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SYNOPSIS 

Normally the hydrodynamic pressure on structures 

in water are evaluated by applying Nestergaard'a theory 

or Zanger's theory. These theories consider the stsucturo 

to be rigid. Same theories are adopted while computing 

hydrodynacic pressures on earthen and rock fill dams • 

in case of masonary dams the hydrodynamic. pressure acts 

on the upstream surface• But the action of water is 
a little different in case of rock fill dams• 3h• 

action of water is not only confined to the upstream 

face but has also access into the pores • The reservoir 

water in this case is able to communicate .with the water 

inside the pores• 

In this thesis virtual masses on sand or gravel 

slopes representing upstream face of earth dams have 
been found erperimantally• A comparison Is made with 

the reoults obtained by applying Zanger's theory treat-

ing the dam as an impervious rigid body. The author has 

also tried to determine the effective unit weight of 
the fill which should be considered while computing 

the inertia force. Effect of reservoir water on the 

damping of the structure is also observed • It is 

observed that the added mass obtained experimentally 

is lesser than that obtained by Zanger's theory. The 



dacping however increaan with increase In the level 

of reservoir Hater• 
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NOMRNCLA TURE 

a 	Radius of cylinder 

a* 	Area of cross section of stand pipe 

C. 	Velocity of sound in water 

E Modulus of Elasticity 

S Vold ratio of the soils 

f Frequency of the system 

g Acceleration due to gravity 

Gs  Specific 	gravity of the solids 

h Depth of water in reservoir 

I Moment of inertia of the legs of the model 

IoaI, Bessel functions of the order 0 and 1 

K Modulus of elasticity of volume of water 

K' Stiffness of the leg of Model 

K* Coefficient of permeability 

L Length of leg of the model 

in Effective 	mass of the system 

T 	Time period of the ground motion 

w 	Natural circular frequency of ground motion 

wo 	Unit weight of water 

'V 	Any instant of time 

ws 	Weight of the soil. sample taken in the pycnometer• 

x 	Amplitude of vibration 

xo 	Define the displacement of. ground at any instant 't' 

y 	Depth of water in reservoir 



yo  ,yl  Modified Sessel's functions of the order of 0 and i 

x,y,z 	Carterian coordinate axes 

x,(! , z 	Cylindrical coo rdinate axes 

0'  Inclination of surface of fill to vertical 
q(  Seismic coefficient 
n 

V 	Velocity potential 

o 	Hydrodynamic pressure 

( l, n } Moment of water particle in the direction of x and y 
respectively. 

4 	Damping ratio 



CHAPTER - I 	 fNT'R©fUCTION 

A body standing in Still water is acted upon 

by static water pressure • Sat when the water is in 

motion, some additional water pressure is Imposed 

on the body due to inertia of water. This additional 

water pressure is called Hydrodynamic Pressure. It is 

of transient nature. As soon as the oscillation in 

water ceases„ the hydrodynamic pressure disappears• It 

give rise to virtual and added mass effect which can 

be better understood from the following considerations: 

A body, standing in Water#  exhibits different 

dynamic properties than those which are observed when 

the was body is moving in air. The most affected pare 

meter governing the dynamic behaviour is the natural 

time period of vibration. it is an observed fact that 

the time period of a body oscillating in water is 

elongated • Since the stiffness of the body is not 

altered, this indicates that the effective inertia or 

the effective mass of the body is increased. the incrr 

ass in the mass of the body Is due to the effect of water 
This increase is defined as *Added Mass' , while the total 
effective mass of the body oscillating in water is defined 
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as •Virtual Mass• • Hydradynoeaic pressure and the added 

mass are interrelated. If hydrodynamic pressure di.tri-

button is known, added mass can be calculated• the hydro 

dynmsic pressure gives rise to additional forces in the 

structure• Hence its determination is necessary for the 

structures which are standing in water like Intake strur 

ctures and bridge piers or those which are standing against 
water such as dial (Earthen, Bockfill, Masanary) etc 

To compute the hydrodynamic pressure on plan• 
surfaces, Zanger's and 'M,estergaard's theory are usually 
applied. 'these theories assume the structure to be rigid. 

Uoreov3r the reservoir water has very little or no cost' 

unication vd th the pore water• These conditions are rer 
Used in a masonary dam• at the same may not be egpli-
cable to earth and rockfill dams • The voids in rockfill 

mass of the dens are particularly quite large and the 

water in voids is probably able to communicate rather 
freely with the reservoir crater• 

1.1.  OWECTIV2Z AND SCOPE OF THE StUDY 

The main objective of t►is study was to invesr 
tigate, by model experiments, the hydrodynamic effect 

on the upstream shell material of earth and rock fill 

dams and to compare the sass with the theoretical values 
as used for concrete or casonaryr daces 
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In the experiments different materials were 

use-i for the fill with different slopes to study the 

effect of physical properties of the material on the 

naritude of the added mass • DDrping In all the cases 

was also found to see the effect of reservoir aster 

on the daeping• 

The fill materials used varied from fine send 

with mean grain site 0.70 mm to shingle with average 

particle size 19-03 an • The permeabilities of the 

materials ranged from 2.2 crs/sac • to 11-o cm/sec • 
o upstream slopes of 	20o  and 	2280 	were used 

The slope of the impermeable care was 450  to l 	rizorr- 

tal • The reservoir .lev l was varied from full 	to 

zearo • The virtual and added mass values are deter- 

mined by an experimental set ups  specially made for 

the purpose, by measuring the natural period of 
vibration by fre. vibration tests. 

1.2  OU1UNE OF THE 1HESIS 

In Chapter,? II 9  a brief review of the 
previous work done on the problem of hydrodynamic 

pressures and virtual mass Is presented. Theoretical. 

as well as experimental work done is described• the 

method of approach and the assumptions made by vary 

out authors to evaluate the hydrodynamic pressure 

are stated. 
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Chapter III dads *4th the physical properties 
of the materials used in the experiment- Definitions 

and necessary formulas to determine the properties are 

also presented 

Chapter IV and V deals with the experimental 

investigation of the effect of the reservoir wetor. on 
dynamic characteristics of the model dam- 

Details of experimental set up and technique 

of testing rrith and without reservoir water is given 
in detail. The values of the added mass found experi-

mentaily are compared With those obtained by zenger's 

theory- 

Discussion of the results and conclusions 
arrived at are presented in Chapter VI - 



CHAPTER 11 
	

REVIEW Of PREVIOUS MRK 

24 HIS"ORICAL GLANCE 

most of the theoretical studies on dynamic 

mater pressure on a dam coast at in finding out a 

suitable solution to the equation of fluid motion 
with respect to given boundary conditions. Usually 

it is assumed that the upstretm face of a dam Is vet 

tical and the reservoir water spreads sri-infinitely 

with a horizontal bottom towards the upstream. 

The problem is in reality a three dimensional 

problem and involves many parameters• Suitable assum-

ptions are made to .simplify the problem. there are 

t points t~hich have been changed, depending on the 

investigators, in the theoretical studies on the dynamic 

water pressure acting on a dam or inside a water contain-

er- The first is the compressibility of rater. Some, 

have considered it and come have ignored it in the 

analysis. Second is whether the acceleration due to 

gravity is taken into the equation of motion or nets 

The boundary conditions in all the cases are more or 



.iess the same,.. (4,8,8,11,19,21,22) namely, the body 

is rigid i •e • the horizontal movement of the upstream 

face of the dam is same as that of the grounds  the 

water pressure is zero at the water surface, the ver-

tical component of the movement of water particle is 

zero at the base. The ground motion due to earthquake 

is replaced by a simple harmonic motion for convenience 

of calculation- There are few report: in which the 

vibrational characteristics of the structure are taken 

into account (9,10,14,18)• In one of the report the 

irregular notion as the ground motion during an earth-
quake is considered (26) 

Experimental work on this probirn is also 
available. Various shapes of the bodies have been 

experimentally tested (8.8■18) • In one report model 

darns were constructed on shaking table and the dynamic 

ranter pressure acting on a model dam was measured 

(15) • There edits a few reports (Zp) Where virtual 

masses of bodies of various shapes have been found 

experimentally. 

2.2 WILINES pF IMPORTANT STUDIES IN THIS FIaD 

I. H .M .MESf€RGt*iW (22) 

Re found out the dynacaie water pressure by 
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solving the equation of fluid motion and propesod the 

formula known by his name, after simplifying and 

approximating his solution • Zt is probably tho first 

study of the dynamic water pressure on a dam. 

Besides the assumption stated above, it was 

also assumed that the relative movement bst ►en the 

dam and the water particle Se small enough so that 

the derivatives of higher order may be neglected. 

Adopting the coordinate system as show in 

Pig. (1) the following equations are used as the 

equations of fluid motions 

Co. 	wo '6 

dx 	g dj2 

	

~ 	 ( 2•1) ep 
 

WO d 

4t2 

Equation of continuity: 

e! 	
dri 

	

a - K( c e 	) 	 (2.2) 
cry 

The ground motion in an earthquake is assumed as 

 2tt 
 cos 	•1 	 (2.3) 

Various terms appearing here are, 

h 	depth of water in reservoir 



g 	a Acceleration due to gravity 

k 	a Modulus of elasticity of volume of water 
(bulk modulus) 

xo it Define the displacement of ground at ony instant 
, t$ & 

a 	n Hydrodynamic pressure 

rt ,'% A Movement of eat r particle in the direction of 
x and y respectively 

T 	a Time period of ground motion 

pro a Unit weight of the water 

ftundary conditions used are ; 

i) (C i y„0 	a 0 	 (2.4) 

ii) P't' yah 	a 0 	 (2.b) 
421k 	2 x t (2.6) 

iii) I 	o p 	*~ - 4 -A2 ecs 	r 

iv) a approaches to zero in accordance with 

increase of x 

Solving the equations and substituting x = 0 into 

the solution finally We obtained . (n-1 

j 	 8'c wo h 	 (-1) 
I dP I 	" 	 (2'y) 

	

x~ 	X 	.365 n2 en 
where, 	2 

16as0 R - 1 

	

n 	 n2 9 KT2 
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The equation was further approximated assuming the 

hydrodynamic water pressure distribution as parabolic 

with vertical axis• The approximated solution is 

o. s C 4 J ny 
	

(2.8) 

where, 
C is a coefficient depending upon h/T 

In the range considered in this theory 'C' varies very 

slowly, 	
l 

with T >_ 3 SOC 

it (310 ft. C a 0.026 ton/ft3  

31.0 < h f 540 ft • C a 0.027 ton/ft3  

540 < h 	C 680 ft. C e 0.028 tots/ft3  

Therefore a constant value of 'C' could be taken as, 

C a  0.02734. 

vie  a 0.03725 ton/ft3  

.  . st 	0.02744 (J 	(2.9) 

Further simplification waa done by assuming that a 

certain body of water is moving with the darn. This 

body of water considered in the form of ice frozen 

its in horizontal layers {the expansion of ice due 

to freezing was ignored). 
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The shape of the body of water or ice was 

determined such that the inertia forces became equal 

to the pressures actually exerted by the water due to 
dynamic action. 

Let 'b' denote the dimension of the body in it 

direction at a depth 'y' (Fig. lb). 

Therefore1  corresponding mass per unit area of the 
upstream face of dam 

bw 

9 
b „b 

• Inertia force 
9 

••(2.10) 
This should be equal to ct 

• tr 
• • 	b 

wo  at 

0.02734 d Sy 

0.03725 4 
From 2.10&2.12 

e 	W04 J uy 

••(2.11) 

y  rhy 	•(2.12) a 8  

••(2.13) 

(U)  HATANO'8 STUDY (Sib) 

x  4 9 •b%4 

Hatano had some objections to rsstergaard's 

study. He corrected them and vorked out his ovn 
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solution • The objections tee, when (ti/fl < 360. ; 
is imaginary and ctestorgaard's solution cannot be 

used• Moreover It is also unreasonable to put aa 0 

at x a a • His solution is as follows: 

Tara. the coordinates system s'honn in Figs (2)• The 

equations of the fluid motion are , 

I 
o ~ 	B 	~ Cr 

Wo b 

d2 n 	g 0c 
n .e  

t 	
9 li_a Y 

•.(245) 

Motion of the data is (4 9 /w2 ) sin wt in the direction 

of x whore w is the circular natural frequency of the 

ground motion (we 2A/T). 

Boundary condi bons are, 

i) 	f I 	= p 	 ..(2.16) 
°Y ya ' h 

li) - 	 cos wt 	• •(2.17) 
ci x x00 	w 

a2f 	of t 
lii) 9 0 + 	I 	s Q 	••(2.18) 



12 
where. 

~ 	f 
o _ t~ 	o  g - 	and 	-  g. 

dt  Cx  of  Op 

Solving: 

4 at vso 	sinh Koh a = -+—~--- 	cosh IC,o (Y+h)cas(wtrJflx) • 
o Binh 21Oh +Z0h 

	

+ r 44* cq~ sin 2K~' It 	cosK'(Yth)tos(wt<J X) - 
m 	J' sin2'h +'Wj H 

'K 4a *0 sin *h 	 JQXsinwt 
todC'(yeh) -e 	(2.19) 

m=r+l 	 'a sin2 h+2%h 

where K. =. the root ,of K tanh kh = 

	

Ke =rootofK tankK'h a 	w2/9 

= C2 ,.K2 o _ o 

_  - ~2 	for C2 ' K'f 

2 _ 
Ca 

gK 

He also carried out model tests and measured the 

dynamic water pressure acting on the model darn construe" 
ted on a vibration table- 
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(III) kIZO'S STUDY (2) 

He solved the tvoa dimensional Laplace equation, 

in velocity potential (0), subjected to various boundary 

conditions. 

Using the coo rdinetes system as in Fig • {3) 

 420Q 

•x2 r 
	0 	 {2.Z) 

boundary conditions ere, 

1) 	 ( 2.f.) 

°y y~h 

2-As 	2"t 49 ca$Wt 

dx xaD

WL 
i1i) 	

,.2 # 9 Q~ 	(2.23) 

(2.22) 

where, a a Amplit3de of ground motion 

we 2•'A /r 

Finally the obtained. 
Cc 	- Cnx 

of a A. sin(wtC x) cosh C0(h+y)+cos wt 5 A s cosCn(h+y) 
n.1 

(2.24) 



.14 

Q s 	i S. 	 (2.25) 
Ot x~0 

whore, 

4 4 9 sink Coh 

C;w (2 Cbh •sinh 2 Ch) 

4acgsin Cnh 

C,w (2 Cnh + sin 2 h) 

C0 tenh CQh = v2/g 

—;tan Cn,h ' ?/9 

Dynamic water pressure is obtained by equation (2.24) 

and (2.25) 

(Iv) ZANGER• S APPROCII (25) 

In all the previous studies the upstream face 

was considered vertical but Zanger established a simple 

formula, to calculate the dynamic water pressure , app' 

licable to the dams which are having sloping upstream 

face. The slope of the upstream face was considered 
to find a coefficient (C) appearing in the formula - 

He also gave relationships to evaluate shear forces 

and bending moments. -: ith the help of these formulas 

added mass can be calculated as given belows 



is 

Os C *1 o h 	 (2.26) 

C a Cm h {2 - 	' 	s i2 * 	(2.227) 

%OX - Max. shear force - 0.726 a' y 	(2.28) 

Inertia force .a _ Qaax a 0.726 +r 
d 

=0.7260 s h 

Added mass w Inertia force/Acceleration = 0.726 C vM/g 

Added weight = 0.726 Cwh 	 (2.29) 

Total increase in weight = adder weight intensity 
x Area of which it acts  

0.726 CA •A 
there, 

n seismic coeffiti t 

'e 	a Acceleration of ground motion. 

h 	Maximum depth of reservoir 

y 	a Depth from top of reservoir to the point under 
consideration. 

C~ = 
 

Depends on slope and is equal to 0430' $ ), 

where 0 - Angle In degrnos that the slope of dam makes 
with horizontal 

In most of the studies on dynamic water pressure acting 

on a dam, the reservoir upstream of the dam nsa thought 
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to be infinite. 	But when the upstream of the dam Is 

considered finite, fluid motion 	in a reservoir 
is, in principle, similar to that in a container 

or outside a body when it is surrounded by water. 

Notable studies on the oscillation of the fluid in 

a container or around a body are as followsi 

(s1 L.S.  JACOBSEN (13) 

Jacobsen published a paper in 1939 on impulsive 
hydrodynamics of fluid Inside a cylindrical tank and 
of fluid surrounding a -cylindrical pier. in his theo-
reticel approach the three-dimensional Laplace equr 

Lion was intograted at the surface of cylinder 4th th 
the help of kno%D boundary conditions. The ground 

motion was considerS as the simple harmonic motion. 

x = f(t) sin a where the coordinate system show n 

in Fig. 4 is adopted • The velocity potential oquation 

in cylindrical coordinates i.e. 

1 07.1  d 
,t   r? + r +3r  + z 	+ 	- 	fl (2.30)  

where d # velocity potential, 

(r,O,x) a  cylindrical coordinates, 
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The prossurn is then determined by, 

{r .c —w 	 (2.31) 

Boundary conditions are similar to those used by 

nestergaard 

i) 	1w'! 	fi og r*!! 	 (2 42) 
s~4 

Si) 	-0 	 (2.33) 
zah 

iii) Translatory velocity (u) in the direction of x 

at r as must bs equal to 

i`(t) _" 	cos e 
of 

i •~-. 	I t_ 	ros O 	(2.34) 
rma 

3vj Circumferential velocity at A and B Is .zero 

	

f ~ 	_ 	(2 .35) 

where, a m radius of cylinder 
h - depth of water. 

W - translatory velocity in the direction of 
z— axis 
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Finally he obtained, 

a 	'+o 	Sew f 'f t)mss a 

	

	cos nxr -Pn.li(ir►Kr) 
1,3,5 

4 	1,2 	 (2.36) 

An • ?C K jo  ((a ) ' nt a   l ( K2i ) 
4 	a/n2  

I 
y(ix) + Ka yl (iKa) 
0 

utters i n - 1 

jot 1 	nassaNs function of first kind of orders 

0 and 1 respectively. 

yQ  r y1 ; Modified Bessel's function of zero and first 

order respectively- 
n 	* Integer 

(VI) H.Gfl0 ANO K.lCfl (8) 

They followed the same approach as by Jacobsen 

to find the dynamic water pressure on submerged circular 

cylinderical piers and obtained the follord.ng relation 

to determine dynamic water pressure' 

	

2' 	(_1) 	4 Kl( c(a)cos r 
a a h Te 

m 

	

1 	h  

	

Thai. 	ma  Q  f Ma)  +K2f ma ) 
(2.3s) 
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where 	2 
V, tan %xha- ...-; 	 (249) 
ag 

~t8 • 1Cl , K2 are the Bessel'e function of the order 

of 0, 1 and 2 respectively. 

(VII) VERNER AND SUNDQUIST (214 

They published the theoretical solution of the 

dynamic water pressure in various shaped tanks affected 

by vibrations. The solution is as follows' 

Consider a rectangular tank as shown in 

fig. (5) • Equation of fluid motion and the boundary 

,conditions are exactly the same as restergaard*s case. 

However, an additional boundary condition is imposed 

in this case due to the finite width of the reservoir• 

[ 9 	2 At 	(2.40)2 en 

	

7c a 	4-1 	T 

The expression for dynamic water pressure is as fiver 

here, 

.. h 	2 y t 	I 	COsh Ox . cow(J%x w 

	

o 	T 	)h(2n#1)2 	sin y Q nC 

• sin ( .1) 
WY 	

(2a1) 



tThere, 
V eX(2n+Z) h 

h 
'kn' 	1' " (2U)KT j 

9 r4 _K 
A0 

if a length of reset it or width of tank 

The resultant of the dynamic water pressure acting on 

the wall perpendicular to sr axis is, 

	

lb 	 2 nt m 	1 
R "t : 	t10 ca-~-~- 	- -----3 +fib 'FE 

	

~l 	 T n•o 	 .0 

(2.42) 

(VIII) G•VI•HOMER (11) 

HOusner calculated the dynamic fluid pressure 

in a tank theoretically- His approach was different in 

the sense that he did not start from the equation 

of fluid notion. Bit he divided the actual fluid 

motion in a tank into fundamental motions and establii 

shed the equation for each simple notion. Combining 

the simple equations he obtained the theoretical 

solution of the equation of fluid motion. The fluid 
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is replaced by an equivalent mass system in his 

analysis- In the theories reviewed above, cases of 

dynamic watgr pressure on cylindrisal water container 
and piers are also included to complete the review 

work on hydrodynamic pressure studies. Moreover if 

the reservoir 1^ngth is considered finite then the 

case is comparable to those of piers and water eorr 
tainers. 

All these theories except Zanger's theory 

assume the water face of the structure to be perfectly 
vertical. This assure ption is quite reasonable in 

masonary dams where the upstream face is vertical 

or very near to vertical. Bat In case of earthen 

and rockfill da sg  where the slopes are of the 

order of 3.5 : 1 to 2.0 a 1 . this assumption will 
result in excessive values of dynamic water pressure 

and will cause uneconomical designs 

Keeping this point in vier the author has 

used the Zanger's formula for the purpose of compari-

son of experimental values to theoretical ones-

Moreover folloczing points erarhasize the use of 

Zanger's theory • 

i- 	It is the only th-nory which considers the 

slope of upstream face in the formula. 
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ii- 	I'S• Code for design of shock resistant 
structures also uses this theory. 

iii. 	The formula is simple and quite accurate* 

Reliability of the formula was judged by 

finding the added weight on an inclined mild_t oS-
plate• the result compared well with that given by 

Zangor• s theory. 



CHAPTER III 	FHY3ICA1. EROPRU 3 OF Tiff u TZI I.c.LS 
U51M Ill THE 3ti t (26) 

physical proportion such as specific gravity 

(Ga1 , void ratio (a), groin size distribution, r r 

aeabi llty (K* spa det~xsined ozperleentail'; for 

the falloring materials uscd in the test. 

1 • 	Fine sand (Rsnipur) 

ii • 	Chars* sand (Salo r) 

iii • 	Small size gravel- 
Iv. 	Larga sized gravel.  

34 SPECIFIC C,AV1Tit 

Spocifid' gravity of the solids was dotetinod 

by pycnoavtar method using trio follow my relationship. 

" 	pa 	 (34) 

a 

there, 

-ta a Ctight of dry soil 

t:`aight of pycroaoter 4 soil 4 Mter- 

s .'ei.ght of pyenosatsr full of eater-

Cy • Zncifi.c gravity of solid particles• 
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3.2 VOID RATIO 

It is defined as the ratio of voltno of 

voids to the vol cs of solid. It ms dotarbinod 
fro~s the failarlag forsulo 

Vs  
is a (GS a!) 	 (3.2) 

a 

mss, 
Vs  a 	Wiul v of soil sa nplo 
Us  a 	t'jght of soil silo 
e a 	ilkid rratio • 

3.3 €iflt$ size DIS ERIWTZI 

It rat determine by sieve analysis method' 
The res-iltt are in the form of curves shorn in Fig•(G)• 

3.4 P rzAMLXTY  

Coefficient of perwabilityr (El) to defined 
as the rate of discharge of water under lsminer fla.w 
condition through a unit crass sectional area of the 
soil under unit hydraulic gradient and standard 
teperatire torsithan• 

It cat determined by Variable flood Darer 
meter using t a falio•ing formulas 



! * 	2.303 	~c log ( 	1 ? 	[3.3)At 	 2 

eS ` 	Area of crass section of stand pipe 

a a 	Area of Cross auction of aril scple 
hi • 	Initial heal of rat.»r- 
I3 + 	lbad of water after tizs 'V has elapsed. 

K' 	Coeffteiant of permeability 
t 	Urn. period *lapsed 

All the physical properties era gig► in table (I) 

'Nate: toneabllity of 3/4' gravel t Ul be of the 

order of 11•oC,..isac 	"' 



EXPERIMENTAL SET UP 

Experimental set up consisted of rectangular 

tank made up of 1/$* thick steel sheet fig .(IQ) . The 

tank was made in two parts. One part was fixed to the 

ground with the help of four channel sections. Stiff= 

ness of this part was made very large. This part repre- 

sented the part of reservoir far away from the dam where 

the water is stationary. The other part was fixed to 

the ground 14th the help of four round steel bars, of 

13 nm diameter, one at each end. This part was made 

quite flexible so as to make the ti ie period large 

enough. In this part at one end a mild steel plate 

was welded, inside the tank, with an Inclination of 

450  to horizontal. This plate represented the imper 

vious core of an actual earthen dam or an rock fill 

dam. The assumption of no seepage through the foundtr 

tion core or sides is thus realised. The fill was 

placed against this Inclined plate and it represented 

the upstream shell of an earthen dam. The other end 

of this part was connected to the part of the tank 

already fixed, with a flexible rubber membrane, so that 

it may oscillate freely keeping the continuity of 

water in the two parts. The water in the movable 

part of the tank represents the reservoir water near 

the dam itself. Fill was placed upto 28 cm height 

and the full water depth was kept at 25 cm. 



lb enable free vibrations of the flexible 

tank containing the model dam, a realising system was 

provided to it by introducing a clutch and a thin wire 

string tied to the tank and carrying a fixed load at the 
other end. The wire was carried around a small pulley 

having negligible friction, so that loss of tension due 

to friction was negligible. At the bottom and of the 

tanks a wooden block was fixed to accommodate an accelr 
ration pick up- A pen recorder and a universal ampli-

fier were used to record the free vibrations of the 

system. 

To ,verify the applicability of the single 

degree freedom system formula for obtaining the effective 

weight of the materials in the tank, the free vibration 

test was first carried out with a known quantity of fill 

placed in the tank. It was soon that the Hass obtained 

by the frequency stiffness mass relationship was slight- 

ly different from the actually measured weight of the 

fill• the stiffness was assumed as that obtained from 

static load deflection curves (Pig. 8)- 

For comparison of virtual mass with the theore-
tical results, actual mass of the material of fill was 

obtained from the frequency relationship and this mass 

was adopted in computations- 
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Fig-Ica' 
1 • Mild stool plate. inclined it 450  
2. tbodcn block to accbflñPUdate the pickup 
3. Flexible rubber Maabr&fl*t 
4 • Fixed part of thcsnbdel 
5 • movable part of the tank 

Fig- lob. 
rumen tai Set up 
Lversal MQplifier. 
eleration pickup 

t recorder- 





CHAPTER V 	 TYPE OF EXPERIMENT 

5.1 	In each case two types of tests Se.  static 

and dynamic were carried out• Static test was done to 

find the load deflection relationship- Then free vibra-

tion test was conducted to determine the frequency and 

damping etc., For this test, the system was pulled to 

a distance of 1.0 to 1.5 cm (for the system to remain 

in elastic range) and then suddenly released. The sys-

tem started oscillating and the direct record was obtr 

fined with the help of 'brush* oscillograph. 

In the first case, using fine and as fill$  

the free vibration test was carried out in the following 

six stages to ascertain whether the test was repeatable 

or not under similar conditions: 

I 	No reservoir water-  

II 	Reservoir full. 

III 	Reservoir drained to half of the full level. 

IV 	Reservoir drained completely. 

V 	Reservoir refilled to half of full level. 

VI 	Reservoir full of water- 

The results showed that the experiments are repeatable. 

Therefore, the other materials were tested only in I,I1, 



and IVth stages • The IV th stage was considered to 

determine the weight of water retained in the mater 

Sal after immediate draining• 

Two different slopes were tried i•e• 260  

and 25o  to horizontal to see the effect of slope on 

the virtual mass and added mass of the structure- 

5.2 BEHAVIOUR OF THE STHUCYURE UNDER FREE WBRA71ONS 

9.2.1  time Period 

Time period of the system was elongated when 

water was filled into the reservoir • A minimum of 6% 

and maximum of 9% increase in time period was observed 

Elongation in time period of a structure vibrating 

under water Is compared to its vibration in air Is 

a general known fact and the same was observed hero 

also 

5.2.2  Damping 

It was found to Increase when the structure 

was vibrated under water. The value was of the order 

of 0.3% for fine materials and of the order of 2.5% 

for coarse materials. The increase in damping was 

of the order of 80% to 90%. 



5.2.3.  Mass; 

Effective inertia of the system increased due 

to increase in effective mass as was apparent from the 

change in time period. 

5.3 •  LATERAL LOAD DEFLECTION TESTS 

Load deflection tests were conducted in order 

to determine the elastic range and sthffness • Amplitude 

of the system was kept within this limit while conduct~ 

ing dynamic tests• The results are presented in the form 

of graphs shoun in Fig • (8) • 

5.4  FREE VIBRATION TESTS 

The experimental system behaved as a single 

degree freedom system having the usual frequency 

relationship as follows: 

F—mf a 	c.p,s. 	(54) 
2x 

where, 

f 	frequency of the system' 

!f' * stiffness 

m 	n effective mass of the system- 



31 

Ilme period , T , is then evaluated bp, 

T as 2-AF;1 sec 

Thus to determine the time period, Class and stiffness 

are needed. The stiffness is calculated as below: 

1lEI 
K' = 4 x 3 	Kg/Cm - 	 (5.2) 

L 

where, 

L 	a Length of the leg in cm. 

E 	_ Modulus of elasticity in Kg/crag  

I 	g Moment of inertia of one leg about its diameter. 

In the present case, 

L = i40 cm• 

E 	a 2.1 x 106  Kg/cn2  

I 	` 	, d a diameter of the bar ss 12 m - 
64 

K' - 4 x 12 x 2.1 x 106  x (1.2)4  x 

(64)x(i..i0) 3  x 10 

= 17.3 Kg/cm 

Stiffness was also found from the load deflection 

curves• This stiffness comes out a little higher than 



the one calculated about• A slight variation in stiff-

ness exists show ing a variation for each material• 

Experimental stiffness takes into account some other 

factors which are difficult to account for In the 

calculations. Hence the experimental stiffness is 

more reliable • An average value found on the basis 
of the plots in Fig. 8 is used in all the calculations 

instead of the theoretical stiffness. 

5.5  EFFBC'TUVE  MASS 

In computing the weight of the system the 

unit weight of mild steel was taken as"7.85 gee/cc. 

However it was not possible to take into account 

the weight of fixtures like nuts and halts screws 

and steel strips • Therefore, the weight was also 

computed experimentally by the known stiffness and 

frequency of the system • A difference of 1.7 Kg was 

observed• That could be due to the above mentioned 

reasons 

K, 1  ma 
4  w2 

Kg.sec2/cm 	(8.3) 

For empty reservoir condition, 

K► 	a 18.66 Kg/cm• 

T 	. = 0.347 sec • 
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m 	a mass of tank• 

w 	a sag m weight of tank. 

Therefore, 
K' T2•g 	18.66 x 0.3472 

lI s— 2 	 1 x98 
4, x 	 4A 

n '56 Kg • 

The computed weight comes out to be 54.3 Kg• ibwever, 

after the experimental vmrk was over, the tank was 
removed from the grourrd and weighted • It was found 

to be 55.65 Kg • But . the experimantal value of 56.0 Kg 

was considered more pertinent in the method adopted 

for evaluating all the effective ;eights by the frees 

quency formula. Hsnce in further computational ierk 

the calculated value of 56 Kg• was used .  

Free vibration tests were then carried out for 

the various materials used to represent the earth dam. 

Time period and damping were determined from each record. 

The results are presented in Table (2)• Damping was 

calculated by logarithimit decrement formula. 

{5 	~*-- logo 	 (5.4) 
2 	X2 

x.1 and x2 are successive amplitude of vibration 

'PS 	is the fraction of critical damping. 
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5.6 CALCULATION OF VIRTUAL AND ADDED WEIGHT 

T 	2 ~ K 

ort cc ji  

• mdw 

• Tdry C. 

~drY 

sub 	 (5.5) sub °C 
sub 

Taking an average value of K, 

Tdry  ~arY 

a 
Taub 	Msub 	 (6.6) 

or msub Im 	[ "fib 	=drry 	 (5.7) 
Tdry 

2 

or t1sub t 	
Tsub 	 (5.8) 
Tdry 	dry 

where, 

dry ° Mass Of the system vahen there Is no water In 
reserv,~jr. 



msub 00 Mass of the system when the reservoir if full. 

W 	rU 	= corresponding weights of 
dry sub 

	system.  

Tdry ,Taub = time period corresponding to the two 
different stage of reservoir. 

pisub contains the weight of the tank plus weight of 
the material plus added weight due to hydrodynamic 

action plus effective weight of water in voids. Wsub 

less the weight of the tank gives the virtual weight 

of the fill - 

Added weight = Virtual weight of fill - weight of dry 
material - weight of water in voids. 

Added weight was also calculated by Zanger's theory 

treating the fill as impervious body. The added weight 

calculated on the mild steel plate from Zanger's 

theory is very nearly equal to that obtained by experi-

ment. This theory is applied here to the earthen and 

rockfill dam models also 

p a C do Wh 

C = 2 m 	'h t 2" 1) * 	( 2- ) 
~i 

The value of Cm is dependent upon the Inclination 0 



of the surface with the vertical. 

t}+ # 0, 15, 30, 45, 60, 75 

= 0.735, 0.625, 0.52. 0.41, 0.30, 0.17, 0.735 

For the mild steel plate, 0' a 45° , Cm = 0.41• 

For the fill case f 1) at = 63 , Cg = 0.26 

For the fill case (2),0' =700 ,G~  

y =125cm 

h = . 28 cm . 

	

1 	2'3 ~ 2 - 25) + 25 t  

	

plate 2 	
a

J x0.41 	 28 	2B 

0.390• 

Added. weight a 0.726 C w It • A 

a 0.726 x 0.395 x 1000 x 0.25 x 0.60x0.25 

= 10.78 Kg 
Experimentally this value comes out to be 11.00 Kg 

0.30 0.17 
Now C~ I 0 = 65° - 0.30- 	15 	

5' -0.26 

= TO° = 0.30 	0 __ 0.17
x10 = 0.22 

15 
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C" 65° s 2 x 0.26 x 1.9265 	0.25 

704 = 1 x  0.22 x 1-9265 a 0.22 
~O  2 

Added weight ( 0S a 65°) 

a 0.726 x 0.25 x 1000 x 0.25 x 0.60 *0.25 

s6.92 Kg 

Experimental values comes out to be 60%. 66%. 78% 

and 85% of the above for fine sand, coarse sand , 

small gravel and large gravel respectively. 

Added weight (d s 70° } n5.77 Kg. 

Experimental value comes out to be 59%, 76% of the 

above for coarse sand and large sized gravel respectively- 



CHAPTER vi 	 RESULTS 

The observation made in the experimental studies 

conducted have aro as follows 

1• 	The hydrod ynamic pressure increases with decrease 

in void ratio' For the case of smallest void ratio the 

hydrodynamic pressure approach the value obtained from 

Zanger's theory .(FS) 

2• 

 

Better the gradation more is the added weight. From 

the grain size distribution curve (Fig•46) it is seen 

that the large size gravel has the best gradation out 

of all the materials taken in the test. The added 

weight also is maximum for thbs ease. 

3- 	It is seen that slope of the shell also affects 

the added weight. Flatter the slope lower is the 

value of added weight. 

4• 	Damping is indicated to increase with increase 

in reservoir water level • 

DISCUSSIONS 

In the experiments conducted in this study the 

hydrodynamic pressure or added weight in all the cases 

is lessor than what is obtained by using Zanger's theory 
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except in the case where upstream surface is adopted 

to be of mild steel plate • In this case the result is 

very near to that obtained by Zanger's theory• This 

observation exhibits the difference in behaviour of 

the system in the two cases• In case of fill the 

magnitude of added weight Is reduced apparently due 

to the communication of pore water with the reservoir 

water• It is also supported by experimental study where 

it is found that the added weight increases utth increase 

in particle size• This is probably due to the fact that 

in case of large size particles the bigger voids will 

be filled up by smaller size particles present thereby 

decreasing the void ratio. The gradation of larger 

site material is also found to be improved for the 

materials considered• Hence the communication of pore 

water with reservoir water would be lesser for soils 

having lower void ratio. Therefore better the graduir 

Lion and lower the void ratio more is the added weight 

Now if we extrapolate this to the limiting case of no 

void ratio, we can say that for impervious materials 

e-g• the case of mild steel plate, added weight is 
maximum. But in case of fill materials the void ratio 

will definitely have some value• Thus the presence of 

voids would allow communication of water to some 

extent and reduce the added mass- 
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The effect of communication of reservoir 
water with the pore water may be viewed as the case 

of a perforated plate standing in water wherein the 

hydrodynamic pressure would be lesser than for a solid 

plate • 

CONCLUSIONS 	 iO 
rcmiI 1r2y UNAPP411Y E.e' i fl 

In the present case for the best gradation 

curve the value of added might is 85% of that given 

by applying Zanger's theory• For the poorest gradation 

it is about 60% of that obtained by Zanger's theory 

Soc. for the case of fin# sand. In an actual earthen 

or rockfill dambest possible gradation of various 

size particles is used to obtain maximum compaction 

and strength. Therefore based on the results of the 

study, Zanger's theory is recommended to be us?d for 

evaluating the dynamic water pressures on earthen and 

rockfill dams, the pressures being appropriately 

reduced depending upon the void ratio of the fill 

material.  

Damping apparantly increases due to the hydro 

dynamic action of the reservoir water. This cannot 

be directly related to the prototype dam where damping 

is mainly associated with the shear strains in the 

body of dam • It is however likely that increase in 

damping due to similar action of hydrodynamic pressures 

on prototype dam may occur• 



TABLE I 

1 • Specific Gravity of the solids a 2.66 

2- Wid ratio = Y, _ ( a 	- 	1) 
vs 

3. [!eight of tank only s 56 Kg- 

Aver 
Parser 
bilit 

Void ki. tbluce !Joight f"efg 5t a  " Ratio of of of of S - Materials mater voids Crater 
no • taken - grain Lai 

{Vv) 
fn voids taken 

mm (v5) 44 (Kg) (x9) 

I Fins sand 1.15 2-2 6.9 

2 Coarse sand 1Q6 3.00 66 

3 Small sized 
gravel 7' 5  ° 5.20 57 

4 Large sized 
gravel 10 f0 52 

5 Coarse sand 1.26 3.00 66 

6 Large sized 
gravel 10460 52 

14400 9750 94 30.5 

15730 10900 10.9 42,00 

19450 10700 10.70 52.00 

22300 11200 11.20 59.50 

25950 17600 17.6 69.00 



TAtE 2 

rchic gravity of the solids a 2.66 
A ratio m icy (S VS ,• 3 ) 

E75  

.ght of tank only 	56 Kg- 

wing Eff ,ado firms 	a+rrfod caeffici.t tine r_t 
Etel s tf 

eyOi at 
K+hwt virts  fill 

' dr'sub 
jgj .1 

'f T t • fre- 
dry sub. .mod ser 

I 
Water 
Kg Kg Kg U 

to sand 	44.5 -458 •463 	•25 .40 108.4 52.40 4.12 1040 

►rso sand 98.00 .462 •500 .400 •35 .60 112.50 56.5 4.50 14.70 

X11 size 
IVet 	111.5 •502 .530 -510 •40 	.fl• 124.0 68 -0 5.30 10.20 

'9e gizo 
ivel. 	115.0 •503 •538 •500 1.10 2.50 1324 76.0 5.8 9.84 

i. sized 
ml 	136.0 •555 -5 •560 140 2.50 162.9 106.9 340 4.50 

no sand 121.0 •530 •56th •547 •20 •51 146.0 88.30 3.40 444 

Sl a 25P  
20a 
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