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(ii)
SYNOPSIS

The more critical tensile stresses occur in the upper
parts of the dams due to earthqua%{es. The extra concrete near the
crest of the dam to support roadway etc,, is found to be responsible
for this. An attempt has been made to reduce crest mass by developing
several light structural systems to support the roadway anci perform

other necessary functions,

The dynamic response of the dam is calculated for different
sarthquakes by shear bending beam approach using IHolzer's

technique, Root Mean Square combination of the first three modes is

used-fer-this-purpose. The principal stresses due to static and
dynamic vertical stresses are worked out for both reservoir full and

empty conditions at upstream and downstream faces of the dam.,

The reduction of the weight at the top results in the
reduction of the tensile principal stresses as compared to the dam
with the solid crest. The reduction in tensile principal stresses is

significant at the crest level as compared to the base section,
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1. - INTRODUCTION
1.1 INTRODUCTION

The concrete gravity dams are constructed for
irrigation, water supply, hydroelectric power, control of flood and
sediment, recreation and navigation or combination of all. ' The dams
are important strustures, hence they should be desighed for anticipated
earthquake forces which are going to induce much larger tensile
stresses as compared to static stresses caused due to dead load,
hydrostatic pressure, wind load, wave pressure and uplift pressure,
Dynamic analyses of stresses in concrete gravity dams during earthquakes

demonstrate that more critical tensile stresses oceur in upper parts of

dam, The principal aim of this investigation is to reduce the tensile

stresses caused due to earthquakes,
1.2 REVIEW QF PAST WORK

An attempt of reducing s‘cre~sses due to earthquake was
made by Saini(lg)by reducing mass at the top portion of dam. The
profile of the dam usgd is shown in Fig, 1. Since the maximum
acceleration occurs at the top of the dam due to earthquake, the mass
near the top contributes most to the inertia forces, ”I‘he portion

from which the mass was removed is shown by shad.:_ lines.

Due to the removal of material at the top, the fundamental

natﬁral period was reduced from 0, 34 seconds to 0, 285 seconds.
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The stresses due to earthquake were reduced only in a small portion
near top of the dam but were increased elsewhere, The total
stresées were slightly lowered in a small portion near the top of the
dam but were generally increased at other sections. He concluded
that the removal of the material from the top portion of dam would
generally not improve the situation because of decrease in the natural
period of vibration, hence increase in earthquake forces, As a |
further step, the finite element method was used for the analysis
taking the combined effect of horizontal and vertical components of
ground motion as well as horizontal ground motion alone and it was

found that there was little difference in the dynamic response,

Chopra and Chakrabarti(S) have analysed the overflow and
non overflow sections of Koyna Dam as shown in Fig, 1, The finite
element method has been used and the stresses are computed by
time wise combination of the first four fundamental modes for Koyna
earthquake, The periods of the first four modes of vibration of non
overflow and overflow sections are 0,326, 0.122, 0,093, 0.063 and
0,205, 0,088, 0,078, 0,051 sec respectively, The maximum tensile
stress in case of overflow section was considerably smaller as |
compared to non overflow section. k was not however, obvious whether
the apparently high stresses developed.because of untypical section
of this dam or because the ground moticn at Koyna had large
accelerations and relatively strong high frequency components, or

because of both.
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They have further analysed a typical concrete gravity
Pine Flat Dam of California as shown in Fig, 2., The properties of

concrete in this dam are : modulus of elasticity = 3,5175 x 105,kg/cm 2,

unit weight = 2,475 t/mg, and Poission's ratio = 0,20, The analysis
has been carried out for transverse and vertical components of Koyna
earthquake., Damping was assumed to be 5§ percent of critical in each |
of the firét fouf fundamental modes, The time periods of the first

four modes of vibration were worked out as 0,256, 0,125, 0,092 and

0,072 sec.

The structural section of the Pine Flat Dam i,e., triangular
profile is also shown in Fig, 2 after removing the concrete of shaded
portion. The time periods of this section in the first four modes were
found as 6.22, 0.099, 0.087 and 0,060 sec, As a result of the reduced
weight at the crest, much smaller tensile stresses developed in the
structural section and the reduction was abdut 40 percent at the down-
stream face and about 60 percent at the upstream face. The dynamic
interaction between: the dam and reservoir was ignored ih these

computations,
1.3 OBJECT OF THESIS

The principal object of this thesis is to study the nature
of dynamic response and principal stresses developed due to earthquake
forces when the mass at crest level is reduced by proﬁriding suitable light
structural system at the top so.as to support the roadway and perform |

other necessary functions like providing the free board,



1.4 SCOPE OF INVESTIGATION

Method of Analysis :  The Gravity Method is used for

computing static normal vertical stresses, The concept of treating
the dam as shear bending beam is used for computing dynamic response,
The whole structure is discretized into a lumped mass system in order

to calculate the dynamic response,

Structural Systems : The concrete gravity dam considered

for analysis is modified Pine Flat Dam shown in Fig, 4. Seven systems
with different arrangements at the top are covsidered, varying from a
dam with solid crest to a dam having structural section i.e., triangular

profile as shown in Fig, 5.

Earthquake Motions : The following earthquakes are

considered for the analysis :

(i) Koyna-Longitudinal compenent )  Spectral Intensity made
)
(ii) El Centro- N-3 component ) equal for 5% of critical
) damping
(iii) Average Spectra )
(iv) - Koyna elongated
Results : The principal stresses due to static loads for

both reservoir full and empty conditions are calculated at upstream and

downstream faces at various sections from neck to base.

The dynamic response i,e., moment, shear, slope,

deflection and acceleration are obtained in each mode. The combined
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response, of first three modes is obtained by mode superposition
using Root Mean Square technigue, The principal stresses due to
static and dynamic forces for both reservoir empty and full conditions
are obtained at upstream and downstream faces at various sections

from neck to base.
1.5 OUTLINE OF THESIS

Chapter 2 deals with the method of analysis for computing

stresses due to static and dynamic loading and combination of both,
The various assumptions involved in the method and the procedure of

computatione are discugsed,

Cha-pter 3 deals with the results of analysis., The number of
cases considered for the analysis, dynamic response and the combined

principal stresses developed in each case are discussed,

Chapter 4 deals with summary and conclusions derived from

the investigation. The scope for further investigation is also given,

1.6 NOTATIONS

A dynamic response in a particular mode, area of the section
Ay total superimposéd response of various modes

a modal value for a particular mode

C pressure coefficient varying with shape and depth

Cip C’12,~C2 1 Cag constants of frequency determinant

C maximum value of C

m



E modulus of elasticity

G modulus of rigidity

acceleration due to gravity

H height of the dam
h maximum depth of the reservoir
th
h, length of n . segment
I moment of inertia
I moment of inertia of member section in nth segment
M moment
th th
Mn,_ M,,.ymoments at n and n-1' mass points
M, moment at the fixed end ¢f the beam
Mf moment at the free end of the beam
th
m concentrated mass of the beam section at n . point
n no. of joint or division point
Pe hydrodynamic pressure at depth Y1, normal to the face
p circular natural frequency
p' assumed circular natural frequency
Pan hydrodynamic pressure acting in the horizontal direction
at the u/s face
1" .
Pev » Pe\; dynamic vertical normal stress for reservoir full and empty
conditions at u/s aud d/s faces
Py normal water loading at u/s face
Py, vertical normal stress ' .
pv", R,'  static vertical normal stress at u/s and d/s faces
Py major principal stress

Pg minor principal stress



mode of vibration

spectral acceleration

. spectral displacement ,

spectral intensity

spectral velocitsr

natural period of vibration

time variable

shear

shear at the free end of the beam

shear at the nth. section

shear at the fized 2nd of the beam

vertical load ‘

unit weight of water

distance measured along the height

total deflection

bending deflection

shear deflection

distancé'of the c.g. of the section from remote fibre
deflection at free end of beam

deflection at nth mass point

deﬂecﬁion at fixed end ¢f bram

depth of section below the water surface

slope at downstream face

horizontal seismic coefficient

slope at upstream face



: th
mode participation factor r mode

mass dengity
damping factor

shape factor

inclination of tangent at the free end of beam

‘ th th
inclination of tangent at n and n-1 divisicon point

inclination of tangent at the fiz¢l end of banm
., .. _th
mode shape factor at point jin r mode

angle between u/s face and vertical

angle between d/s face and vertical



5. METHOD OF ANALYSIS

2,1 THE GRAVITY METHOD OF STRESS ANALYSIS

(24) _
The Gravity Method provides an approximate means

for determination of stresses in a cross section of gravity dam, The
method is applicable to a gravity section with a variable batter on

both faces, The following assumptions are made :

(1) The tr;ansverse contraction joints in the dam are neither
keyed nor grouted,

(2) All loads are carried by the gravity section, that is,
parallel cantilevers which receive no suppor:’c from the
adjacent elements on either side,

(3) Unit vertical pressures, or normal stresses on
horizontal planes, are assumed to vary linearly from
the ;pstream to downstream face,

(4) A parabolic variation of shear stresses is assumed on

horizontal planes from upstream toc downstream face,
2.2 DYNAMICAL ANALYSIS

The dam is assumed to be a tapered cantilever as a

(2, 3,12, 15)

shear bending beam for determining frequencies and mode

shapes,

The equations of motion for free undamped vibration of a

cantilever can be written as follows wherein bending and shearing
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deformations are considered and effect of rotary inertia is also

- included, v _
'y Y F1 BSY
‘%X (EI ?;'ix2b)+ FAG 2; = zb (1)
P 3 x ot
‘ 2
%3‘;-; (O/AGb\iS) - f»A-?a-‘g-— @
% 4 ot
where,
Y = total deflection due to shear and bending
Y, ' = . bending deflection
Y s = shear deflection
A . = area of the section
X = distance measured along the height
t = time variable
E = modulus of elasticity
G = modulus of rigidity
I = “moment of inertia
o = _shape factor, 1.2 for rectangular section

Transfer matrix approach has been used to obtain the solution of

Equations 1 and 2 numerically.

Consider the cantilever beam as shown in Fig, 3(a) vibrating
in classical natural mode of circular natural frequency p with zero

damping. If the beam is divided into a number of segments of length

hoo1, h, etc. as shown in Fig. 3(b) and the mass included within
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the half segments on either side of division point is concentrated at

. th
division points, the shear Vn and slope 8, inn segment, moment

M,, and deflection y, atn mass point will be related to corresponding

(2)

values at just previous segment and point by certain transfer function

as defined below :

If on one end of anelastic straight membei', there is imposed
a harmonic exciting function (A sin pt), where A is one and only one of the

following :

Shear V, bending moment M, slope 8 and displacementy .

Then the values of these four quantities that are necessary to hold it

in dynamic equilibrium at the given frequency are the transfer functions
which can be derived for the vibrating cantilever for which a free

body diagram is shown in Fig, 3(c). The transfer equations,
corresponding to equations 1 and 2, where in the deformations due to

shear, bending and the rotary inertia have been included are as

follows :
) 2
Vn - Vn-l +mn—1 P a1
. ’ 2
My, = Myg +Vybhp- Flnhnp On-1
- hn ,
6n B 6n—l + IEI (Mn Mz-l"*\' -
2 ,
h &V
Yn = Fuqthy 0 1+ n_(p o+ —my 8 Vnhy
n-1""n"n-1 3ET, ( My .1 ) oA



where,

h

F
b
E
&
g

i

1l

ti

shear force in nth segment
. th X
bending moment on h” mass point

th
slope at n  mass point
X th .
deflection at n mass point

mass lumped at n'th point

natural frequency in radians per second
. th

length of n ' segment

mass density

. . ..t
moment of inertia of member section in n

modulus of elasticity
modulus of rigidity

shape factor, 1,2 for rectangular section,
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N
megmert

These equations are successively applied to the segments '

proceeding from free end of the beam to the fixed end., Out of the four

boundary values at free end, two will be known, that is,moment My and

shear V¢ are zero, and two unknowns which are slope 8; and

deflection Vg - Thus the transfer quantities will be in terms of two

unknowns Gf and % .

At the base or fixed end, sloi)e 6, and deflection y, are zero

while moment My and shear V exist,
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Thus, if the values of p, 0 £ and y; are known, the shear,

moment, slope and deflection can be computed for each point

cuccagsively from free to fized end of beam, The proper values of

P Gf and ¥ are determined by process of successive approximation.

An arbitrary trial value for p is chosen, say p'. The total
deflection at free end is assumed to be unity while the sloﬁe is zero,

The resulting deflection and slope are evaluated at the fixed end,
At freeend yy =1 and 6; =0, The deflection at fixed end is
given by

Yo = CGi% *tCia 6 (1)

Similarly the slope at free end is assumed to be unity while deflection
is zero and the resulting slope and deflection are evaluated at the fixed
end,

When gy = 0 and 8; = 1, the slope at fixed end is givén by

80 = C1ye + Ca b | @)

The equations 1 and 2 can be written inthe matrix form as given below :
Yo Cia Ci2 Yf‘l

% | {C21 Co2 efj'

P

The boundary conditions for a cantilever beam require that ~

slope 8, and deflection Yo Sshould be zero at the fixed end, therefore,

o)

the condition for 8, and y; to be non-zero is the vanishing of the

determinant.
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Ci1 Clzi

Ca1 C22[

where C1 r CIZ' C21and 022 are constants of frequency determinant and

their values depend upon the value of p.

The requirement specifies the correct value of p and, by
successive trials, the appropriate value of p can be determined, When
the value of p has been found for which 2 is sufficiently close to zero,
the co‘rreSpnnding mode shape is determined by deflected shape of |

vibrating beam when the base moment is Myand the base shear, V,, is

C
- 2
VQ = . MO (._é..l )
2.3 EVALUATION OF RESPCNSE

The responses evaluated for the concrete gravity dam
section(l) are dynamic moments, dynamic sheai-s, dynamic deflections
and the accelerétions. These are evaluated for the first three modes,
The damping is assumed to be 5 % of critical in all modes. The
properties of concrete are : modulus of elas’cici‘cy.v= 1,462 x 105 kg/cmz,

unit weight = 2400 kg/vrn3 and Poision's ratio = 0,15,

The expressions used for responses and superposition of

modal values are given below :
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A = a X{» Sd
[ 2 2 2 5
AT = \/A]_ Az + 3 + ..., + An
n (r)

d n
(r)
S om@ )
ooy 3
j=1
where,
A = dynamic response in a particular mode corresponding
- to shear, moment etc,
a = modal value for any particular mode
Sd = spectral displacement
AT = total superimposed response of various modes
e . th
X‘, = mode participation factor in r mode
mj = concentrated mass at point j
(r) . th
% = mode shape factor at point jin r. mode,

1

The root mean square technique is used in order to get combined

response of first three modes,
2.4 " LOAD COMBINATIONS

The dead load, hydrostatic pressure and uplift pressures
are. considered for static analysis. In addition to these, hydrodynamic
and inertia forces due to earthquake are also considered for static
and dynamic analyses, The uplift pressure is assumed to be maximum

at the upstream face and reduces to zero at downstream face,
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(19)

Zangaar's

approach given by IS: 1893  is used for evaluating

hydrodynamic pressure, The hydrodynamic effect of reservoir is

(19, 23)

taken into account by virtual mass concept,

2.5

loading is

where,

2 » = 4

e

The following extreme combinations are considered :

(1) Reservoir full without earthquake
(2) Reservoir empty without earthquake
(3) Reservoir full plus earthquake, inertia force acting

from upstream to downstream,
(4) Reservoir empty plus earthquake, inertia force acting

from downstream to upstream,
STRESS CALCULATIONS

The normal vertical stress due to static and dynamic

given by

= vertical stress
= total vertical load

= - area of section considered

1]

moment of all forces abaut ¢, g. of the section

i

distance of the c. g, of the section from remote fibre

moment of inertia

]

The tensile and compressive stresses are indicated by -ve and +ve

signs respectively.
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(2)

(3)
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The principal stresses are given by @

Reservoir full condition without earthquake

upstream face downstream face
pl = pn ) pl = 0

D, = "g 2Q)” 2 ot . 2 1
2*p, Sec P-p tan P Py = D! Sec” P

Reservoir empty condition without earthquake

upstream face downstream face
p}. = 0 pl = 0

‘ - ] 2 0 * ' 9
Py = By Sec"d Py = Pv' Sec '

Reservoir full condition plus earthquake

Upstream face

Py = P, 7t P Sec P

]

- " 2 it ’ 2
Py =lp, -p,, )Sec™®" - (b, * By, Sec P')tan’ P”
downstreaxﬁ face

Pr = p,

1

Reservoir empty condition plus earthquake

upstream face downstream face
pl =0 pl = 0
1 n 2 ' ,
= 1" 2,1
P, (pv P ) Sec P Py = (pv - pev")Sec O
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where,

Py = major principal stress

Py = minor principal stress |

pv” = static vertical normal stress at u/s 'face'

P‘; = static vertical normal stress at d/s face

bn : = normal water loading at u /s face

Pen = hydrodynamic pressﬁre acting in the hofizontal
direction at u/s face

pev’" = dynamic vertical normal stress for reservoir'fuil and
empty conditicns at u/s face

pev! = dynamic vertical normal stress for reservoir full

and empty conditions at d/s face
= angle between u/s face and vertical

0! = angle between d/s face and vertical
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3, RESULTS OF ANALYSIS
3.1 BASIC SECTION OF DAM

The dam section selectgd for the analysis is Pine Flat
Dam of California, U.S.A. The section is slightly modified and is
shown in Fig. 4. The height of the dam is 129 m, The Width of the
roadway is 10,5 m, The maximum dept.h of reservoir is 125 m. The
upstream slope is 0,05 to 1 and begins from maximum water level, The
downstream slope is 0.78 to 1,0, Iig. 4 gives the details about modified
Pine Flat Dam section while original dam section is shown in Fig. 2.
The portion above the plane 'aa'in Fig. 4 will be called as crest of the

dam,
3,2 PROBLEMS CONSIDERED

Several alternatives are considered to reduce the
crest weight, The main object of providing the crest is to support the
roadway, to res'ist impact of floating objects and to provide the
necessary free board, These points are also taken into account while

reducing the crest weight, The following cases are considered :

Case 1 The crest of th= dam is solid as in the case of typical

concrete grdvity dam, shown in Fig. 5(a) without modification,

Case 2 The concrete above the maximum water level is
removed and roadway is lowered upto this level. A cantilever projection

having thickness 1 m and height 4 m is provided on upstream face,
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A parapet wall 'having thickness 0,25 m and height 1 m is provided at

d/s face as shown in Fig, 5(b).

Case 3 A bridge-pier system is provided at the crest as shown
~in Fig, 5(c), The piers having thickness of 0,9 m are placed at 7’5 m c/c
distance, A slab having thickness of 0,4 m is provided at maximum
water level tq support roadway. The wall at the upstream may be
designed as a counterfort retaining wall td resi.st. water pressure and

impact of floating objects,

Case ¢ The crest is made hollow by providing vertical walls
at upstream and downstream faces, A slab having thickness 0.4 m is
provided at the top to vsupport roadway. The parapet walls ha\fing
thickness 0,25 m and height 1.0 m are provided at upstream and

downstream faces as shown in Fig, 5(d).

Case 5 The structural section is indeed the triangular section
of the dam in which hydraulic and structural heights of the dam are same,
In this case the portion above the strﬁctural profile consisis of a

bridge pier system., The piers are placed at a distance of 7.5 m c/c
having thickness 0.9 m. The portion below the structural profile is
solid, The slab having thickness 0,4 m is provided at the top to support
roadway. A wall having thickness 1.0 m is provided between top and
maximum water level. A parapet wall having thiclkness 0.25 m and
height 1,0 m is provided on the downstream faée at the top as shown

in Fig, 5(e).
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Case 6 The portion above the structural profile is

made hollow by providing a vertical wall of thickness 1,0 m at downstream
face. A wall having thickness 1,0 m is provided between top and
maximum water level, The level of roadway is lowered by 1.0 m .V

The slab having thickness 0.4 m supports thé foadway. The parapet

wall having thickness 0,25 m and height 1.0 m is provided at the top

on downstream face as shown in Fig, 5(f).

Case 7 The crest is made triangular, The free-board and
roadway are not provided in this case. The dam section is shown in

Fig, 5(g). The hydraulic and structural heights are made equal,
The crest may be reinforced in cases 2 to 6 if required,

The geometrical properties like area and moment of inertia
of the cross sections are éalculated by considering ’;he section as a
re-ctangular section, having unit Width and depth equal to thev width
of the section in Case 1, Case 2, Case 4, and Case 7, In Case 3 and Case 5,
the channel sections shown in Fig, 5(c) and Fig. 5(e) are considere? .f.or
éalculating the cross section properties, T_h‘e area and moment of
inertia are found for a channel having depth eéual to 7.5 m. Finally,

the properties are evaluated for unit width by dividing them by 7.5.
3.3 EARTHQUAKES CONSIDERED

The following four earthquakes are taken for analysis :



- 22

(1) Koyna, India : -~ The earthquake took place on December 11,
| 1967. The longitudinal component along dam axis
is taken for the analysis, The maximum acceleration was
63.0 percent of that due to gravity.

(2) El Centro, California : ~ This earthquake occurred on
May 18, 1940, The North~South component is taken for the
analysis, The maximum acceleration was 33,0 peréent of
gravity. |

(3) Average Spectra: - The average spectra given by IS: 1893(23)

(22)

are also considered for the analysis, The velocity spectrum

for 5 percent of critical damping is considered for evaluating

the displacement spectra,
(4) Koyna elongated: - This earthquake is obtained from original

data of Koyna earthquake,

The time periods and displacements are elongated by the factors 1.5
and 2,25 respectively and displacement spectrum for Koyna elongated

earthquake is obtained,

The spectral intensity represents a measure of the intensity |
of ground motion, It is defined as the area under the velocity spectrum
curve between 0.1 sec and 2.5 sec and is denoted by Sle , where q

is the fraction of critical damping.

The spectral intensities of Koyna, El Centro, Average
spectra earthquakes are 98.2 cm/sec, 151,72 cm/sce, 37.94 cm/sec

respectively, The SI of El Centro and Average Spectra are brought
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equal to Koyna level i.e,, 98,2 cm/sec in using the first three

earth(juakes. The fourth earthquake has SI 0,05 of 117,98 cm/sec, hence
much more severe as compared with the other three normalised earth-

quakes,

The displacement spectra for above four earthquakes are

shown in Fig, 6 for 5,0 percent of critical damping,
3.4 STATIC STRESSES

The static vertical and principal stresses on upstream
an.d'downstream faces are calculated at eleven sections as shown in
Fig. 4. The first section is situated at the neck, at height of 111.5 m
from base, The eleventh section is situated at the base, The stresses
are calculated for reservoir full and empty conditions, The veftical
stresses and principal stresses are calculated by preparing a digital
computer prograni given in Appendix A using thé relevant equations

as given in Section 2.5.

The values of princ’ipal stresses are given in Table 3 for
Casé 1, Case 3 and Case 7v for both the condi‘fions. The magnitude
of the principal stresses remains approximately same for all cases.
| Slight tensile principal stresses are developed at thé bottom. in Cases 1
and 2 on the upstream face. In'Cases 3to 7, tensile principal
stresses are developed approximately at all the sections, the maximum

2
value being 1,73 kg/cm .
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The nature of the principal stresses developed at downstream
face is compressive, The magnitude of the stresses remains more
or less same for all caées at all sections except at the neck section,
The magnitudes are minimum and maximum at the first and eleventh

section respectively in Case 3 through Case 7.

Under reservoir empty condition, the compressive principal
stresses are developed on the upstream face in all cases, The values
are minimum and maximum at the crest and base, The values are

more or less same for all cases,

On the downstream face, compressive principal stresses
‘ 2
are developed in all cases except a tensile stress of 0,564 kg/cm

occurs only at the first section in Case 3.
3.5 DYNAMIC DEFLECTIONS

The Case 1 and Case 7 are extreme cases of solid
crest and triangular crest, Case 3 represents the crest system
with minimum top weight as compared to remaining cases. The
results of cases 2, 4, 5 and 6 fall in the range of Case 1 and Cgse 3,

Therefore cases 1, 3 and 7 are generally studied in greater detail.

The modal deflections for the first three modes are plotted
for Case 1, Case 3 and Case 7 for both reservoir full and empty

conditions in Fig, 7(a) and Fig, 7(b).
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In the first mode,' modal deflection values for Case 3 and
Case 7 are greater than the Caée 1, the maximum being for Case 7
along the height of the dam, for reservoir full condition, The same
variation holds 'good for reservoir empty condition with increase

in the values of Case 3 and Case 7 as compared to Case 1,

The modal deflection in second mode for Case 3 and Case 7 are
grenter than the Case 1 at and near the.top of the dam, The values are |
minimum for Case 1 and maximum for Case 3 in the upper middle
portion‘ of the dam while in t.he lower middle portion and at and near
the bottom the values are minimum for Case 7 and maximum for Case 3,

Similar type of variation is also seen for reservoir empty condition.

In the third mode, modal deflections are greater in Case 3
and Case 7 as compared to Case 1, maximum being for Case 1.
at and near the top. The values are minimum for Case 1 and ﬁaximum
for Case 3 in the lupper middle portion of the dam. In the upper
middle portion the values are minimum for Case 1 and maximum for
Case 3 while at the middle portion the values are minimum for Case 7
and maximum for Case 1, At and near the bottom, the values are
minimum for Case 3 and maximum for Case 1 for regervoir full
condifion. The same relation holds good for reservoir empty condition

with change in values.

The height versus dynamic deflections for Cases 1, 2, 3, §

and 7 are plotted in Fig. 8 for reservoir full and empty conditions.
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The results of the Casesifl and 6 are more or less similar to Case 3

-and Case 5, therefore they are ignored for further analysis,

The dynamic deflection is minimum for Case 1 and maximum for
Casec 3 at the top. The values for the remaining cases are in between
Case 1 and Case 3. The trend remains same throughout the height

of the dam for reservoir full condition,

In reservoir empty condition, the maximum deflection at
the top occurs in Case 1 and minimum in Case 7, The minimum

deflection occurs in Case 3 below crest level,

The results of Case 1, Case 3 and Case 7 are also plotted
for all the four earthquakes for both conditions. The deflections caused
by Koyna Elongated earthquake are largest as compafed to others .
for all thé three cases as shown in Fig. 9(a) to Fig, 9(c). The
spectral intensities of 'El Centro and 'Average Spectra' earthquakes
are brought equal to that of Koyna earthquake, hence it is reasonable
to compare the horizontal dynamic deflections for the above three
cases for both the conditions. The maximum deflection at top in
Case 1 is caused by 'El Centro' earthquake while the minimum is due
to 'Average Spectra' earthquake., The trend remains thé same along the
height of the dam for reservoir full condition. For reservoir e mpty
condition the maximum deflection at top is caused by '"Koyna'
earthquake while minimum is due to 'Average Spectra' earthquake.

This trend remains the same along the height of the dam, The effect

of reservoir is to increase the deflection but in case of 'Koyna'
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earthquake, large deflection is seen for Case 1 in Fig, 9(a) for -
reservoir empty condition. The major contribution to the dynamic
deflection is mainly due to first twc modes. The time periods for the

first two modes with reservoir full are 0,474 sec and 0,219 sec, the
corresponding mode participation factors are 2,54 and ~2,88., The Sg
values for these time periods can be obtained from Fig, 6 and the values
are 0,0265 m and 0,014 m. Similarly for reservoir empty conditioh,

the time periods, mode participati§n factors and Sy values are

0,37 sec., O.A182 séc., 2,66, 2,93, 0,033 m, 0,0095 m respectively,
&‘he increase in the deflection may be due to.increase in mode participation

factor and Sd value in first mode while in the second

mode participation factor is increasecd but the Sq value is decreased.

For Caseé 3 and 17, the deflection at the top caused by
'Average Spectra' and 'Koyna' earthquakes are minimum and maximum
for reservoir full condition, The same variation is observed for
reservoir empty condition with decrease in values as shown in Fig, 9(b)

and Fig. 9(c).
3.6 DYNAMIC SHEARS

The dynamic shears in tonne:ss are plotted along the
height of the dam in Fig, 10(a) and Fig. 10(b) for reservoir full and
empty conditions for Cases 1, 2, 3, 5 and 7, The dynamic shears are
redut¢ed in all cases near the top as compared to Case 1, While the
values are increased near the base aé compared to Case 1 for

reservoir full condition, the maximum being for Case 7,
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For reservoir empty condition, the dynamic shears are
reduced upto the mid-height of the dam measured from the top. The
reduction isv greater as compared to the reservoir full condition as
shown in Fig: 10(b). The dynamic shears are also redu;:ed at and

near the base as compared to Case 1.

The maximum dynamic shears are naturally caused due to
'Koyna Elongated' earthquake. Comparing 'El Centro' and 'Average
Spectra! earthquakés for the above three cases as shown in Fig, 11(a)
through Fig, 11(§), it is seen thaﬁ the maximum and minimum shears
are due to 'Koyna' and "Average Spectra' earthquakes at and near
the base for reservoir full condition, The same is algo true for
reservoir empty condition with decrease in values at and near the

base,
3.7 DYNAMIC MOMENTS

| The dynamic moments are plotted along the height
of the dam for both conditions as éhown in Fig, 10(a) and Fig, 10(b).
For reservoir full condition, it is seen that the moments are reduced
as compared to Case 1 at the top upto one-third height of the' dam.
The values are found to be increased at and near the base as compared
to Case 1 as shown in Fig, 10(a). For reservoir empty condition,
the moments are reduced in all cases as compared to Case 1 along the
height from top to base. The differences in th.e values are also reduced

{ .
near the base as compared to full reservoir condition as shown in

Fig, 10(b).
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!

The ’moments caused by 'Koyna Elongated' earthquaké is
maximum for all cases and for both the conditions because of llarge
Sq values as compared to other earthquakes, Comparing the moments
caused by 'Koyna', 'El Centro' and 'Average Spectra' earthquakes,
it is seen that the maximum and minimum moments are caused by
'El Centro' and 'Average Spectra' earthquakes near the base as shown in
Fig, 11(a) for Case 1 for reservoir full condition. The time periods in
the first and second modes are 0,474 and 0.219 sec, The corresponding
Sq values for 'Koyna', 'El Centro' and 'Average Spectra' earthquakes

are 0,0265 m, 0.0357 m, 0.025 m and 0,014 m, 0.0072 m, 0.0055 m
respectively. The Sy values for 'Average Spectra’ earthquake are
minimum as compared to the other two for these periods. In the first
mode Sy value for 'El Centro!' is higher than the 'Koyna'! while it is
smaller in the second mode, Because of the greater Sd value ih the first
mode, the moment is also maximum as compared to 'Koyna' and

'Average Spectra’,

For empty reservoir condition, maximum and minimum
moments are caused due to 'Koyna' and 'Average Spec’cra" earthquakes,
as shown in Fig, 11(b). The values are also found to be decreased
for Case 1 e#cept that due to 'Koyna' earthquake as compared to the
values of full reservoir condition, In cases 3 am; 7, the maximum
and minimum moments are caused due to 'Koyna' and 'Average Spectra!
earthquakes as shown in Fig, 11(c) _to Fig, 11(f) for both conditions
at the bagse, The moments at the base are relatively decreased for

empty reservoir condition,
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3.8 COMBINED PRINCIPAL STRESSES

The combined principal stresses due to static and
dynan;.ic effects are evaluated for all the cases for the four earthquakes
with and without the reservoir , The principal stresses are
calculated on u/s as well as d/s face at the eleven horizontal sections

| of the dam, the first and eleventh being at the crestvand base

respectively as shown in Fig, 4,

The compressive principal stresses occur on the upstream

face of the dam for reservoir full conditicn, Thesge etrogses are due to
.external pressure of water i. e., hydrostatic and hydroc namic pressures,
The hydrostatic préséure is zero at highest water level and maximum at the

. (19, 23) :
bage. The hydrodynamic pr'éssure due to the cffect of earthquake is given by:

Pe = Cwh o<h
C Y+ y
and c=51—n{—1-(2-_l)+/21(2.3’1)
| h h h - .
where,
2
Pe = hydrodynamic pressure in kg/m at depth y, ,
normal to the face

C @ pressure coefficient varying with shape and depth

’ : 3
W = unit weight of water in kg/m
h = maximum depth of reservoir in meter
L py = horizontal seismic coefficient
Cm = maximum value of C obtained from IS: 1893
J1 = depth of section below the water surface in meter
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The effective seismic coefficient based on shear force at the base of

the dam is considered for computing hydrodynamic pressure,

The values of compressive principal stresses are more or
less same for all cases under all earthquakes, The reason is that the
hydrostatic pressure remains the same for all cases. The little
differences in the values are due to change in fhe value of seismic
coefficients at the base for different_cases and different earthquakes.
The contribution of hydrostatic pressure is much greater as compared

to hydrodynamic pressure,

The principal tensile stresses due to 'Koyna! earthquake at
upstream face are mainly due to dynamic load. The maximum tenéile
stresses occured at the crest in Case 1 while the minimum stresses
occured in Case 7 as shown in the Fig, 12(a). Near the base, the
maximum and minimum principal stresses occur in Cases 3 and 1.
The difference in stresses améngst all the cases is large at crest

while it is reduced at and near the base,

The compressive principal stresses on downstream are due
to static and dynamic vertical pressures, A drastic reduction of
stresses ig seen at the crest in all the cases as compared to Case 1
as shown in ’Fig. 12(b)., The stresses are minimum for Case 7 At
and near the base, the maximum and minimum stresses are devgloped
for Casges 3 and 1 respectively, The difference in the stresses is also

reduced at and near the base as compared to crest,
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For reservoir empty condition, the.maximum compressive
principal stresses are due to hoth static and dynamic vertical stresses.
The maximum and minimum stresses at the crest are developed in
Cases 1 and 7 respectively. The difference in the values are also large
at the crest as compared to base, At and near the base, maximum
and minimum stresses are seen in Case 1 and Case 3 as-shown in

Fig, 12(c).

The principal tensile stresges are mainly due to dynamic
effects, The variation of stresses along the height is similar to that

of compressive principal stress.

The height versus principal stresses are plotted for
'Koyna Elongated' earthquake as shown in Fig. 15(a) to Fig. 15(c).
For reservoir full conditions, the principal tensile stresses near the
crest at upstream faces are maximum and minimum fovr Case 1 and
Case 7 respectively. At and near the bottom,. maximum and minimum
stresges are developed in Cases 3 and 5. The difference in the

stresses is large at the crest as compared to the base,

The compressive principal stress. at downstream face also

shows the same type of variation as shown in Fig. 15(b),

For reservoir empty condition, compressive principal
stresses are maximum and minimum for Cases 1 and 7, The difference
in the siresses for all the cases are much larger at the crest as

compared to the base,
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The principal tensile stresses at the crest are maximum
and minimum for Cases 1 and 7, The difference in the values of
stresses is reduced at and near the base of the dam as compzred to

the crest as shown in Fig. 15(c).

The principal stresses caused due to 'Koyna', 'El Centro!
and 'Average Spectra' are compared in Figs. 12, 13 and 14, The
largest and smallest tensile principal stresses at the upstream face
are developed due to 'Koyna' and fAverage Spectra' earthquakes
respectively fdr reservoir full condition as shown in Fig. 12(a),

Fig, 13(a) and Fig, 14(a). The difference in stresses and reduction in
stresses as compared to Case 1 is found to be maximum at the crest
due to 'Koyna' earthquake while minimum is due to 'Averaée Spectra'
ear’chquake.» At and near the base, the maximum stresses are observed

due to 'El Centro’ while the minimum is due to 'Average Spectra’.

The same variation holds good for the compressive principal
stresses at the crest as shown in Fig, 12(b), Fig.13(b) and Fig, 14(b),
The difference between the stresses is large in case of 'Koyna'

earthquake as compared to the remaining two.

The large compressive and tensile principal stresses are
observed at the crest due to 'Koyna' earthquake while minimum stresses
are developed due to 'Average Spectra' earthquake as shown in Fig. 12(c),
Fig, 13(c) and Fig. 14(c) for reservoir empty condition at upstream and
downstream faces, The difference in the stresses for all cases is

maximum at the crest while minimum at and near the base,
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4, SUMMARY AND CONCLUSIONS
4,1 SUMMARY OF RESULTS

The analysis of all the dam sections indicates that
the static principai stresses remain more or less same for reservoir
full as well as empty conditions, Small tensile principal stresses
are deve1§ped at upstream face otherwise the nature of principal
stresses is generally compressive, For reservoir full condition, the
large static vertical stresses are developed in all cases at the
d;)wnstream face as compared to upstream face. For empty reservoir
condi‘cion, large. gtatic vertical stresses are developed at the upstream

face as compared to the downstream face,

The dynamic responses like deﬂection, shear, moment etc.,
are largest for 'Koyna Elongated' earthquake for both the conditions.
The simple reason for this is the large spectral displacement values
for the correséonding time periods as compared to the remaining

three earthquakes which can be easily seen in Fig, 6,

The modal deflections are found to be increased at and near
the top when the crest weight is reduced as compared to the solid

crest, This is true for all the modes considered.

The total dynamic deflections are increased at and near the
top in other cases as compared to Case 1 for reservoir full condition,
For reservoir empty condition, the deflections in all the cases are

reduced at and near the top as compared to Case 1,
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The effect of reservoir is generally to incrgase the deflection at

the top. This does not hold good for cases 1 and 2 when subjected to
'Koyna' earthquake, Thig is mainly due to increase in mode
participation factors for first two modes in Case 1 and for first

three modes in Case 2, Moreover, the 'Koyna' displacement spectrum
has a sharp peak corresponding to 0,4 sec. time period. The

'Koyna Elongated' and 'Average spectra' earthquakes are responsible

for causing maximum and minimum deflection at the top of the dam,

The dynamic shears are reduced at amd near the top but they
are found to be increased at and near the base as compared to Caée 1
for reservoir full condition ag shown in Fig, 10(a), For reservoir
empty condition also the shears are reduced at and near the top as
compared to Case 1. The reduction is large and occurs upto a greater
distance measured from the top as compared tc full reservoir conditioﬁ. ‘
At and near the base, the largest shear.occurs in Case 1 as compared
to other cases., The maximum and minimum dynamic shears are
causad by 'Koyna Elongated' and 'Average Spectra' earthguakes.

respectively.

The dynamic moments are reduced at and near the top as
compared to Case 1 while at and near the bottom they are found tc be
somewhat increased for reservoir full conditicn, For reservoir
empty condition, the moments are reduced throughout the height of
the dam, as compared to Case 1. As compared to reservoir full
condition, the dynamic moments are generally reduced except for

cases 1 and 2, wherein the base moments in erhpty condition work out
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to be more. The maximum and minimum dynamic moments are caused
by ‘Koyna Elongated' and 'Average Spectra' earthquakes respectively

for both conditions.

For reservoir full condition, the compressive principal
stresses at upstream face are more or less same, The tensile
principal stresses are mainly due to dynamic effect of earthguake,

A considerable reduction in tensile stresses near the crest is seen in
other cases as éompared to Case 1, At and near the base slight
increase in stresses is also observed in other cases as compared to
Case 1 when the dam is subjected to any of the earthquakes except

'El Centro'’,

For empty reservoir condition, the tensile principal
stresses at the downstream face are mainly due to earthquake dynamic
effects, The maximum cmﬁpresgive principal stresses are developed
at the upstream face, Near the crest, the compressive principal
stresses are considerably smaller in other cases ds compared to
Case 1, The same vériation also holds good for tensile stresses
at the downstream face. The differences in the stresses at upstream
and downstream faces at lower sections in all the canes are considerably.

smaller as compared to the differences near the crest,
4.2 CONCLUSIONS

(1)  The static vertical and principal stresses at both the
faces remain more or less unaltered due to reduction

in the crest weight.
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(2) The reduction of mass 'at the crest also affects the

moment of inertia and cross sectional area at the

" sections. Dyue to this, the time périods in all other
cases are found to be decreased as compared to Case 1
as shown in Table 1,

(3) For reservoir full condition, the mode participation
factors for other cases do not show significaht
difference in first mode as compared to Case 1, But for
second and third mode, the value of the factors is found
to be increased considerably as compared to Case 1,
This ioecom-as more significant in third mode. For
reservoir émp’cy condition, generally the mode
participation factcrs are found to be increased as
compared to reservoir full conditicn in all the cases
and modes,

(4) Due to the reduction of crest weight, the modal
deflections are found to be increased for both the
conditicns as compared to Case 1,

(5) For reservoir full condition, the horizontal dynamic
deflections at the top for other cases are found to be
increased as compared to Case 1, while for empty
reservoir condition the deflections are found to be
decreased as compared to Case 1,

(6) The tendency of the reserveir is to increase the
horizontal dynamic deflection at the top except in Case 1

and Case 2 when analysed for the 'Koyna' earthquake,
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(8)
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The dynamic shear and moments are reduced near the’
top with the reduced weight of cre st system but are
found to be increased af and near thevbase as compared
to Case 1 due to mode shape and participation factor
effects, The shears and moments are found to be
decreased at the top and near the base as compared to
Case 1 for reservoir empty condition., The effect of

the reservoir is to increase dynamic shears in all

cases while the moments are found to be increased

except in case 1 and case 2,

The principal stresses are found to be reduced in other
cases as compared to Case 1 at top. The maximum
reductions of stressés are observed in Case 3 and Case 7
for both the conditions and for all earthquakes, A

little increase in stresges is cbserved in case of'

'Koyna' earthquake for full reservoir condition at the
base as compared to Case 1, The difference in principal
stresses at and near the base is not significant for

other earthquakes,

The more critizal tensile stresses occur in the upper
parts of the dams., The practice of decreasing the
concrete strength at hisher elevations in dams which is

épparently common in our country does not appear to be

sound one; on the contrary, relatively higher concrete
strength is required in the upper parts of dams from

seismic point of view,
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4,3  SCOPE FOR FURTHER INVESTIGATION

The method adopted for dynamic analysis is the shear
beam approach which takes into accouﬁt only the transverse vibrations
and the principal stresses have been calculated only at the upstream
and downstream faces‘. For more accurate method, a finite element
technique in which the dam section is discretised by introducing finite
elements may be used. It considers coupled vibrations in transverse
and vertical directions. The principdl stresses due to static and
dynamic loads may be calculated across the width at number of sections,
For still better accuracy, the time wise superposition of modal \}alues

may be used for evaluating dynarriic_ response of the structure,
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Table ~ 1

T1

TIME PERIOD (T.P.) AND MODE PARTICIPATION FACTOR (P.F.) FOR

FIRST THREE MODES

RESERVOIR FULL CONDITION

CASE I MODE

T.P, P.F.

11 MODE

T.P, P.F, T.P,

11l MODE
P,F, due to Reservoir effect

Flongation in T.P., %

I MOHE IIMODE III MODE

1 0.474 2.54
2 0.463 2,57
3 0.440 2.68
4 0.440 2,60
5 0,450 2,58
6 0.452 2.5

7 0.446 2,42

0.219 -2.88
0.206 -3.30
0.194 -3.99
0.193 -3.55
0.198 ~3.36
0.197 3,11

0,191 2,94

0.130
0.120
0.124
0.121
0.121
0.118

0.113

3.49
3.36
2.94

3.11

28,10
28,60

33.33

33,33

32, 4¢C
31,80

33,10

20. 30
24.00

34.70

- 33,33

128,50

28.00

30.80

19,30
20,00
32,50
30,10

23.40

24,20

30.30

RESERVOIR EMPTY CONDITION

1 0.37 2,66
2 0.360 2,74
3 0.336 2.73
4 0.330 2.68
5 0.340 2.7
6 0.343 2,65

7 0.335 2,47

0.182 ~2.93
0.166° ~3,81
0.144  ~4,37
0.145 -3.97
0.154 -3.79
0.154  -3.47

0.146  -2,97

0.109
0.100

C.094

0.093

0.098
0.095

0.087

2,11
4,95
5.10
4,37
3.91
3,47

3.4




Table ~ 2 T2

STATIC PRINCIPAL STRESSES IN Kg/cm?2

RESERVOIR FULL  CONDITICN

Section Cage 1 Case 3 - Case 7
No, u/s d/s u/s d/s u/s d/s

1 0.407 - 10,310 -1,060 2,481 0.070 3.123
3 1.839 ’ 8.363 - «1,074 9.213 -0.260 8.831
5 1.109 13.636 -1,022 14,702 - 0.4657 14,377
7 0.820 19,226 ;1.077 20.171 - 0.657 19.908
9 - 0.353 24,836 -1,180 25,635 - 0.844 25.434
11 - (0,1849 30,433 -1,310 31,145 - 1,029 30.958

RESERVOIR EMPTY  CONDITICN

1 3,572 7,265 2.1047 -0.564 3,235 0.078

3 10.216 0.314 7.303 1,1643 8,117 0.1782
5 14,698 0.583 12,5867 1,649 13,123 1.325
7 19,373 1.170 17,724 | 2,115 18,144 1,852
9 24,171 1,777 ‘22.832 2,593 23.169 2,375
11 29,040 2,3709 27,915 3'.082 28,196 2.896

-

+  compressive

- tensile
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P1

INPUT-DAM HEIGHT, WIDTH AT NECK,  U/S AND D/S SLOPES,

NUMBER OF SECTIONS, DEPTH OF WATER A MATERIAL
PROPERTIES

COMPUTE WIDTH AND
M. I.0F SECTION

COMPUTE DEAD LOAD, HYDROSTATIC,
UPLIFT STRESSES AND TOTAL STRESSES

QUTPUT ODEAD LOAD, HYDROSTATIC, UPLIFT
STRESSES AND TOTAL STRESSES

COMPUTE PRINCIPAL STRESSES

OUTPUT PRINCIPAL STRESSES

FLOW CHART FOR STATIC STRESSES PROGRAM



P2
¢ CALCULATION OF STRESSFS
DIMENSTON PA%F(IS)9GI(15)9TUS(15)9T35(]R)sTDUS(lS);TQﬁS(IS)
DIMEMSTON THUUS(15) s THDUS(15) sUPLUS(15)sUPLDSI15)
DIMENSION P1U(15):P2U(15)sP1D(15)4P2D(15)
55 RFAD114NS,IPN
READ12 sBosH s ALPHASBETASROHsROHW s ZNs Y2
READ12 s WNEKsPASDSL
11 FORMAT(6I13)
12 FORMAT(BF10,7)
PUNCH1114IPN
111 FORMAT (12HPRORLEM NQ,=13)
AN=NS
SH=H /AN
NN=NS+1
X=0,0N
PUNCH112
112 FORMAT (35HVERTICAL STRESSES IN TONNES PER MSO)
DO 114 I=1,NN
C={ALPHA+BETA)#X
BASE(T)=R+C ‘
GI{IY=60/(3ASE(T)#%2)
~o°5*(R+eA<EfI))*X*QOH+WNEK
Cl=ALPHA*X
C2=RETA*X
RB1=0,5#C2%X*¥C2%0:666667
B2=R#X*(C2+0,5%R)
B3=0e 5%#C1#X* (C2+R+0,33333%#(C1)
R4=WNEK* (PA+C2)
RFS={ (R1+P2+R3 )} ¥ROH+B4) /WT
E=RES=0,5%RASE(T)
FUS==WT*E*GI (1)
DS=WT/BASE(])
TOUS(1)Y=DS+FUS
TODS(1)=DS=FUS
X1=ZN+X-DSL
IF(X1)1115+115+116
115 THUUS(T1)=0, 0
THDUS(I)=060

UPLUS({T)=0,0
UPLDS(I) =0,
GO TO 117

116 D1=X1*RBETA
WTW =0, 5% X13#D]*ROHW
DS=WTW/BASE(T)
DMONT==WTW% (Ne5%¥BASE(I)=N,33233%N1)+ROHW*X1#X1%#X1%¥0:1656667
FUS==DMONT®GI(T)
THUUS(T)=DS+FUS
THOWS(I)=DS~FUS
UPLUSIT ) ==ROHW%X]
UPLDS(1)=0,0
117 TUSEI)=TNUS{)+THUUS (T +UPLUS(T)
TDS (1) =TDDS(I)+THRUSII)+UPLDS (1)
X=X+ SH
PUNCH11891,TDUS(I),TDDS(I)oTHUUS(I)9THDUSfI)9UPLUSlI)sUPLDS(I);
« 1TUS(TI)sTDS(I)



114
118

90

ion
99a

126

ONTINUE -

ORMAT(1X91258F9%a4)

THETA=ATAN(RETA)

SECU=16/COSITHETAY

U=SECU* SECU

TR=RETA%#RETA

SHT=ATAN(ALPHA)

SECN=1./COS{PHI)

M=SECH*SECH

3BD=ALPHA%AL PHA

D0 Q9 I=1,NN

AUl ) ==0,1%UPLUS(T)
PO2ULTIY=01¥TUS{IY=PIU(T}%PR

2Dt Y=Nen

M2D{ 1 =06 1%¥TDS{I)*DD=PID( 1Y *RAD
CONTINUE

PUNCH100 h
JTORMAT (10X s 29HPRINCIPAL STRESSES IN KG/CMSQO)
DUNCHI 269 (ToPIUCTIsP2ULTYoPIND(T)sP2D(TYs I=14NN)
FORMAT (565X 9I1544F10.4)

30 TO 55

TNE

~
~
~
-

-

P3



START

INPUT DAM HEIGHT,WIDTH AT NECK,U/S AND 0/S SLOPES,DEPTH OF
WATER TOTAL NO-OF LUMPED MASSES,DISPLACEMENT SPECTRA,
MATERIAL PROPERTIES, FREQUENCY, MIN.TIME PERIOD AND NO. OF MODE

1
DISCRETIZE THE DAM INTO LUMPED MASS SYSTEM

COMPUTE VIRTUAL MASS OF WATER

LOOP ON NUMBER OF MODES

ASSUME FREQUENCY

COMPUTE FREQUENCY OETERMINANT

CHANGE FREQUENCY

NO

COMPUTE MODE SHAPE,SHEAR,MOMENT,
SLOPE, SEISMIC COEFF.
|
|
COMPUTE R.M.S.VALUES OF DEFLECTION,SHEAR)
MOMENT, SLOFE , SEISMIC COEFF.

OUTPUT DEFLECTlON SHEAR MOMENT SLOPE
SEISMIC COEFF, 1'IME PERIOD MODE PART!CIPAT!ON
FACTOR

COMPUTE HYDRODYNAMIC PRESSURE, STATIC
STRESSES AND PRINCIPAL STRESSES DUE TO STATI(
AND DYNAMIC STRESSES

< QUTPUT COMBINED PRINCIPAL STRESSES)

FLOW CHART FOR DYNAMIC ANALYSIS AND COMBINED
PRINCIPAL STRESSES PROGRAM
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151

N

175
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P5

MATIN PRGGRAM DYNAMIC ANALYSIS G 1 PRAJAPATI

DIMENSION VR(35)sBMR(35),YR(35)sTOS(35)13ALFA(35) sARFA(35)
NIMENSTON 2MASS(35),S1(35) .

DIMENSION HI(35)9TRE(35)9NAMP(6)9SDD(IOO)9Y(35)9T(35)9BM(35)
DIMENSTION VI35)YaC(242)92¢(2)

CrmMMON 59H9ALPHA9EETA9RCH9ANMA59N9NTOP969AREA98IsHI
COMMON AMASS sROSNMS sROHW, ZNoYZ s CMaNT s BMR s ALF A

INPUT

READLoNgNPONT o NDAMP 3NTOP 3 TPM y NM

M=NPONT#NDAMP

SPECTRAL NDATA

READ2, (TRE(I)s I=1sNPONT)

READ2,(SDD(T)s I=1sM)

DAMPING VALUES

READTI S (NAMP(T1s I=1sNM)

DAM PROFILE (TOP ARQVE NECK)
QEAD?o(AREA(I)eAMASS(I)aSI(I)9HI(I]9I=19NTOP)

READ39ZN Y Z o CMoROHW
REANDZ2sRsHsNLPHASRETASROH s ANMAS
DAM PROPERTIFS

READ2 s AEsPOIS0sSIGMASTMIN
TRIAL FREQosMCCURACY s INCREMENT IN FREQ
READ25PRSACC NP
FORMAT{613)
FORMAT (8F 10,0}

FORMAT (4F10,0)

PRINT 175, IPN

FORMAT [ 3X 5 12HPRORLEM NO, 13)
Gzl,/9. 80665
P1=3,14159265%

RO=2ROH*G

NMS=N+NTOP

NT=NMS+1

DO 59 T=14NT

VRB(TI)=0,

BMR(I)=0,

YQ(I)zno

AFN=1, /AF
AG=AE*0,5/(1,+POIS0O)
NM1=0

CALL DEDAM

N1=NTOP+1 ,
AMASS(N1)=AMASS(NT | +ANMAS
CALL HYDYN

LX=2

S1=0,

S220,

QT1=!‘)0

RT2=0,

Z(2)=n,

AP=PR*PR

P1=PR

Z{1)=1,

DA 22 J=1sLX

VN=n,

3M0=0,



21

Ny
Ny

an
gn

6N

61

64

&6

e

\/(1)-‘-‘-‘09
amM(11=0.
YN=7(1)
TN=72(2)
Yi1y=72(1)
T(13=21(2)

DN 21 1=15NMS
112141
AN=AREA(T)
AM=AMASS(T])
HN=HI (1)
ATN=ST (1)
EIN=AEN/AIN
UN=VN+AM*AP*YN
AMN=BMO+\VN*¥HN=RO*XATIN*AP*TO¥HN

TN=TO+06 5% (RMO+AMN) *¥E TN*HN

Pe

YN=YN+TORHN4 { PMOFAMN*0 5 ) #HNXHN¥E TN/ 3,

YN=YNa ST GMARVNHHN/ (AGHAN)
PMO=AMN
TO=TN
Y(T1)=YN
T{I1)=TN
BM(T1)=AMN
VT1)=VN
CONTINUE
C{lsJ)=Y¥YN
C{2:J)=TN
Z2{1y=0,

. 2(2)=1,

GO TO(T79480)5LX

DO 30 TI=1,NMS
S1=ST+Y (1) %¥AMASS(T)
S2=624Y (1) *Y(T)*AMASSI(T)
GO TO 9n .
DT=C(1e1)%C(2:2)~Cl1:2)%C(251)
INTEFRPOLATION

IF(DT)I6D 66461

RT1=DT

Q1=PR

IFIRT2)6bsbl 465

RT2 =DT

02=PR

IF(RT1)E5564Ls64
PR=PR+DP

Gn TO 7

P1=(PR-P1) /PR
IF(ARS(P1)=ACCYE696647
F=0,5%PR/P1

NMY=NM1+1

TP=1,/F
PRINTA s PR4F s TP, ACC

FORMAT (1Xs2HP=F1205+3Xs2HF=F12,

IF(TP=TMIN)RQ467 67
DN Q7 T=1eNT
VRIT)=SQRT(VR(I))

93X 2HT=E12,5:3X s 4HACC=F1066)
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RMR(T)=2SORT(RMR (1))
97 YRIT)=SORT(YR(I))

NO 93 I=1sNMS

I1=T1+1 ,

TA3(T)=VR(I1)=VR (1)
02 TAS(1Y=TOS(T)/AMASS(T)

TOAS(NT)Y=0,

S=7,

ALFA(1 )=,

DN 98 T=1,NMS

S=S+AMASS(T) /G

J1=1+1
98 ALFA(I1)=VR(11)/S

M3=NM] =]

PRINT44 M3
44 FORMAT(2Xs10HR Mo Se OF=13432Xs5HMODES)

PRINT4?2
42 FORMAT(2XsS8HJQINT 42X s 5HSHEAR 99X s GHMOMENT 98X s SHACCLNs8X s5HDEFL N,

1 ¢Xs4HALFA)

PRINTL3s (T oVRIT)YoPMRITI)IoTOSITI Yo YRITI)SALFA(T)s I=1oNT)
43 FOPMAT(2Xs1245E1465)

CALL STRESS

GN TO 151
67 LX=1

Z{2)V==C{1s1)/C(1e2)

GO TO 17
9r SUM=S51/52

PRINTO4NMT, SUM
G FARMAT (1 Xe5HMODE=T293Xs5HPF ,=F12,5)

PRINT 88
38 FORMAT(A6XsS5HJIOINT 36X s S5HSHEAR 9 11X s 6HMOMENT s 10X s 5HSLOPE s 10X 35HDEFLN)

B FORMATUSXsI12344(2XsE14,0,6))

DO 79 T=1sNT

PRINTB T sVITIYeRM{T)»T(I)sY(I)
79 CANTINUE

CALCULATE SD VALUE

SD1=0,

T1=0,

TY=TP

MPAD=NAMP (NM])

K1=NPONT*MPAD

NN 91 J=1oNPONT

K=K14J

T2=TRE(J)

IF(TY=T2)92599,9¢4
94 T1=T2

Sp1=ShD(K)
91 CONTINUEF
92 SD2=SDD(K)

X1=(Sh2=5N1)/(T2=T1)

X1=X1%(TY=T1)

SP=SDT1+X1

GN TO 96
96 SP=SDD(K)
96 CR=SUM*SD

CR=CR*CR
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DO 41 T=1.NT

VRIT)=VRITIY+V(III*V(I)*CR
RMR{T)=RMR({TI+RM (I )*¥BM(T)*CR
YROI)=YR(I)+Y(T)*Y(I)*CR

PR=PR+DP

GN TN 5

END

SURRAUTINE DFNAM

DINENSTION ARFA(35)sSI(35)sHI{35)sAMASS(35) sPMR(35)sALFA(35)
COMMNON B yHs ALPHABETAGROHsANMAS s NyNTOP s Gs ARFASST 4 HI
COMMON AMASS sROsNMSsROHW s ZNo YZ s CMaNT s BMR s ALFA
AN=N

SH=H/AN

X=0,5%SH

N1I=NTOP+]

NMS=NTOP«+N

C=ALPHA+RET?

NN 100 I=N1sNMS

ARFA(T)=P+X*C

ST{IY=0oNB8RA3IXAREA(T ) *%3
AMASS(I)=0,5#X*¥(ARFA({I)+R)I*¥RQD

CHI(TI)=SH ,

l1orn

B=AREA(TI)

X=5H

CONTINUE

RETURN'

END

SURROUTINE HYDYN

DIMENSION ARFA(35)5SI(35)sHI(35),AMASS(35)5UM(35) sBMR(35)sALFA(35)
COMMON BsHs ALPHASRETASROH s ANMAS sNsNTOP 3G s AREASST o HI
COAMON AMASS 3RO sNMSsROHW s ZNs YZ s CMgNT s BMR s ALF A
RHT=H+ZNeY?

CONST=006 5#CMHEROHW*G*RHT

PO 100 I=1,NMS

IF(I=1)545+6

Y129,

HT=00

GO TO 7

HY=HT+HI(I=1)

Y1=HTeDR8#*HI (=] )=yZ

Y2=HT+0No5%HT (1) =YZ

IF(Y2)50450,8

GO TN 99

IFIY1)941Ns 1N

Y1=9,

C=Y1*Y1/RHT

D=04+33233%C*Y1/RHT

CC=Y1/(2:%RHT) i
X=SORT (CC)

XX=SQRT (31 ,.,=CC)

Z=X/ XX

CZZ2=ATANC(Z)

A=CED+RHTH (ZZ«SIN(4o%72)%0425)
Ca¥Y2#VY2/RHT
D=0,33333%C*Y2/RHT
CC2Y 2/ (2, %RHT)



99

109

111

115

116

P9 .

X=SORT(CC)

XX=SORT(1,«CC)

L=2X/ XX

Z72=ATAN(Z)

B= C"“+PHTy(Z7HSIN(4o*Z7)“uo/5)

VM( 1) = (R=A)*CONST

AMASS(T)=VM{T)+AMASS(])

CONTINUF

RETUNN

END

SUBRQUTINE &TRESS '

DIMENSICON HT(35)s AMASS(35)s RMRI(35)s ALFA(35
DIMENSION TUS(11)s TDS(11)e TDUS(11)s TDDS(11
DIMENSTON THDUS(11)sUPLUS(11)sUPLDSI11)BASE!
DIMENSION PIU(11)sP2U(11)sP1ID(11)4P2D(11)
COMMON BoHoALPHASRETASROHIANMAS sNaNTOP s G o BASEsGI s HI
COMMON AMASS sROsNMSsROMHW s ZNsYZ s CMeNT s BMR s ALFA
FQUIVALENCE (AMASS (1) sPIUCTY ) s (AMASS(12)4P2U(1Y)
EQUIVALENCE(AMASS(23)4P1IN(1) ) o (RASF(12).P2D(1))
READITLosRsWNFKsPASDSL eNS

FORMAT(4F 10604 12)

AN=NS

SH=H /AN

NN=NS+1

X=0 40

PRINT112

DO 114 I1=1oNN

)
ys THUUSI(1L)
35)sGI(35)

C=(ALPHA+BETA ) *X

BASE(I)=R+C
GI(I1)=6./(RASFE(T)#%2)
WT=0,5%(R+RASF(T) ) ¥X¥ROH4+WNEK
C1=ALPHA*X

C2=RFTA*X

R1=N 5% C2%XHC2H#0, 666667
B2=REX®(C240,5%R)
R3=0,5%C1%¥X* (C2+R+06333323#C1)
Ba4=WNEK* (PA+CD)

RES={( (R1+R24P3) ¥ROH+PL) /WT
F=RES=0,5%RAGF(1)
FUS=—=WT*E%*GT (1)

NS=WT/BASE(T])

TRUS(T)=NS+FUS

TONS{ 1 )=NS=FUS

X1=2N4+X=DSL

IF(X1)11551159116
THUUS(I)=0,0

THDUS(T) =0 a0

UPLUG(I)=nen

UPLNS(Ty=0,0

G TO 117

D1=X1%BETA
WTW=0,5%X1%D]*ROHY
NS=WTW/RASE(T)

AMONT==WTW% (N2 B¥RASE (1) =063323%¥N1 ) +ROHW*X1#*X1¥X1%0, 166667
FUS:—DMONT%GI(I)
THUUS( T) =NS+FUS
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THOUS (1) =DS=FUS
UPLUS (1) ==ROHW®X1
UPLNS(T)=0,n
117 TUS(I)=TRUS(TY+THUUS(I)+UPLUSI{T)
TSI =TDDSITI+THDUS(IY+UPLDSIT)
XeX+SH
PRINT112s1sTPUS(I)sTDDSIT) s THUUS(T )9 THDUS(TY SsUPLUS(I) sUPLDS(T)
ITUS(TI) s TDS(D)
114 CONTINUE
112 FARMAT (1Xs35HVERTICAL STRESSES IN TONMES PER MSO)
118 FAORMAT(1XsT248F904)
THETA=ATAN(FFTA)
SECU=1,/CNS(THFTA)
UU=SECU%SECU
PR=RAFETA%¥RETA
PHI=ATAN(ALPHA)
SECND=1,/CNS{PHT)
PN=SECN*SECH
BRD=ALPHA*ALPHA
NJ=NT=N
. IF(DSL=ZN)Y119+1195120
119 RHT=H+ZNeay?2
HI(1Y=ZNeY?Z
, DN 121 I=24NM
121 HI(I)=HI(T=1)+SH
CANST="0 B*CM#RHT#ALFAINT)
DO 122 I=1sNN
ASHI(I)/RHT# (20=HI (1) /RHT)
AA=SARTI(A)Y :
POYN=2CONSTH* (A+AL) p
PLUT ) =0o1% («UPLUS{II+PDYN#SECU)
DYSTR=RMR(NJI*GI (1)
PIUCI)I=0o61%(TUS(T)I=DYSTR) *UU=P1U(])*BR
PIND(I)=0e0
PADCTIN=Ns1%{TDS(I)+DYSTR) DD
Nd=NJ+2
122 CONTINUE
PRINT123
123 FORMAT (10X s32HPRINCIPAL STRESSES RESERVOIR FULL)
6N TO 999
127 DD 124 I=14NN
PLUCT)I=06D
PYSTR=2MRINJY*GI (1)
P2ULTI N =06 1% (TUSITY+DYSTR)Y #UU
PIN(I)=2,0
P2D(I)=061%(TNS(I)=DYSTR)*DD
NJ=NJ+3
124 CONTINUFE
PRINTL25
125 FORMAT (19X s34HPRINCIPAL STRESSES RESERVOIR EMPTY)
990 PRINT1265(1aP1UCT)sP2UlTI}sPID(TYsP2D(I)s T=14NN)
126 FORMATI5Xs1544F10:4)
RETURN
END
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INPUT AND DUTPUT FOR DYNAMIC ANMALYSIS AND COMBINED PRINCIPAL
STRESSES PROGRAM

N
NPONT
NDAMP
NTOP
1PN
NM
TRE
sDD
NAMP
AREA
AMASS
S1

HI

ZN

Y27

M
ROHW
R

H
ALPHA
RETA
ROH
ANMA S
AE
POISD
STGMA
TMIN
PR
)"X.CC
DP
WNEK
PA
DeL
NS

WK AR

*INPUT*

K H % .
NUMRFR OF DISCRETISED MASSES BELOW CREST
TOTAL NUMBER OF TIME PERIODS
DAMDING PFRCENTAGE IN DIFFFRENT MODES
NUMPER OF DISCRFTISEN MASSES ARQOVE CREST
PRORLEM NUMRER
NUMPFR QF MODFS
TIME PERIODS OF DISPLACEMENT SPECTRA
SPFCTRAL DISPLACEMENT
NAMPING VALUES
CROSS SFCTIONAL AREA
DISCRETISED MASS
MOMENT CF IMERTIA
NISTANCE RETWEEN TWDO CONSFCUTIVE MASSES
HFIGHT OF THF CRFST
FREF ROARD
CONSTANT
UNIT WEIGHT OF WATER
WINTH AT THE NECK
HETGHT 3IFLOW THF MECK UPTO BASE

DOWNSTRZIAM SLOPE

UPSTREAIY SLOPE
UNTT WEIGHT OF CONCRETE
MASS ABOVE THE NECK
MODULUS OF ELASTICITY
POISICNS RATIO .
SHAPF FACTOR
MIMIMUM TIME PERIOD
ASSUMED FREQUENCY
ACCURACY
INCRFAMENT IN FREOUENCY
WETIGHT OF CREST
POINT OF APPLICATION OF CREST WEIGHT
RESERVCOIR WATER LEVEL MEASURED FROM TQP OF DAM
NUMBER 0OF SECTIONS BEGINING FROM CREST
KRR
*OUTPUT*
K3 RN R
PRORLEM NOo
NATURAL FREQUENCY IN DIFFERENT MODES :
TIME PERIONS TN DIFFFRENT MODES : .
ACCURACY :
MODE PARTICIPATION FACTORS FOR DIFFERENT MODES
JOINT NUMRER :
MODAL SHEAR
MODAL MOMENT
MODAL SLOPE
MODAL DEFLECTION
OTAL DYNAMIC SHEAR
TOTAL DYNAMIC MOMENT
SLOPF



YR
ALER
ThUs
NS
THUUS
THDIUS
UoLus
upLns
TUS
DS

I

Plu
P2u
?1D
P2D

DYNAMIC DEFLECTION

FOUIVALENT SEISMIC COFFFI(IFNT

STATIC VERTICAL STRESS
STATIC VERTICAL STRESS
STATIC VERTICAL STRESS
STATIC VERTICAL STRESS

CVERTICAL STRESS DUE TO

VERTICAL STRPESS DUE TO

NUF TO
PUF TO
NUE TG
DUE TO
UPLIFT
UPLIFT

Dele ATU/S FACE
Dels AT D/S FACE
HYDROSTATIC PRESSURE
HYDRDSTATIC PRESSURE
PRPESSURE AT U/S FACE
PRESSURE AT D/S FACE

TATAL VERTICAL STRESS AT U/S FACE
TATAL VERTICAL STRFSS AT D/S FACE
NUMEFR OF SECTIONS FOR STRESS CALCULATION

MAJOR COMBINED PRINCIPAL
 MINOR COMBINED PRINCIPAL
"NJOR COMPINED PRINCIPAL
AINQR COMRINED PRINCIPAL

STREES AT U/S FACE
STRESS AT U/S FACE
STRESS AT D/S FACE
STRESS AT D/S FACE

P12

AT U/S FACE
AT D/S FACE
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