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AN OVERVIEW OF APPROXIMATE METHODS FOR SEISMIC
ANALYSIS OF GRAVITY DAMS

S K. THAKKAR* AND B.K.R. PATNAIK**

ABSTRACT

The purpose of approximate method of seismic analysis [s to
make a reasorable es{imate of dynamic forces in a gravity dam with-
out resarting to elaberate calculations, The approximate method s
caonsidered adeguate atthe stage of preliminary design when the
cross section and geometry of the dam is being established Several
simplified procedures.are in use for such siudies and the designer
oftan finds ditficult to choose the best of these methods. This paper
presents an overview of four ditferent analysis methods in use with
the assumptlions involved and their limitations. Using the differant
methods, the selsmic analysis of eight gravity dams ranging from
60m-to 226m [s carried out. The comparison of the bending moments
and shear forces obtained by ditferent methods is presented
treating the bending shear method as a reference. It has been observed
that the time perlods obtained by the 18 code method is on the lower
side 28 compared to the values obtained by bending-shear analysis.

The period coelficients for considering (the reservolr effect as an
added mass of water is also presented.
Koy Words : Seismic Analysis, Gravity Dam, Approximate Methods,
Dynamic Shear, Dynamic Moments, Perlod Coefficient.
INTRODUCTION

The gravity dams are the structures of great importance that must be
protected from catastrophic failure during the esrthquakes, Methods of
analysis and design of grevity dams for earthquake mation is in the
continuous process of development. Much sophisticated methods consider-
ing reservoir-dam- foundation intersction during earthquekes have Leen
developed. These methods based on the finite element methods are time
taking and expensive procedures. The detailed methods are inceed
necessary while checking the final designs It is essential that for strue-
tures like dams, the design organisations are conversant with approximate
methods of aseismic design, its assumptions and limitations, so that the
finally adopted saction of the dam may not later be found inadequate
against dynamic forces due to strong ground excitation. The simplified
procedures should be such that it could be easily adopted and provide results
with a reasonable accuracy compared with the values obtained by more
sophisticated methods. Each of the simplified methods have certain assum-
ptibns and limitations. The paper describes four different methods, its
assumptions and limitations. These four methods are (i} Saini-Vishwanath
method  (ii) IS Code method, (iii) Bending-Shear analysis and
(iv) Chopra's method.
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Using the different approximate methods, the seismic analysis of eight
gravity dams ranging from 60 m to 225 m is carried out. The comparison
of the fundamenta! period and responses obtained by different methods is
presented treating the bending-shear method as a reference It has been
observed that the time periods obtained by IS Code methad is on the lower
side as compared to the values obtained by bending-shear analysis. The
period coefficient in the fundamental time period formuta of the dam consi-
dering the reservoir effect as an added mass of water is also presented.

SIMPLIFIED METHODS OF DYNAMIC ANALYSIS

The four simplified procedures for preliminary design of gravity dams
under earthquake motion are presented here in brief for compieteness of
discussion. The details of these methods are available in references 1 to 4.

Saini-Vishwanath method {1)

The procedute is based on the Rayleigh method in which an approxi-
metion ie made of the dynamic deflection configuration. The method is
based on the following assumptions,

(i)  The static deflected shape is considered as the dynamic deflection
configuration of the dam, _

(ii)  The deformation due to both bending and shear are considered.

(i) The dynamic analysis is based on beam model,

(iv) Water éffegt is considered as an edded mass of water,

The steps involved in the metho_d are described below :
{i) The dam is discretized by lumping the masses at a convenient number
of points.

(i)  Determine the static deflections at each node point under gravity
turned on positicn. : ' h

(i) Determine the fundamental period by Rayleigh method.

(iv) Using the response spectrum ﬂetén’,ﬁin’e the dynamic response,
The following are the limitations of the method :

(i) Limitation of beam methods and added mass of water to inciude
hydrodynamic effect are present,

~8
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(i) Thedamis considergdlfixad at the base of the foundation.

IS Code method (2)

There are two methods suggested in I1S; 1893-1975 for preliminary
design of dams, (a) seismic coefficient method, and (b) response spsctrum
method. The seismic coefficient method is recommended for dams below
100m in height and response spectrum method for dams above 100m in
height, In the study presented here the response spectrum method is
employed both for dams above and below 100m in height. The assump-
tions in the methad are stated below :

(i) The method is based on bending-shear analysls of different sections
of gravity dams.

(li)  The inftuence of higher modes is considered in moment and shear
curves presented in the code.

(i) The effect of water is not considered in the response spectrum
method, but it is considered separately as hydrodynamic pressure.

(iv) The dam is considered fixed at the base of dam section, foundation-
structure interaction affects are net included. _

The following steps are involvad in the response spectrum method.
(i) Determine the fundamental period of vibration of dam by the

following formula, .

T=Cy H'/B y/Wa/g Es (1)
whare H and B are the height and base width of dam in meters, w = unit
weight of materiai in kg/ms3, g==acceleration due to gravity in m/st, and
E,==modulus of elasticity of the material in kg/m3, C; = 6.65 (period coe-
fficient in IS Code)

(i)  Using the time period and a damping factor of 59, for concrete, the
design seismic coefficient «y shall be obtained as follows,

anmai _ (2)
g

where B, |, F are soil-foundation factor, importance factor and zone

factor respectively. The spectral acceleration ratio Sa/g is directly

obtained from the response spectrum curve. -

(iii) The base shear Va‘ and base moment Mg are obtained from the
following formula,
Vg = 0,6 Way ,
Mg = 0.9 Whan , (3)
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where W=total weight of concrete in the dem in kg and b = height of the

centre of gravity of the dam above the base in meter.

(iv)  For any horizontal section ata depth Y below top of the dam, the
shear force, Vy and bending moment M; are obtained as follows,
Vy‘c‘v VB
My=C'n Mg - (4)

where C., and C’_ are given in Figure 1, These curves are based on

average values obtained from the analysis of dams of different height and
base width,

The following limitations of 1S Code method must be observed :

(i)  The effect of water on time period is not considered:
(i)  The limitations of beam method are present.

(lif) The factors and coefficients are average figures and mey not' be rep-
resentative for dams of all heights, base widths, siope etc,

Bending Shear Analysis (3)

The dynam:ic analysis in this method is based on lJumped meas beam
model in which both bending and shear deformations are canmsidered,
Since the 1S Code method is also based. on bending-shear analysis, the
assumptions in this method are the same as mentioned in IS code method.
However the bending-shear analysis of a dam has following merits over

“the method presented‘in IS Code,

(i)  Actual dam profile can be considered in the analysis,

(ii)  Elastic properties could vary along the height;

(iii) Effect of water can be considered as an added mass of water or
‘ separately as hydrodynamic pressure.

(iv) The effect of any number of modes could be considered,

The following st ps are involved in this method.

(i) Determine the first-three or four natural frequencies by the method of
transfer functions or stiffness matrix method.

(i) Using the reponse spectrum, determine tha reponse in different
maodes of vibration,

(ifi) Determine 1he total response by Square root of sum of squarss
method.

The following limitations of bending-shear analysis must be observed.

(i)  The limitation of beam method are present,

() The dam is considered fixed at the base.
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Chopra’s method (4) :

The earthquake forces are approximately obtained for the preliminary
design of concrete gravity dams having short fundamental time period. The
following are the assumptions in this method,

(i) This procedure considers only fundamental mode of vibration,

(i) The effect of only horizontal component of vibration is considerad.
(iii)  Cross-sectional shapes of gravity dams do not vary too widely,

(iv) The effect of compressibilif; of water due to reservoir dam interac-

tion is taken into account.
The following steps are involved in this method of dynamic analysis,

() The fundamenta) period of vibration of the dam, T,, is computed
without-considering the influence of water,

Te = 12H,/vE ' (6)
where, H, = height of dam in meter, £ = modulus of elasticity of material
of dam in Kpa (1 Kpa = 1000N/ms),

i}  The fundamental petiod of vibration of the dam, T,is then computed
considering the influence of stared water,

ﬂ = Rl 1—';
where R, = period ratio determined from the curves (ref. 4) for the design
velues of Hy and E, H = depth of stored water,

(i}  Compute Ry, the ratio of the fundamental period of the Impulsive
hydrodynamic pressure and T
Ry = 1/T,. (4H/C) (7
where C = velocity of sound in weater = 1438 m/sec.
(iv) Compute f, {v). the lateral earthquake forces over the height of the
dam including the hydrodynamic effects, from,
folV) = a: Sa (To)/g (WaV)¥(Y) + 97, (v)] (8)
w1 = 4, S8(T,) == ordinate of the design résponse spectrum, g = accele-
ration due to gravity, wi(y) = weight per unit height of the dam, ¥ (y) =
fundamental mode shape of the dam given in curve {ref, 4). Corresponding
to the computed values of Rs and for H/Hy = 1, the quantity gpy(y) is
determined from the given curves; the result is multiplied by the design
vaiue of (H/He)* and substituted in equation (8), )
{v)  The lateral earthquake forces without the hydrodynamic effects may
be computed from,

fa(y) = a9 Sa(T,)/g.[w, (v) ¥(y)] (9
where oy = 3,
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The following limitations of the method must be observed.

(i)  The effect of higher modes is not considered. The method is
suitable for concrete dams of low height,

DAM SECTIONS CONSIDERED FOR STUDY

Eight dam sections have been considered in this study. The charac- .
teristics of these dams is presented in Table 1. The dam profiles are given
in Figure 2. The heights of these dams range from 60 m to 225 m which
cover the range of most gravity dams in the country. The analysis of all
the dams has been carried out for modulus of elasticity, E = 2.1 x 109 t/ms,
unit weight of the material of dam = 2.4 t/ms, Poisson’s ratio = 0.2 and
shear deflection factor = 1.2
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Fig. 2—Dam Considered for Seismic Study by Approximate Methods
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EARTHQUAKE DATA AND DAMPING

The response of the dams considered have been evaluated for Zone
IV in India and the average acceleration spectra (Fig. 3, IS: 1893) for 69,
damping is used. The effect of horizonta! component of ground motion
has only been considered in the analysis,
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RESULTS OF ANALYSIS

As a result of seismic analysis, the fundamental time periods are
obtained for eight dams using four methods. The seismic response is
obtained in terms of base bending moment, base shear, and distribution of
moment and shear along the height,.

Fundamental Period :

The fundamental time periods and period coefficient, C; obtained by
four methods for eight dams is presented in Tables 2 and 3 for reservoir
empty and full condition respectively. It is observed that the average value

of C¢r given in IS Code is on the lower side for all dams wnth respect to the
values obtained by the other methods.
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The fundamental! time period of dam obtained by IS: 1893-76 for
raservoir empty condition is about 129, less than that obtained by bending
shear analysis for dams above 100 m height and 8% less for dams below
100 m height.

The fundamental time period obtained by Saini-Vishwanth method is
about 69, less for reservoir empty condtion and is sbout 69, less for
reservoir full condition than the value obtained by bending-shear analysis,

The fundamental time period obtained by Chopra's method for reservoir
empty condition is about 7% more for dams above 100 m in height and is
about 2%, more for dams below 100 m in height.

The fundamental time petiod by Chopra’s method for reservoir full
condition is about 289, more for dams above 100 m and about 22%, more
fos dams below 100 height. The considerable increase in fundamental
period is possibly due 10 the effect of compressibility of water considered
in this method.

Average Period Coefficient :

The average period coefficient Cr in bending shear-analysis for
reservoir full condition on the basis of added mass of water is observed to

be 6.511 for dams above 100 m height and 6,290 for dams below 100 m
height.

Dynamic Shears and Moments :

The dynamic shear and moment distribution along the height of dam
for eight dams, obtained by four different approaches are shown in Figures
4-11. It is observed from the Figures {4-11) that
base shear and base moment values obtained by Chopra’s method in
reservoir full condition are higher in ail the dams except in Bhakra, The
lower values obtained in Chopra’s method in this case is possibly due to
omission of higher modes in this method. The effect of higher modes in
225 m Bhakra dam would be significant. -
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Base Shear and Base Moment Coafficient

The base shear cosfficient C,, and base moment coefficient C,. are
worked out by four methods for differant dams. The average values of
these coefficients for dams above and below 100 m height are tabylated in
Tables 4 and 5. The average value of C, and Cn for reservoir full condition
are observed to be 0.611 and 0.968 respectively for dams above 100 m
height  For dams below 100 m height the average value of C, and Cm are
observed to be 0.617 and 0.977 respectively.

SUMMARY AND CONCLUSIONS

This paper presents an overview of four different simplified procedures
for dynamic analysis of gravity dams. The assumptions and limitations of
these methods are also presented. Eight gravity dams of different heights
have been analysed using these methods. The comparison of fundamental
time periods, base shears, base moments and distribution of moments and
shears are presented treating the bending - shear-analysis as reference
method. The period coefficients far considering the ressrvoir effect as an
added mass of water is preseated. Tha following conclusions can be made
from this study.

1.  The fundamental time period obtained by IS Code method are on the
lower side. There is a variation of a8 much as 129, for dams above
100 m in height.

2, For tall dams above 100m in height the methods that include the effect

of higher modes must be employed. For dams that are below 100 m

in height, the methods that consider first mode response may be

sufficient for preliminary analysis.

The Chopra’s method generally estimates higher values af base shears

and moments in dams compated to the other simplified methads,
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