamic pressure and y the depth of the section below the reservoir water surface.

Since, the hydrodynamic pressure has parabolic distribution, the hydrodynamic shear
coefficient of 0.726 and hydrodynamic moment cor ficient of 0.299 as given in the approximate
expressions are not expected to be constant along the depth of reservoir., It is, therefore,
essential to assess the percentage error due to approximation made in the simplification.

This will help to check the adequacy of the approximate expressions for evaluating hydro-
dynamic shear and moment.

Knowing the intensity of hydrodynamic pressure along the depth of the reservoir, the
hydrodynamic shear and moment can be obtained as :

\'A -.—.oj" Pe dz (5)

M, -—..oj',p, (y—z) dz _ ' (6)

Where p, is the intensity of hydrodynamic pressure, y the depth of section below the free
surface of the reservoir, z the depth at which element strip of the pressure diagram is
considered and. dz the depth of elemental strip.

The hydrodynamic shears and hydrodynamic moments are expressed as :
Vi = Cyy pe ¥ Q)
My = Cun p, y2 ' (8)

where C., is the hydrodynamic shear coefficient and C,; the hydrodynamic moment
coefficient. )
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It caﬁ be seéwy fom (he: ﬂgﬁfe that !he value of hydrodynamic shear coefficlent df 0726
At hase. compam;ee;acl],v with the value.as given.in. approximate expresmions: given in
+he..code (I, B ) . The. hydredynamic, shears are, . howeyer, owesestimated:. ueing code
_prowisions at, h:ghg; elevauons. The: oveyestimation vagies upto .13 pareent along the
_depth; of, Fesexypir, the, maximum overestimation .bejng. #¢. & . saction which is at Q.3 h
-below tha free reseryoir surface, h hemg,,cthe‘qdemh of -the .reservoir, It ia glso .observed
from the figure that the derived value of hydrodynamic moment coefficient: of 0.292
at base closely comparey with the value of 0.299 gwen in the approx:mate expression gwen in
code (1,2, 3)." The hydrodynamlc moments et higher elevations are overemmated as per
provisions in code (1, 2, 3). The overestimation varies upto ‘about 20 percent alo‘ﬁé the depth
of reservior, the maximum overestimation being at a section which is at 0.3 h below the
reservoir surface, It is, thus, concluded that hydrodynamic shears and moments are

marginally overestimated using the approximate expressions given in 1.S. Code (I,2, 3).

These e1rors are, however, consxdered small and can be accepted for the preliminary design
of dams

,Gn;npulm pt 1,8. Godo P,rovhiom w;lth ;Simpgjﬁgd pmign Proe\ednru

The 1.S. Code provisions do not take,-into scoount the dam-reservoir interaction and
neglect the compressibility of reservoir water. Simplified design procedures (3, 6) are mow
available which account for (hese effects. The 1.8. Code provisions have been compared
here with the simplified design procedure for a 100 m -high ‘dam.” To evaluate the lateral
seismic forces, computational steps as given in the simplified method of design (5, 6} have
been followed, The dynamnc shears and dyn,amm moments have bepn expressed as 3

“C“WGh ) “‘(9)

s ]
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- It is observed from figure 9 that the. dynamic moments and sheass as obtained ‘using
simplified design prioeedure (5, 6) are substantially higher than those cbtained using 1.5, Code
provisions (3); ‘The simplified design ‘procedure (8, 6) indicates that the dynamic moments
-are 24.percent higher at base than those obtained by using . code .provisions (3). These are
‘higher tothe extent.of 34 percent at.depth 0.5 H from top of dam and move than 8Q pereent
at depth 0.2 H and 0.3 H from top of dam. - The dynamic shears as. obtained by simplified
method of design (5, 6) are marginaily higher at base but at higher elevations, the dynamic
shears are considerably higher to the extent bf 34 percent'dt depth’ 0.3'H ‘and 58 percent’ at
depth' 0.1 H below the top of the dam, as compared to corresponding values ohtained using
code provisions (3). ‘ v : S
It is, ‘thus, seen that the effect of compressibility of water and dam-reservoir jriteriction
is considerable and need to be included for a rational design of dams: It i, however,' 15° be
_moted’ that higher tensile stfesses will be indicated in the dam section and hence concrate
_ volume required for the dam would be corisiderably increased to satisfy the present criteria

‘of "stability (7) Which does tiot' permit’ the ‘Sccurrence of tensilé stresses even under critiesl
loading condition.'” Hence, it is essemtial to check the suitability of the: simplified - design
‘proceduire (5, 6) for useé in design before adopting. ‘ B ‘

Suitability of the -impliﬁed design pﬁcdure

& ... . To study the suitdbility of . the simplified .procedure (5, 6) in design practice with the
- presently. accepted design criteria (7), s effect on the design of gravily dama is analysed. To
_investigate: this: aspect,sgtavity. - dams of. heights 50 m, 75 m, 100 m, and 150 m have been

e .
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designed using the simplified design procedure (5, 6) and the 1.8. Code provisions (3, 7).
.Table 1 gives the concrete volume and percentage increase of concrete volume in dams
obtained by designing according to simplified method of design over and above the con-
ventionally designed dams using L.S. Code provisions (3, 7).

Table 1 :
 Percentage Increase of concrete volume in dams

P ok

s l " | ‘Concrete volume of 't::lém.', Concrete volume of dam °
Sl. No. ; Height of | per unit length designed 'per unit length desigmed by| %uge incredse in

dam (m) according to code using simplified method | concrete volume
’ provisions {3, 7) (m%) of design (5,6) {m?)
1 50 1179.1 1296.4 100
' 75 2668.3 2893.1 " 8.5
3. 100 4865.0 5395.0 : 11.0
4 150 10688.4 12202.9 14.0

It is observed from the siress analysis of these dams that the profiles of dams designed
according to the present design criteria (3, 7) show higher tensile stresses when analysed by
using simplified method of design (5,6). It can be seen from Table } that the currently
accépted design criteria for tensile stresses in dams designed using simplified method of design
can be achieved only at the cost of substantial increase of 10 %0 [4 percent in eoricretz volume
over and above the concrete volume required for conventionaliy designed dams. It is 1o be
noted that simplified method of design (5, 6) though provides a moie rational approach to
estimate seisnic forces acting onr dams but its'use in design practice is some what limited, at
present, until the improved design criteria for permissible tensile siresses in dams is evolved
based on laboratory and field tests of nraterial strength under dynamic conditions,

Eﬂcct of seismic provisions on cost of gravity dams

The seismic zones of India have been revised and upgraded to some extent in the various
revisions of 1.5, Code (2, 3). The dam sites which were located in the seismic zones with
lower seismicity as per provisions in the seismic zoning map (1) are now coming under
seismic zones with higher seismicity in the revised zoning map (2, 3) of the country. In view
of this, the safety and economy of such dams should be re-evaluated. The dam sites located
on the boundaries of seismic zones are always subject to discussion as to the value of seismic
coefficient to be adopted in the design. It would, therefore, be useful to study the effect of
variation in design coefficient on cost of gravity dams. This will help to arrive at the
judicious decision of design seismic coefficient. Since the cost of dam involves many other
factors, percentage increase in concrete volume is taken as indicative of increase in the cost
of the dam. '

To study the effect of variation of design seismic coefficient on the cost of gravily damsy
dams of heights 50 m, 75 m, 100 m and 150 m have been selected as these are in the common
range of heights in case of concrete and masonry siorage dams in India. The dimensions of

I
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the profile of dams, like top width, free boarﬂ...etc. have been based on the data collected

from aciual dams (4). These parameters of dam profiles as assumed in the study are given
in Table 2. :

'flhle 2

Parameters of dam sections

S1. No. Ht. of dam Top width Free board Fetch

(m) (m) (m) {km)
L 50 6.5 ' 2.5 5.0
2. 75 7.5 3.0 7.0
3. 100 9.0 4.0 9.0
4.

150 10.0 5.0 11.0

The pertinent data which is assumed in the design is as follows :

- Density of dam material = 2.4 t/m?
Modulus of elasticity of dam material = 2.2 x 108 t/m?
Damping ‘ = 5 percent of critical damping
Shear strength of foundation rock = 500 t/m?

Coefficient of friction between concrete and rock = 0.75

The variation in design seismic coefficient is assumed to be on zonal basis i.e. each dam
section is designed for seismic coefficient pertaining to seismic zone I, II, 1L, IV and V as given
in code (3). In order to find out the total percentage increase in concrete volume of dam due
to seismic forces, concrete volume of dam designed with design seismic coefficient equal to
zero has been taken as the basis. Dam sections have been designed using gravity method of
analysis for the loading conditions as siipulated in 1.8, 6512:1972 (7) and the earthquake
loading considered as specified in 1.8. Code 18Y3: 1975 (3). A computer program which
takes into account these criteria has been developed and extensively used for the stress and
stability analysis of dams. The design has been carried out by ensuring safety against
sliding as well as ensuring that the stresses are within permissible limits. I he maximum
permissible compressive stress does not generally form a restricting desiun criteria in the
design of dams as the compressive strength of concrete mix. specified will be adequate to take
up the compressive stresses. As far as the permissible tensile stresses are concerned, the 1.8,
Code (7) does not permit the tensile stresses to occur at the upstream face of the dam. It is,
however, a common practice to allow nominal tensile stresses of | to 2 kg/cm? under critical
loading condition. Accordingly, nominal tensile stresses of 2 kg/cm? have been permitied in
the design of dam sections. ‘

The infivence of variation in design value of hoiizontal seismic coefficient on concrete
volume of gravity dams is shown in figure 10 for various heights of the dams consider«d. It
is noted from the figure that the relationship between variation in design seismic cocfficient
and 3he percentage inckease in volume of concrete in dams is not linear. The cost of the dam
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Fig. 10 Effect of design seismic cocfficient on increase in concrete volume of dams

increases rapidly with an increase in the detign horizontal seismic cocfficient. For a variation
of 0.02 only in design horizontal seismi¢ coefficient from 0.10 10 0.12, the net pe rceniage
increase in concrete volume of dams varying in height from 50 t0 150 m is about 4 to 5
percent. Thus, for the projects located on-the boundaries of seismic zones, the value of design
seismic coefficient will have to be determined takmg into account its effect on the cost of the
dam also.

It is also obrerved: from the figure that for a design value of horizontal seismic
coefficient cqual to 0.05, which is usually considered as not very large, the percentage
inciease in concrete volume of dams varying in height from 50 m to 150 m, on account
of seismic forces is about 10 to 12 pescent, Thus the extra investments called for on account
of earthquake provisions are of a mujor erder and the value of design seismic cocflicient
should be properly selecied giving due consideiation 10 the ¢conomic aspects also. Fig. 10
is expected to serve as & good guide to estimate the increase in the cost of the dam due to
an increase in the design seismic cocfficient.

Conclasions
. Based on this investigation, the following conclusions can be drawn: - R
I. The distribution of -inertia forces due to honzontal earthquake acceleration as

specified in L.S : 1893 - 1975 (3),.is reasonably realistic and compares well with the dvnamic
analysis.
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2. The: approximate; expressions: given it -the .I.S. Coda. {152, 3) to estimate the
hydrodynamic forces due to earthquake overestimate the .hydrodynamic moments to the
‘extent of 20 percent and hydrodynamic, shears to the extent of 15 percent. The use of
these expressions is, however, considered to be reasonable in the preliminary design of dams.

3. The simplified design pracedure (5, 6) which accounts for compressibility of water
and dam-reservoir interaction provides a more rational -approach for realistic assessment
of seismic forces as compared to 1.8, Code provisions (3) which do not account for these
effects.” It is, however, noted that it is uneconomical to use the method in design practice
with- presently accepred design ciiteria and an improved design critesia for perniissibie
tensile stresses should be evolved. It is observed that for the dam sections designed by
using simpliied method of design (5, 6). and present design. criteria- (7), a substantial
increase of 10 to 14 percent in concrete volume of dam is required, over and above that
required for conventionally designed dam as per 1.8 Code provisions (3, 7}. ‘

4. The cost of gravity dams is influenced to a great extent even by a small variation
in the design value of the seismic coefficient. It is observed that for commonly adopted
design seismic crefficient equal 1o 0.05, the total peicentage increase in concrete volume
due to seismic forces is about 10 to 12 percent. The extra investments called for on accourt
of earthquake provisions are of a major order and hence judicious decision is essential
to determine the design seismic coefficient.
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