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SYNOPSIS 

The more critical tensile stresses occur in the upper 

parts of the dams due to earthquakes. 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 and perform 

other necessary functions. 

The dynamic response of the dam is calculated for different 

earthquakes by shear bending beam approach using Holzor',:: 

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

e 	 e 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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I , LNTROD UCTION 

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 structures, hence they should be designed 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 occur in upper parts of 

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

stresses caused due to earthquakes. 

1.2 	REVIEW OF PAST WORK 

An attempt of reducing stresses due to earthquake was 
(18) 

made by Saini by reducing mass at the top portion of dam. The 

profile of the dam used 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. The portion 

from which the mass was removed is shown by shad: lin s. 

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

natural 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 

stresses 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 5)  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. It was not,however, obvious whether 

the apparently high stresses developed because of untypical section 

of this dam or because the ground motion at Koyna had large 

accelerations and relatively strong high frequency components, or 

because of both. 



-3 

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/m3, 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 first four 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 0.22, 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 about 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 in 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 providing 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 co-r-,idered, varying from a 

dam with solid crest to a dam having structural section i.e., triangular 

profile as shown in Fig. 5. 

Earthquake Motions : 

considered for the analysis : 

The following earthquakes are 

(i) Koyna-Longitudinal component) 

(ii) El Centro- N-St component 	) 
} 

(iii) Average Spectra 	 ) 

(iv) Koyna elongated 

Spectral Intensity made 

equal for 5% of critical 
damping 

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 technique. 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 

computations are discussed. 

Chapter 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 

At 	total superimposed response of various modes 

a 	modal value for a particular mode 

C 	pressure coefficient varying with shape and depth 

C11, C17, 021,  C22 	constants of frequency determinant 

Cm 	maximum value of C 

I 
I 
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E 	modulus of elasticity 

G 	modulus of rigidity 

g 	acceleration due to gravity 

H 	height of the dam 

h 	maximum depth of the reservoir 

th 
hn 	length of n . segment 

I 	moment of inertia 

In 	moment of inertia of member section in nth  segment 

M 	moment 
th 	th 

Mn, Mn-lmoments at n and n-1,  mass points 

Mo 	moment at the fixed pond cf the beam 

Mf 	moment at the free and of the beam 
th 

mn 	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 

pen 	hydrodynamic pressure acting in the horizontal direction 
at the u/s face 

II 	, 
pev ' Pev  

pn 

pv 

t1 
Pv  , pv  

p1 

p2 

dynamic vertical normal stress for reservoir full and empty 
conditions at u/s and d/s faces 

normal water loading at u/s face 

vertical normal stress 

static vertical normal stress at u/s and d/s faces 

major principal stress 

minor principal stress 



mode of vibration 

Sa 	spectral acceleration 

Sd 	spectral displacement 

SI 	spectral intensity 

Sv 	spectral velocity 

T 	natural period of vibration 

t 	time variable 

V 	shear 

Vf 	shear at the free end of the beam 

V 	shear at the nth section 

Vo 	shar at thc: fi:-.ed ?rid of the beam 

W 	vertical load 

w 	unit weight of water 

x 	distance measured along the height 

Y 	total deflection 

Yb 	bending deflection 

Ys 	shear deflection 

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

Yf 	deflection at free end of beam 

yn 	deflection at nth  mass point 

yo 	deflection at fixed end cf b-am 

yl 	depth of section below the water surface 

slope at downstream face 

h 	horizontal seismic coefficient 

slope at upstream face 

-7 



• th 
r 	mode participation factor r mode 

mass density 

damping factor 

~-- 	shape factor 

8 f 	inclination of tangent at the free end of beam 
th  th 

en'  en_1 inclination of tangent at n and n-1 division point 

X90 	inclination of tangent at the fL=c i end of b aam 

(r) 	 th 
mode shape factor at point j in r mode 

angle between u/s face and vertical 

0 	angle between d/s face and vertical 



_9 

2. 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 transverse 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 support from the 

adjacent elements on either side. 

(3) Unit vertical pressures, or normal stresses on 

horizontal planes, are assumed to vary linearly from 

the upstream to downstream face. 

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

horizontal planes from upstream to downstream face. 

	

2.2 	DYNAMICAL ANALYSIS 

The dam is assumed to be a tapered cantilever as a 

shear bending beam(2, 3, 12, 15) 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. 

	

2 	 3 
_ r l Yb -  

	

El - A* 2 + rfACr X - 	Y t~ 	(1) 

Y 2 

	

( AG 	s ) _ 	{` A 6 Y 	 (2) 

where, 

Y 	= 	total deflection due to shear and bending 

Yb 	- 	- bending deflection 

Ys 	= 	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 

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 

hn..I , hn 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 

division points, the shear Vn and slope 8n in n h segment, moment 

Mn and deflection yn at n h mass point will be related to corresponding 

values at just previous segment and point by certain transfer function(2) 

as defined below : 

If on one end of a^+elastic straight member, 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 0 and displacement y 

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 : 

Vn 	n-1 + mn-1 I~ yn-1 

2 
Mn - 	Mn-1 + Vn hn - P In hn p en-1 

h 

en 	8n -1 + 2EI (M+ 1V,_i n 

h2 	
M 	

h 
Yn = yn_ l+hn ®n -1 + 	n (M + 	n 	={ Vn

- 3EIn 	n"1 2 ) 	GA n 



where, 

Vn 	- 	shear force in nth segment 

M 	= 	bending moment on nth mass point 

@n 	 slope at nth mass point 

yn 	 deflection at n h mass point 

mn 	- 	mass lumped at n1 point 

p 	= 	natural frequency in radians per second 
th 

hn 	- 	length of n , segment 

mass density 

moment of inertia of member section in nth ;~egrn.ert 

E 	- 	modulus of elasticity 

C 	= 	modulus of rigidity 

shape factor, 1. 2 for rectangular section. 

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 Mf and 

shear Vf are zero, and two unknowns which are slope O f and 

deflection yf . Thus the transfer quantities will be in terms of two 

unknowns Of and Yf 

At the base or fixed end, slope Ao and deflection yo are zero 

while moment M. and shear Vo exist. 

I 
I 
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Thus, if the values of p, d f  and yf  are known, the shear, 

moment, slope and deflection can be computed for each point 

:uc ,sively from free to fixed ed end of beam. The proper values of 

p, Of  and Yf  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 slope is zero. 

The resulting deflection and slope are evaluated at the fixed end. 

At free end Yf = 1 and 6 f  = 0. The deflection at fixed end is 

given by 

Yo - C1.1 Yf + C  12 of 
	 (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 Yf = 0 and 9 f = 1, the slope at fixed end is given by 

eo = C21 Yf + C22 of 
	 (2) 

The equations 1 and 2 can be written inthe matrix form as given below 

Yo 	Cll 	C12 	Yfj 

80 	C21 	C22 	of 

The boundary conditions for a cantilever beam require that 

slope 8p  and deflection yo  should be zero at the fixed end, 	therefore, 

the condition for 8 f  and yf  to be non-zero is the vanishing of the 

determinant. 
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C11 	C12 

C21 	C22 

where C11, C12' C21and C22  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 L' is sufficiently close to zero, 

the corresponding mode shape is determined by deflected shape of 

vibrating beam when the base moment is Mo  and the base shear, Vo  , is 

Vo  =  
1 

2.3 	EVALUATION OF RESPONSE 

The responses evaluated for the concrete gravity dam 

section(1) are dynamic moments, dynami c shears, dynamic deflections 

and the accelerations. 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 elasticity = 1.462 x 10 kg/cm2, 

unit weight = 2400 kg/m3  and PoisionIs ratio = 0,15. 

The expressions used for responses and superposition of 

modal values are given below : 

t 
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A = a Sd 

AT = JA1 +A2 +A3 + ......+A2 

fl 	 (r) 
mj 

~'r = 
j=1 

n 
c m.("  ) )2 

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 

mode participation factor in r mode 

concentrated mass at point j 

(r) 	 th 
= 	mode shape factor at point j in. r . mode. 

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 analys is. 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. 

U 
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(19) 	 (22) 
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. 

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. 

2.5 	STRESS CALCULATIONS 

The normal vertical stress due to static and dynamic 

loading is given by 

_ 	+ _My 
Pv 	A 	I 

where, 

pv 	- 	vertical stress 

W 	= 	total vertical load 

A 	- 	area of section considered 

M 	- 	moment of all forces about c. g. of the section 

y 	-- 	distance of the c. g. of the section from remote fibre 

I 	- 	moment of inertia 

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

signs respectively. 
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The principal stresses are given by : 

(1) 	Reservoir full condition without earthquake 

upstream face 	 downstream face 

p1 = p 	 pi =0 

„ 	2 „ 	2 ,r 	 2 p2 = pv Sec y' - pn tan 	 p2 = P, Sec 

(2) 	Reservoir empty condition without earthquake 

upstream face 	 downstream face 

pi = 0 

	

	 P1 = 0 
„ p2 _ p~ v 

Sec 
2 , ' 

P2 = Irv ' See2 ' 

(3) 	Reservoir full condition plus earthquake 

Upstream face 

pi = pn + pen Sec 

P2 - (Pq ° pev' ) Sec2~ ' - (pn + peri Sec Qj')tan 

downstream face 

Pt = pn 

p2 	= (pv, + pev,) sect 

(4) 	Reservoir empty conction plus earthquake 

upstream face 	 downstream face 

pl =0 	
p1. = 0 

+  p2 = (pv pev ) Sec 	 P2 	(pv - pev )See2~J 
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where, 

P1 = 	major principal stress 

P2 = 	minor principal stress 

P~ = 	static vertical normal stress at u/s face 

Pv = 	static vertical normal stress at d/s face 

p n = 	normal water loading at u/s face 

Pen = 	hydrodynamic pressure acting in the horizontal 

direction at u/s face 
It 

Pev 
_ 

= 	dynamic vertical normal stress for reservoir full and 

empty conditions at u/s face 

p 	' = 	dynamic vertical normal stress for reservoir full 
ev 

and empty conditions at d/s face 

" angle between u/s face and vertical 

' = 	angle between d/s face and vertical 
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3. RESULTS OF ANALYSIS 

3.1 	BASIC SECTION OF DAM 

The dam section selected 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 depth 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. Fig. 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 resist 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 the dam is solid as in the case of typical 

concrete gravity 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 in 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 to support roadway. The wall at the upstream may be 

designed as a counterfort retaining wall to resist water pressure and 

impact of floating objects. 

Case 4 	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 support roadway. The parapet walls having 

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 structural profile consists of a 

bridge pier system. The piers are placed at a distance of 7.5 in 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 thickness 0.25 in and 

height 1.0 m is provided on the downstream face 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 in 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. 

The slab having thickness 0.4 m supports the roadway. The parapet 

wall having thickness 0.25 in 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 prov,ded 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 calculated by considering the section as a 

rectangular section, having unit width and depth equal to the 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!? for 

calculating the cross section properties, The area and moment of 

inertia are found for a channel having depth equal 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 : 
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(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 percent of 

gravity. 

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

are also considered for the analysis. The velocity spectrum(22)  

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 SI 	, where 1 
is the fraction of critical damping. 

The spectral intensities of Koyna, El Centro, Average 

spectra earthquakes are 98.2 cm/sec, 151.72 cm/sec, 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 

earthquakes. 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 

and 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 vertical 

stresses and principal stresses are calculated by preparing a digital 

computer program given in Appendix A using the relevant equations 

as given in Section 2.5. 

The values of principal stresses are given in Table 3 for 

Case 1, Case 3 and Case 7 for both the conditions. The magnitude 

of the principal stresses remains approximately same for all cases. 

Slight tensile principal stresses are developed at the bottom_ in Cases 1 

and 2 on the upstream face. In Cases 3 to 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 cases 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 

are developed in all cases except a tensile stress of 0.564 kg/cm2  

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 Case 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 Case 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 

gren.ter 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 the 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 7,. 

at and near the top. The values are minimum for Case 1 and maximum 

for Case 3 in the upper middle portion of the dam. In the upper 

middle portion the values are minimum for Case I 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 reservoir full 

condition. The same relation holds good for reservoir empty condition 

with change in values. 

The height versus dynamic deflections for Cases 1, 2, 3, 5 

and 7 are plotted in Fig. 8 for reservoir full and empty conditions, 
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The results of the Cases 4 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 

Case 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 compared to others 

for all the 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 the same along the 

height of the dam for reservoir full condition. For reservoir empty 

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' 

1 
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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 two 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 Sd 

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 condition, 

the time periods, mode participation factors and Sd values are 

0. 37 sec., 0.182 sec., 2.66, -2.93, 0.033 m, 0.0095 m respectively. 

The 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 increased but the Sd value is decreased. 

For Cases 3 and 7, 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 tonnes 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 

redu. ed in all cases near the top as compared to Case. 1. While the 

values are increased near the base as 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 is greater as compared to the reservoir full condition as 

shown in Fig. 10(b). The dynamic shears are also reduced at and 

near the base as compared to Case 1. 

The maximum dynamic shears are naturally caused due to 

'Koyna Elongated' earthquake. Comparing 'El Centx o' and 'Average 

Spectra' earthquakes for the above three cases as shown in Fig. 11(a) 

through Fig.. 11(f). it is seen that 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 also 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 shown 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 the 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' earthquake is. 

maximum for all cases and for both the conditions because of large 

Sd  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. 

Sd  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 Sd values for 'Average Spectra' earthquake are 

minimum as compared to the other two for these periods. In the first 

mode S d value for 'El Centro' is higher than the 'Koyna' while it is 

smaller in the second mode. Because of the greater Sd  value in 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 Spectra' earthquakes, 

as shown in Fig. 11(b). The values are also found to be decreased 

for Case 1 except that due to 'Koyna' earthquake as compared to the 

values of full reservoir condition. In cases 3 and 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 base. 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 

dynamic 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 crest and base 

respectively as shown in Fig. 4. 

The compressive principal stresses occur on the upstream 

face of the dam for reservoir full condition. The3e .str:.23es are due to 

external pressure of water i. e., hydrostatic w d hydros jnamic pressures. 

The hydrostatic pressure is zero at highest water level and maximum at the 
(: 0 

base. The hydrodynamic pressure due to the effect of earthquake is given by: 

Pe = C w  h cKh 

y 	 1  
and 	C = 2m  h (2 - hl ) + y  (2 y ) 

	

h 	h 

where, 

2 
Pe 	- 	hydrodynamic pressure in kg/m at depth y1 , 

normal to the face 

C 	- 	pressure coefficient varying with shape and depth 

W 	= 	unit weight of water in kg/m3  

h 	- 	maximum depth of reservoir in meter 

	

h 	- 	horizontal seismic coefficient 

Cm 	- 	maximum value of C obtained from IS: 1893 

yl 	- 	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 the 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 tensile 

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 amongst 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 is 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 developed 

for Cases 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 both 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 stresses 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 for Case 1 and 

Case 7 respectively, At and near the bottom, maximum and minimum 

stresses 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 stresses 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 compared 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 Average Spectra' earthquakes 

respectively for 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 $Average Spectra' 

earthquake. 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 principal stresses remain more or less same for reservoir 

full as well as empty conditions. Small tensile principal stresses 

are developed 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 

downstream face as compared to upstream face. For empty reservoir 

condition, large static 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 corresponding 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 increase the deflection at 

the top. This does not hold good for cases 1 and 2 when subjected to 

'Koyna' earthquake. This 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 aryl near the top but they 

are found to be increased at and near the base as compared to Case 1 

for reservoir full condition as 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 to full reservoir condition. 

At and near the base, the largest shear occurs in Case 1 as compared 

to other cases. The maximum and minimum dynamic shears are 

caused by 'Koyna Elongated' and 'Average Spectra' earthquakes. 

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 to be 

somewhat increased for reservoir full condition. 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 empty condition work out 
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to be more. The maximum and minimum dynamic moments are caused 

by 'Koyna Elongated f and 'Average Spectral 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 earthquake. 

A considerable reduction in tensile stresses near the crest is seen in 

other cases as compared 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 comprespive principal stresses are developed 

at the upstream face. Near the crest, the compressive principal 

stresses are considerably smaller in other cases as compared to 

Case 1. The same variation 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 cases 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. Due to this, the time periods 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 significant 

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 becomes more significant in third mode.. For 

reservoir empty condition, generally the mode 

participation factors are found to be increased as 

compared to reservoir full condition 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 

conditions 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 reservoir 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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(7) The dynamic shear and moments are reduced near_the 

top with the reduced weight of cre st system but are 

found to be increased at and near the base 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. 

(8) The principal stresses are found to be reduced in other 

cases as compared to Case 1 at top. The maximum 

reductions of stresses are observed in Case 3 and Case 7 

for both the conditions and for all earthquakes. A 

little increase in stresses is observed 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. 

(9) The more critical tensile stress occur in the upper 

parts of the dams. The practice of decreasing the 

concrete strength at higher elevations in dams which is 

apparently 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 account 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 principal 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 values 

may be used for evaluating dynamic response of the structure. 

9 
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Table - 1 
	

Ti 

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

RESERVOIR FULL CONDITION 

CASE I MODE II MODE III MODE Elongation in T. P. % 
T.P. P.F. T.P. P. F. T. P. P. F. due to Reservoir effect 

I MOI1E IIMODE III MODE 

1 0.474 2.54 0.219 -2.88 0.130 2.22 28.10 20.30 19.30 

2 0.463 2.57 0.206 -3.30 0.120 3.62 28.60 24.00 20.00 

3 0.440 2.68 0.194 -3.99 0.124 4.14 33.33 34.70 32.50 

4 0.440 2,60 0.193 -3,55 0.121 3.49 33,33 33.33 30.10 

5 0,450 2.58 0.198 -3.36 0.121 3.36 32.40 28.50 23.40 

6 0.452 2.53 0.197 •3.11 0.118 2.94 31.80 28.00 24.20 

7 0.446 2.42 0.191 -2.94 0.113 3.11 33,10 30.80 30.30 

RESERVOIR EMPTY CONDITION 

1 0.370 2.66 0.182 -2.93 0.109 2,11 

2 0.360 2.74 0.166' -3,81 0,100 4,95 

3 0.330 2.73 0,144 -4.37 0.094 5.10 

4 0.330 2.68 0.145 -3.97 0.093 1.37 

5 0.340 2.71 0,154 -3.79 0.098 3.91 

6 0.343 2.65 0.154 -3.47 0.095 3.47 

7 0.335 2.47 0,146 -2.97 0.087 3,~4 



Table 2 	 T2 

STATIC PRINCIPAL STRESSES IN Kg/cm2  

RESERVOIR FULL CONDITION 

Section Case 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 CONDITION 

1 3.572 7.265 2.1047 -0.564 3.235 0.078 

3 10.216 0.314 7.303 1.1643 8.117 0.782 

5 14,698 0.583 12.567 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 



APPENDIX - B 



START 

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

NUMBER OF SECTIONS, DEPTH OF WATER, MATERIAL 

PROPERTIES 

COMPUTE WIDTH AND 

M.I. OF SECTION 

COMPUTE DEAD LOAD, HYDROSTATIC, 

UPLIFT STRESSES AND TOTAL STRESSES 

OUTPUT DEAD LOAD, HYDROSTATIC, UPLIFT 

STRESSES AND TOTAL STRESSES 

COMPUTE PRINCIPAL STRESSES 

OUTPUT PRINCIPAL STRESSES 

STOP 
c 

P1 

FLOW CHART FOR STATIC STRESSES PROGRAM 



P2 
C C CALCULATION nF STRESSES 

DIMENSION PASF(15),GI(15),TUS(15)3TDS(15),TDUS(15),TDDS(15) 

DIMENSION THUUS (15) , THDI!S (15 ,UPLUS (;. 5) , UPLDS (15 ) 
DIMENSION PiU(15),P2U(1.5)9P1D(15),P2D(15) 

55 RF'AD11,-NS,I PN 
READI2,R,H,ALPHA9F.ETA,ROH,ROH1.4 9ZNsYZ 

READ I.2 9 IdNEK 9 PA 9 DS L 
11 FORMAT(6I3) 
12 FORMAT(8F1P8() 

PUNCH111,IPN 
111 FORMAT(12HPROFLEM N00=I3) 

AN= R S 
SH=H/AN 
NN=NS+1 
X_p a n 

PUNCH112 
112 FORMAT(35HVFRTICAL STRESSES IN TONNES PER MSC?) 

DO 114 I=1,NM 
C=(ALPHA+BETA)*X 

BASEII)=P+C 
GI(I)=6a/(3ASE(I)**2) 
WT=0o5*(B+~'.ASE(I))*X*ROH+WNEK 

C1=ALPHA*X 
C2=F ETA *X 
B1=005*C2*X*C2*(666667 

B2=B*X*(C2+Oe5* ) 
B3=Om5*C1*X*(C2+P+n033333*C1) 
B4=VjNEK*(PA+C2) 
RFS=((B1+P2+R3)*ROH+R4)/WT 

E=RFS-0 5*RASE(I) 
FUS=*WT*E*G I (I ) 
DS=WT/BASE(I) 
TDUS (I)DS+FUS 
TDDS(I)=DS—FUS 

X1=ZN+X—DSL 
IF( X]) 11.5,1.15' 116 

115 THUUS(I)=000 
THDU S (I) =l' o 0 
UPLUS(I)=000 
UPLDS(I)=0e0 
GO TO 1.17 

116 D1=X1*PETA 
WT'W=O 0 5*X1*M?].*R0H'O! 
DS=WTW/RASE (I) 
DM'ONT=—WTW* ((lo5*BASE(I)_~03333*D1)+ROHW*Xl*Xl*Xl*Oo16666 7 
FUS =—DMONT*G I (I) 
THUUS ( I ) DS+FUS 
THOUS (I ) =DS—FUS 
UPLU S ( I ) =—RGHW*X 1, 
UPLDS(I)=O 0 

117 TUS(I)=TDUS(I)+THUI_!S(I 1+UPLUS(I ) 
TDS II) =TDDS(I)+THDUS(I)+UPLDS(I) 

X=X+ SH 
PUNCHi18.9I,TDUS(I),TDDS(I),THUDS(I),THDUS(I)9UPLUS( I) 9, UPLDS( I ), 

1TUS(I)+TDS(I) 



P3 

114 CONTINUE 
118 ~ORMAT( 1X,I2,8F904) 

THETA=A TAN (A ETA ) 
SFCU=1e /COS(THETA) 
UU=SECU*SECU 
;'.=R ET A* FE TA 
'HI -ATAN(ALPHA) 
SECD 10/CCS(PHI) 
)D=SFCD*SEC1) 
:3RD=AL PHA *ALPHA 
")n 09 1=1,NN 
.'lu (I) =—O, 1*UPLUS ( I) 
P2U(I)=0o1*TU4(I)-P1U(I)*PR 

'2U ( I ) =O o l*TPS ( I ) *PD—PIP ( I )*FRO 
99 CONTINUE 

PUNCH100  
10' ;'0RMAT(10X929HPRINCIPAL STRESSES IN KG/CMSc) 
990,  .'UNCH126,(I,P1U(I)9P2U(I)9P10(I)9P2D(I), I1 ,NN 
126 '0RH6T(5X,I5,4FI0.4) 

30 TO 55 
"Nr 



START 

INPUT DAM HEIGHT,WIDTH AT NECK,U/S AND 0/S SLOPES,OEPTH OF 

WATER ,TOTAL NO. OF LUMPED MASSES,DISPLACEMENT SPECTRA, 

MATERIAL PROPERTIES, FREQUENCY, MIN.TIME PERIOD AND NO. OF MODE 

DISCRETIZE THE DAM INTO LUMPED MASS SYSTEM 

COMPUTE VIRTUAL MASS OF WATER 

LOOP ON NUMBER OF MODES 

ASSUME FREQUENCY 

COMPUTE FREQUENCY DETERMINANT 

CHANGE FREQUENCY 

IS 

NO 	DETERMINAN 

ZERO? 

YES 

COMPUTE MODE SHAPESHEAR,MOMENT, 
SLOPE, SEISMIC COEFF. 

COMPUTE R.M.S. VALUES OF DEFLECTION, SHEAR 
MOMENT, SLOPE, SEISMIC COEFF. 

OUTPUT DEFLECTION,SHEAR, MOMENT, SLOPE, 
SEISMIC COEFF., TIME PERIOD, MODE PARTICIPATION 
FACTOR 

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

OUTPUT COMBINED PRINCIPAL STRESSES 

FLOW CHART FOR DYNAMIC ANALYSIS AND COMBINED 
PRINCIPAL STRESSES PROGRAM 



P5 
C C MAIN PROGRAM DYNAMIC ANALYSIS G 1 PRAJAPATI 

DIMENSION VR(35)93MR(35),YR(35)9TOS(35),ALFA(351,AREA(35) 
DIMENSION ^.MASS (35) 9 SI (35 ) 
DIMENSION HI(35)9 TRE(35),NAMP(6),SPu(100),Y(35),T(35) 9 BM(35) 
DIMENSION V(35)4C(2,2),Z(2) 
Cr)A'`MON 1 ,H9ALPHA)P- 7TA,RC'H.,A IMAS,N,NTOP,C,AREA,SI,HI 
COMMON AMASS ,R 0 iN',lSgR0HW,ZN,YZ 9CV9NT,BMR 9ALFA 

C 	I,NP1.)T 
151 READ]. 9N 9 NPONT, MDAiMP 9NTCP, I PM , N!M 

M=NPONT*MDAPAP 
C 	SPECTP L DATA 

READ2,(TRE(I), I=19NPONT) 
R 'An2, (SPr)( I) , I1,M) 

C 	DAMP Ii11C VALUES 
READ l , (NAMP (1 1 s I i NM ) 

C 	DAM PROFILE (TOP AR.OVE NECK) 
READS,(AREA(I)9AFMA5S(I1,SI(1) ,HI (II I=19NTOP) 
RFAD39ZM,YZ,CM9ROHW 
REAr)2,R,H9ALPHAA,RET;A,ROH,ANMAS 

C 	DAM PROPERTIrS 
RFAD2,AE9POISO,SIGMA,TMIN 

C 	TRIAL FREQo,nCCUF:ACY,INCEF~.1ENT IN FRED 
REA 2, PR 9ACC,DP 

l ~ORMAT(6I3) 
2 FORMAT(8F1f 0 o) 
3 F()RMAT (4F10o r' ) 

PRINT 1759 IPN 
175 F^RMAT(3X,12HPR0RLEn1 N0, I3) 

G=Io/9,R(?665 
Y-3a 1 47.59265 

RD P OH* 
N,MS=N+NTOP 
NT =N MS+1 
DO 54 I=I,NT 
VP( I)=no 
BMR,(I) 

59 YR(I}-no 
AEN=l,/A.F 

NM10 
CALL DFDAM 

N1=NTOP+l 
AMASS( Ni) =AMASS(N1)+ANIMAS 
CALL HYDYN.I 

5 LX=2 
S1=Oo 
52.3 0 
RTI=fro 
PT2c o 

7 Z(2)-n 
17 AP=PR*pR 

PI PR 
Z(1 )1 

DO ?2 J-1,LX 
VN=~, 
3 M3 



V (1) =l? 
BM(1)=00 
YN= . (1 ) 
Tn=Z(2) 
Y(1)=7_(1.) 
T(1)=Z(2) 
fin 21 I=19NM.S 
I1= I+l. 
AN=AREA( I) 

4M=AMASS(I ) 
HN=HI(1) 
AIN=SI(I) 
EIN=AEN/AIN 
VN=VN+A.M*: A.P*YN 
ANt, BNO+\/N^HNRO*AIN*AP*TO*HN 

TN=TO+005* (!-HMO+AMN)*EINJ*HN 
YN!=YN+T0*HN+ ( PMn+AMN*005) *HN*HN*F. IN/3 
YN=YN°SIGMC*1/!N*HN/(AG'*AN) 
M0;ANA, N 

TO=TN  

Y(?:1)=YN 
T(I1)=TN 

M(Y1)=AMN 
V(I11=VN 

21 CONTINUE 
C(19J)=YN 

C(29J)=TN! 
7(})=?o 

22 Z(2)10 

GO TO (70 980) 9 LX 
70 DO 30 I=19NMS 

S1=.Sl+Y(I)'~PMASS(I ) 
3^ 

 

52=S2+Y(1)*Y(I)*AMA.R5(I ) 
GO TO can 

80 DT=C(1,1)*C(292)—C(192)*C(291.) 

C 	INTERPOLATION 
IF (1)T)60966961 

6n RT1=DT 

0I.=PR 
IN RT2)64964,65 

61. PT2 =DT 
02=PR 
IF(RTI. )65964964 

64 PP PP+DP 

G0 TO 7 
6F PR=(RTl*C2°RT2*-n1)/(RT1—PT2) 

P1=(PR—P1)/PR 

IF( APS(PI)-ACC)6696697 
66 F=O 5*PR /P I 

NM1 =NM 1+1 
TP=10 
PRINT69PR,F9TP 9 ^(C 

6 FOR MAT(1X92H?=E12,,593X92HF=El2o59X9?.HT=El20593X94HACC=F10a6) 
IP( TP-TMI,NI ) 80 9679 67 

80 DO 07 1=1.9NN1T 
VR(I)=SORT(VR(I)) 



P7 

BMR(I)=SORT(PM"R(I)) 
97 YR(1)=SORT(YP(I)) 

DO 93 I=19NM" 
I1I+1 
103(I)=VP(I?) VR(I) 

°3 T')S(I)=TOS(I)/AMASS(I) 

T(S (NT )('o 
0 

ALFA(_l):: 
;)n 98 1=19NMS 
S=S+AMASS(I)/G 

I1=1+1 
98 ALFA(I1)=VR(II)/S 

M3=NMl 1 
PRINT449M3 

44 FRMAT (2.X,1OHR0M0S0 OF= 13,2X,5HMIODE'S) 
PRINT42 

42 FORMAT (2X,5HJOINT,2X95HSHEAR,9X,6HMOMENT,8X,5HACCLN,8X,5HDEFLN, 
1 9X94HALFA) 
PRINT43, (19VP(I),r'MR(I),TC`S(I),YR(I1 9ALFA(I ), 1=1 NT) 

43 Fr)fM OT(2X912,5E14o5) 
CALL STRESS 
GO TO 151 

67 LX=1 

Z(2)=—C( 1,1)/C(12) 
GO TO 17 

9 SUM=Sl152 
PRINT9,NM19 SUM., 

9 F1'lR^M&T ( 1X95HMODE=I293X55HPoF.,=F1.2i,5) 
PPINIT 88 

°8 F(RMAAT(6X,5HJOINT,6X95HSHEA.R,11X,6HMOMENT,1OX,5HSLOPE,1OX,5HDEFLfl) 
R F~RMAT(5X,I3,4(2X,E14e6)) 

DC; 79 I=1.,NT 
?RINT8,I,V(I),PM(I),T(I),Y(I) 

79 CONTINUE 
C 	CALCULATE SD VALUE 

SD1=''o 
TI=OOo 
TY=TP 
MPAD=nNAMP (NM1 ) 
K1=NPONT' MPAD 
9() 91 J= 1 ,NPnNT 
K=K1+J 
T2=TRE(J) 
IF( TY—T2) 92,9,94 

A4 T1.=T2 
SD.l=SDD(K) 

91 CONTINUE 
92 SD2=5DD(K) 

X1=(SD2—SD1)/(T2—T1) 
X1=Xl.*(TY—T1) 
SD=SDl+X1. 
GO TO 96 

99 SD=SDD (K ) 
96 CR=SIJM*59 

C^-CR CR 



nn 41. t=19NNT - 
VP( I) =VP (I)+V(I)*V(I)*CR, 
RM,R (I)=RMR( I )+RM( I)*3M (I )"SCR 

41 YR(I)=YR(I)+Y(I)*Y(I)*CR 
pR=PR+DP 

G^ Tn 5 
EN 

S!JEROUTINE fEnAM 
DIMENSION ARFA(35),SI(35),HI(35),AMASS(35)9PMR(35),ALFA(35) 
CMM N R,H,ALPHA•BETA,RGH,ANM.AS9N,NTOP,G,ARE ,̂ ,SI,HI 
COMMON AMA5S,R09iNMS,R0Ht':i, ZN9 YZ,CM,NT 9BMR,ALFA 
AN= N 
5H=H /A N 
X=0 0 5i* SH 
N1-n!TOP+I 
NMS=NTOP±N 
C=ALPHA+PFT%` 
DO 1('iQ I=N19NMS 
APEA(I)=P+X*C 

SI (I)00'l83333*AREA(I )**3 
MASS( I)=Oo5*X'*(ARFA( I)+P)*RC 
HI(I)=SH 
3=AREA(I) 
X=SH 

lOr CONTINUE 
RETURN 
END 

SUBROUTINE HYDYN 

DIMENSI^N ARFA(35)9SI(35) ,HI (35),AMASS(35),VM(35),BMR(35),ALFA(35) 
COMMON R,H,ALPHA,BETA,ROH,ANNAS,N,NTOP,G5AREA,SI,HI 
CO,AMON AMA SS ,RO,NMMMS,RGHIW,19ZN,YZ,CM,NT,FMR,ALFA 
RHT~H+ZN-Y7 
CONST=3o S*CM*ROHW*G*PHT 
D.o 100 I=19NMS 
IF(I'l)5,596 

5 Y1=fio 
HT~0o 

GO TO 7 
- 	HT"HT+HI (I°1 ) 

Y1-HT-9o5*HI(I-1)aYZ_ 
7 Y2=HT+ ,lo5*Hr (I)-YZ 

IF(Y2)50,5fl98 
5r' VM(I) =( 

G TO 99 
P I5(Y1)R,1~,l," 
o yl=n, 
11 C=Y1*Yl/RHT 

D=(L~33333*C*Y]YRHT 
CC=Y 1/ (20*RHT) 
X=SORT(CC) 
XX=SORT(].o-CC) 
Z=X/XX 
ZZ=A TAN (Z ) 
A=C-P+RHT*(Z.Z—SIN(40*ZZ.)* *625) 
C='Y2*Y2/PHT 
D0033333*C*Y2/RHT 
CC~Y2/(2O RHT) 



X=SfRT(CC) 
XX=SORT(1,-CC) 
Z=X/XX 

^TAN( Z) 
A.-:C—O+RHT*(ZZ_—SIiN(4o*ZZ)*Qo25) 
VM(I)_(B— A) *CONST 

99 AMASS( I)=VM(I)+AMASS(I) 
10;,,  C,NTINUF 

RE TiU,l 

E N 0 
SUBROUTINE 	T?FS5 
DIMENSION Hr(35), Ati1nSS(35)9 RIMR(35), ALFA(35) 
DIMENSION TIJ S (11) 9 TDS (11) e TDUS (11) , TDPS (11) , THUUS (11 ) 
DIMENSION THPUS(11),UPLUS(11)9t?PL()S(1I)9BASE(35),GI(35) 
DIMENSION PIU(11)9P2U(11),P1D(11),P2D(II) 
COMMON 89H,ALPHA9BETA, ROH,ANMAS9N,NTOP,G9f3ASE,GI,HI 
COMMON AMASS,R0,(`•!MS,ROHW,ZN,Y7,CM,NT,BMR,ALFA 
EQ(JIB'ALFA(CE(AMASS(1),P1U(I)),(AMASS(12),P2U(1)H 
EOUIVA.LE'NCE(AMAS.S(2.3),P1D(l)) i ( RASE( 1.2) QP2D(1) 
RFA0111 9 F s!- NFK,PA,P SL,NS 

11.1 FORMAT (4F100 	12 ) 
AIN=NS 
SH=H/AN 
N N = N S + 1 

PRINT112 
DO 114 I=19NN 
.0=( ALPHA+ tETA )*X 
BASE( I)=R+C 	 - 
GI(I)=6,:/(R.^•SF(I )**2) 
WT= nG5*(P+R^SF(I))*X'=ROH+WNEK 
C1=ALPH.A*X 
C2=3ETA*X 
B1 	5y C2*X*C2*no 666667 
B2X* (C2+Oo  5*P ) 
R3=00 5"Ci X* (C2+B+^03333C1. ) 

RES= ((R1+p,2+D3) *ROH+P.4) /UIT 
E=RES—Oo 5*P 5E(I ) 
FUS=--IAAT*E'erGI (I) 
OS=NT/BASE(I 
TQUS(I)=DS+FUS 
TnBS ( I) =f)S—FUS 
X1=Z!N!+X—DSL 
IF(X7.)t159l159116 

115 THUIJS ( I) =Oo'l 
THDUS (I) =C 
URL'JS(I)="n 
UPL^ (I) =%,on 
G1 TO 117 

116 D1=X1*BFT;. 
l!T1=0 0 5',  X1-*`Pl*RGHW 
l.J= NTW/RA 5E  ( I 
MOn}T-IT!!*(5 °ASF(I)—(?a33333;n1.)+R0HW-xXl*X1"Xla:n,166667  

FU.5=—DMONT*GI(I) 
THUUS(I) =flS+FI.IS 



plo 

THOUS (I)=DS—FU.S 

UPLUS (I) = ROHW*X1 
UPLI).S (T ):9 n 

117 TUS(I)=T9US(T)+THUUS(I)+UPLUS(I) 
TD•S(I)=TDDS(1)+THDL.1S(I)+UPLDS(I) 

X=X+SH 
PRINTIle9I,TfUS(I),TDDS(I),THUUS(I),THDUS(I)9UPLU.S(I19UPLDS(I), 

1TUS(I),TCS(I) 

114 CnNTINUE 
112 F )`:MAT (1X 935HVERT IC/.L STPFSSFS ICJ TONNES PER MSC') 
118 FllRMAT (1X,T?,8F9o4) 

THE TA=A TAN (`'  PTA 1 
SFCU=10/C!?S(THFTA) 
UU=SECU*SECU 
pR=PFTA*PFTr 
PHI=ATAN(ALPHA) 

5ECD 10/CfS(PHI) 
PD=SFC1 *:SECc 
B9D=ALPHA*ALPH", 
NJ=NT"'N 
IF( D.SL-Z_N)119,119,120 

119 RHT=H+ZN—YZ 
HI(1.)=ZN—YZ 

DO 121 I=2,NN 
121 HI(I) =HI (ii )+SH 

C'ONST=' 0 5-FCM*RHI*ALFA (NIT ) 
DO 122 I=1,NN 
AHI(I)/RHT*(2o°HI(I)/RHT) 

A?=S9RT(A,) 
PDYNI=CONST* (A+AA) 
P1U(I)=Do`l*(.UPLUS(I)+PDYN*SECU) 

DYSTR=RMR(NJ)*GI (I 
P2U(I)=Oo1=(aUS(I)'DYSTR)*UU-PlU(I)~,BR 

PlD(I)-Oo9 
P2r,(I)=^ l*(TDS(I)+DYSTR)*DD 
NJ)  J+3 

122 CONTINUE 
PPINT123 

123 F(RMAT(10X,33HPRINCIPAL STRESSES RESERVOIR FULL.) 

GC TO 999 
12 99 124 I=19NN 

P1U(r)"OoO 
D-YSTR=DMR(NJ)"GI (I ) 
72U(I)01* TUI)+DYSTR) UU 

P2D(I)001"(TD5(I)DYSTP) *DD 
NJ=NJ+3 

124 CONTINUE 
PPINT1.25 

125 FORMAT(1OX,34HPRINCIPAL STRESSES RESERVOIR EMPTY) 
999 PPINT1269(19P1U(I),22U(I),P1D(I)9P2D(I)9 I=19N,N) 

126 F^`=MAT(5X,I59L1.F10o4) 
R F T JRN 
EN9 



INPUT AND OUTPUT FOR DYNAMIC ANALYSIS AND COMBINED PRINCIoAL 
STRESSES PROGRAM 

N 
MPONT 
NDAMP 
NT0P 
IPN 
NM 
IRE 
SDD 
N AMP 
AREA 
AMASS 
3I 
HI 
ZN 
YZ 
[M 
'ROHN 
B 
H 
4LPHA 
BETA 
ROH 
ANMA5 
AE 
P0I3O 
SIGMA 
TM IN 
PR 
ACC 
DP 
WNEK 
PA 
OSL 
NS 

IPN 
P 
T 
A[C 

I 
V 
B~ 
T 
Y 
VR 
EM  
TOS 

*****  
*TNPUT* 
******* 	 ^ 

NUMRFP OF DlS[RETI3ED MASSES BELOW CREST 
TOTAL NUMBER OF TIME PERIODS 
DAMoTNG PERCENTAGE IN DIFFFRENT MODES 
NUMPFR OF PJS[RFTlSEP MASSES ABOVE CREST 
PROPLEM MUMPER 
NUMpFR OF MODES 
TIME PER 1005 OF DISPLACEMENT SPECTRA 
SPECTRAL DISPLACEMENT 
DAMPING VALUES 
CROSS SECTIONAL AREA 
DISCRETISED MASS 
MOMENT CF INERTIA 

 

Dl3T~NCF FTWEEN TWO CONSECUTIVE MASSES 
HFIGHT OF THE CREST 
FREE ROARD 
CONYrANT 
UNIT WEtGHT OF WATER 
WIPTH AT THE NECK 
HEIGHT 3FLOW THE NECK U9TO BASE 
DOWM5TP~4M SLOPE 
UP5TREAH SLOPE 
UNIT WEIGHT OF CONCRETE 
MASS ABOVE THE NECK 
MODULUS OF ELASTICITY 
POI3ION5 RATIO 
SHAPE FACTOR 
MINIMUM TIME PERIOD 
ASSUMED FREQUENCY 
ACCURACY 
lNCRFAMENT IN FRE0UENCY 
WEIGHT OF CREST 
POINT OF APPLICATION CF CREST WEIGHT 
RESERVOIR WATER LEVEL. MEASURED FROM TOP OF DAM 

NUMBER OF SECTIONS 8EGINTNG FROM CREST 
* * * * * * * * 
*OUT PUT* 
* * *. * * * * * 

PRORLEM NOo 
NATURAL FREQUENCY IN DIFFERENT MODES 
TIME PERIODS TN DIFFERENT MODES 
ACCURACY 
MODE PARTICIPATION FACTORS FOR DIFFERENT MODES 
JOINT NUMnER  

MODAL SHEAR 
MODAL MOMENT 
MODAL SLOPE 
MODAL DEFLECTION 
TOTAL DYNAMIC SHEAR 
TCTtL DYNAMIC MOMENT 
5LOPF 

° 



P12 

YR nYNAMI[ 	1) EFLECTION  
EOUIV;LENT SEISMIC [flFFF<[IENT  

TDU5 STATIC VERTICAL STRESS DUF TO DL c ATU/S FACE 
TnD5 5T!T7[ VERTICAL STRESS DUE TO D^Lo AT 	i)/S FACE 
THUU5 STATIC VERTICAL STRESS DUE TO HYDROSTATIC PRESSURE AT U/S FACE 
THOUS STATIC VEQTI[AL STRESS DUE TO HYDROSTATIC PRESSURE AT P/5 FACE 
UDLUS VERTICAL STRESS DUE 	TO UPLIFT 	PPFS5URE AT U/S 	FACE 
UPLO.S VERTICAL STRESS DUE TO UnLIFT 	PRESSURE AT D/3 FACE 
TUS TpTAL VFPTICAL STRESS AT U/S FACE 
TOS TOT~L VERTICAL STRESS AT 0/3 FACE 
I NUMGFR OF SECTIONS FOR STRESS CALCULATION 
PlU MAJOR COMBINED PPIN[IPAL STRESS AT U/3 FACE 
P2U -NINOR [cMDINED PRINCIPAL STRESS AT U/S 	FACE 
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