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S YNOPSIS

This dissertation makes a critical review of the vari-
cus methods, 'analytical and experimental, for the determingtion
of hydrodynamic pressures on dams? containers and piers due to
an earthquake. A comparative study of all the available methods
concludes that Werner and Sundquist's approach to the problem is
the best but for all practical purposes Housner's approximate so
—lutions can be used safely without involving appreciable error,
The experimental work conducted on an BElectrical Analogy Tray
apparatus for determination of hydrodynamic pressure due to an
earthquake on eleven profiles of dams in 4* x 6" x 2" (deep)
.tray, supports Zanger's work. It is concluded that this method
affords a very easy and cheap method for experimental determin-

. ‘.1 . 3 Py
resgure distributicon on a

"

0
o

ation of hydrodynamic p m of any pro—-
file for a two dimensional case only. Study has also been made
to show that how the various assumptions of several approaéhes
to the problem effect the distribution of hydrodynamic pressure
The conclusions drawn from the critical study of the problem have
been summarised in the end. 1In the case of tanks for a economic
design in geismic region,. a open design is recommended, The
recommendations of I,S,I., and U.S.RBR.R. have also been incorpor-

ated 1in the end..
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T b The dynamic fluid pressures developed during an earth —-
quake are of importance in the design of structures such as dams,
water tanks etc. The present work relates to the critical study
of the methods,'that have so far been evolved, with a view to find
suitablity or other-wise of each under different circumstances
and for different structures, This work will, it is hoped, make
the task of ‘the designer easier and will also bring forth the
'“ work for the research worker for further investigation. Available
literature in. this field has provided various solutions to the
problem in which additional hydrodynamic pressures - impulsive
and convective - have been worked out and increase in the effe-
ctive mags of the fluid in.tﬁe liéuid contéining or retaining
structures, hasAbeen found., A critical review of‘these‘methods
helps in finding the rationality and applicability of each method.
The different solutions to the problem differ ossentially due to
difference in basic assumptibns, the validity of which 1is propo-
gsed to be studied here. How these diffe?ént theoretical approa-
ches agree with the experiﬁental results, has been studied hef@.'
The solutions to the problem are more or less same in chafacter
and can be applied to the pfdblém in the field. This, howeﬁér .
needs examining as to which method will lead to correct resﬁlts
without.afpreciable‘error and how much is the effort involved in
applying i% to Fbe-problem in*thé field. The first solutiom to
'}the problem‘of'detepmining the’hydrodynamic pressure im liquid
retaining'structurés‘during earthquake, was that by Westergaard
(1) (1933), ﬁho determined the pressures on & triangular, verti-
cal dam~subjected-to horizontal acceleration. Jacobsen (2)(1949)

suggested a solution of the .corresponding problem fo¥ g cylindri=-
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cal pier surrounded by tluid. Werner and S8andquist (3) (1949)
extendend Jacobsen's work totinclude a rectgngular container ;
a semicircular trough, a triangular trough and a hemisphere. Gr-
aham and_Rodrigues (4) (1952) gave a very thorough analysis of
the impulsive and convective pressure in a rectangular contai-
ner. Hoskins and Jacobsen (5) (1934) deétermined impulsive flu-
id pressures experimentally, and Jacobsen and Kyre (6) (1951)
gave the result of similar measurements., Zanger (7) (1953) pre-
"sented the pressures on dam faces as measured on the elektric
analogy tray for different profiles of dam gections. Experime-
~ntal work of Zanger (7) agrees well with that of Westergaard (1).
Housner (8) (1957) gave simplified formulae for containers hav-
ing two fold symmetry, for dams with sloping faces and for flex-
ibleretaining walls. The analysis includes Eoth impulsive and
convective fluid pressures. In 1959 Seima XKotsubo (9) gave s0--
lutions to a#chﬂdams and has evalugted a solutionm for irreéular
earthquake. \Prior to Kotsubo (9) the problem has been analysed
with a two dimensional analysis but Kotsubo (9) has extended RKis
solution to three dimensional analysis. Ambrasseys (10) has 51-
- ven hydfodynamic pressure coefficients for a faulted basin in
the seventh general meefingvof A.I.R.H., from his experiments on

an electrical analogy tray.

1.2, The problem of determining the dynamic fluid pressures
during earthduakes‘in liquid retaining structures is gaining im-
portance these days due t0 development of the seismic¢c greas in
the country. The cohstruction of massive gravity dams, concrete,
masonary or earthen, and tanks contéining water or oil, has nec-

essitated a thorough and detailed study of tiiis problem for safe



( 3)
-guarding against failures due to the earthquakes and fire that"
usually breakout as a consequence. An arbitrary design procedure

gr neglecting relevant factors is not recommended,

163, Experimental work.haé'been carried out to verfy Zanger's
(7) work with different profiles of dam sections. In all eleven
cases has been studied. Experimental curves obtained from the
electric tray analogy, for pressure distribution coefficients are
quite close to the Zanger's (7) experimental curves , which
shows that the eheoreticél-approach to the problem is justified
within limitations, Experiments ﬁave been conducted on a tray
made of sheet plastic of size 36" x 6" and 1" deep. The different
profiles of damé 6" high, were constructed by binding nichrome

wire giving linear potential drop along its face.  From the

)

flow nets obitained from the electrical analogy itray, pressure co-
efficients have been determined. There is scope of further inveg-

tigation and regearch of this problen,

1.4, After an analytical investigation and a comparative stud&
of various methods, it was found the solutions presented by Hous
~ner (8) are more simplified and easy tb apply. Errors in the so-
lutions are not of appreciable magnitudes in all practical cases
and are confined to 5 to 6% but in most of the cases it is with
in 2 to 3%. The compregsibility of water can be neglected in all
the practical cases as-error caused on this account in the solu-
tions is not exéessive. Housner (8) work has also been reprodu—
ced in the form of curves to enable the designeré to apply the

b
results in practical case.
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2,7, The anglytical as well as experimental modél’uéed for thé
solution of the problem of determining the distribution of hydr-—
odynamic pressures on liquid containing or retaining structures
like dams, containers etc.,, during earthquake, is of a highly
idealised type and it must be admitted thaf in some ways ‘there
ig no correspondence whatever with the prototype, specially when
for the sake of simplicity the choatic motion of the near earth-
quake is asgumed to be of a simple harmonic nature. The same app
~-lies equally well to all atfempts made to analyse the effect of

hydrodynamic water pressures on dams during a earthquake.

2.2, Some of the other factors, to be taken into consideration
if a rigroué solution of the problem is desired, sre the compre-
sgibility of the water, the flexibiliﬁy of the dém; the three
dimensional seismic distmrbances, the effect of gravity upon the
free deformation of the surface of water, the effect of sides sl
-opes in the case of canyons, the dam not beeing straight in plan,
faulting of the basin, and the more important factor of irregul-
arity in time, magnitude of the seismic disturbances and its &ur-
ation. These factors imply that a rigrous solution of the problem
is almost impossible. Turthermore it is questionable whether a
steady state of oscillation can ever be established in a reserve
oir, and whether resonénce or even in phase motion between . the
Fourier. components of the seismic spectrum and the naﬁural mnodes
of the water can ever be attained. . It has beem found (11) that

a long series of the waves of the same period and amplitude 1is
not required for setting up reasonance, and that two or more im-

pulses of quite different 1nten31ty timed at right interval, can

accompllsh thig, phenomenon of resonance. But again it is ques-—
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tionable whether the right interval can even be atfained.

5,%., So the characterestics involved in the calculation of
the hydrodynamic pressures greatly complicate and make dodtful
the implied accuracy and security of'aﬁy rigrous éolution as a
sole criteria. Therefore it 1s justified to balance the factors
that can possibly be involved in a mathematical or experimental
treatment of the problem. The accuracy in simulating the cond-
itions to be encountered during earthquake must comparse with
the accuracy within which a prediction or estimate can be made
on the seismic factors., A higher value of the seismic coeffic-
ijent will increase the cost of structure considerably. The cost
of structure increases more rapidly with the increase in seismic
coefficient, A thoréugh investigation should be carried in de-
ciding the seismiec coefficient in all the major projects in se-
ismic zones. In the treatment of the problem, a simple solut——
ion is obtéined only on the basis of macroscopic information on

the involved quantities.

2.4; The theoretical treatment of the problem produces great
difficulties if the boundry conditions are functions of the ei-
ther of variable to be used. A simple solution of the problem
is obtained from the Laplaces equation on the assumption that
water is incompressible, with which suitéble boundry conditions

define a monochromstic solution for the hydrodynamic pressures.

2,5, The hydrodynamic pressures during earthquake will be gt-

udied for two types of structures,namely,"dams" and "containers’

includingcincular pier ".
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2,6, Ccnsidering "dams" first we know that the additional st-
resseg in a dam during an earthquake can be accounted due to :-

(a) The acceleration of the mass of the dam i.e., inertia forcss.
(b) The change of water pressure i.e,, hydrodynsmic pressure,

(¢) Increase in the horizontal vibrations of the dam due to
resonance.

(d) Due to the movement of silt and ice on upstream face of
the dam and,

(e) Due to the movement on faults.
2.7 During seismic orcillations, the volume of watef on the
upstream side of the dam would be energised and COnseqﬁently co-
mpressional pulses thus génerated, inside the mass would be im—-
pacting against the wail of the dam and thus extra hydrodynamic
pressure is impressed on the upstream face of the dam, over and
above static water pressure already existing. The process and
nature of generation of extra hydrodynamic pressure is principa-
11y the same as those for sound waves in water or on any fluid ,

The velocity (1) of these compressional waves in water has been

found to be equal to V gk .
W

2.8, The pioneer work of determining the hydrodynamic pressures

on thé body of a dam is due to H.M, Westergaad (1) who first pr-

esentéd an analytical solution to the problem in 1933.

2.9. The water pressure on the upstream face of the dam or due
to the tail water is modified during an earthquake., The exact

nature of the variation is highly involved due to the complei ch
—-aracter of the vibrétory forces set up during én earthquake. A
simplified approach to the problem has been suggested by Wester-
gaard(1) . Other significant contributions in this direction are

due to the following :=



(1)
(2)
(3)
(4)
(%)
(6)
(7)

detail.

(7))
Von Karman (11)
Jacobsen and Hoskins (%)
Werner and Sanquist (3)
Zanger (7)
Ambraseys (10)
Housner (8)
Seima Kotsubo (9)

We shall now examine each one of the available work in

2.10, (1) H.M,Westergaard (1)
b .

(w1)

(vi11)
(v111)
(1X)

(X)

(X1)
(x11)

(X111)

Westergaard's esnalytical soiution to the problem is ba-

the following assumptions:-

The dam body is gtraight- along its lenth.

The upstream fac¢e of the dam is vertical.
"The vibrations in the earthquakes are assumed hcrlzontal

in a dlrectlon perpendicular to the dam.

All points of the foundation have the same displacement,
velocity and acceleration at the same time.

" The displacement of a particle of water (u,v) in the

directions of X end Y respectively are small

The dam is subjected to a simple harmonic motion during
the earthquakes with a maximum acceleration equal to &g
where & is the seismic coefficient and is in of acc-
eleration due to gravity.

The dam body is rigid.
The water 1is compressible.
The reservoir is of infinite length.

There is no overtopping due to wave heights due to
seismic agitation of the reservoir.

The water can escape vertically.

The effect of hill side slopes in the case of canyon
has not been considered,

There is no faulting in the basin of reservoir.

All the above assumptions will now be discussed to ex-

amine the validity of the solution and its limitations. An at-

tempt has been made to determine the influence of these assum-~
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ption on the result; ‘

2.11. "The dam body is straight along its length", is usually
the case in masonary, earthen or concrete dams except in the

case of arch dams to which the given solutions are not applicable.
The stfaight length is adopted for economy and ease ih analysis,
design and construction, The behaviour of the structure can al-
so easily be predicted experimentally under various forces if
the dam body is straight along its length. If the geological
features of the proposed dam site, are such that the suitable fo-
ndation rocks are not avagilable in g straight line, then for the
stability and the ecbnomy infoundations, one bend or more may
have to be provided in the dam section along its length.  No
work seems to have been done for determining the hydrodynamic pr-
essures on.the dams which have bends in plan, as such casées are
not encountered usually. The development of the seismicAzones
may encounter this problem, It is expected that the hydrodynamic
pressures will increase near the bends when it 'is towards down-
stream side and vice versa. This can be shown by approximation

a march dam into a isoseles triangle, When the dam body is not
straight along its leﬁgtht the problem becomes g three dimensio-
nal one and to get analytical solution to the problem is diffic-
ult, The case of arch dams has been analysed for the hydpodynﬁ
amic pressure by Seimd Kotsubo (2). He has presented a three

dimensional analysis for symmetrical arch dams.

2.12. Westergaard (1) considered in his solution only the ve-
rtical upstream face of the dam. But in most of the gravity‘dams
‘the section has a sloping upstream face. The effect of upstream

slope of the dam on the hydrodynamic pressure during eaithquake
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has been considered by Zanger (7), Housner (8) and Venti Chou(12),
Zanger solved the problem experimentally by the. electrical tray
analogy and.has givena set of curveg for preésure coefficients
for various upstream slopes and various slopes of sections,
Housner has given approximate solutions to the problem. It. is
observed that with the decrease in upstream slopes, the hydrod-

ynamic pressure decreases.

2,13, The earthquake shocks are irregular in nature and can--
not be represented mathematically. An earthquake wave can have
components in all the three directions. The body of the dam and
reservoir water will.be subjected to all the three components -
horizomtal acceleration perpendicular to dam body, horizontal
acceieration along the dam body and the vertical component of
acceleration.:.. Qut of these components which is distTastous to
dam in determining the hydrodynamic pressufe on the dam body; is \
horizontal component perpendicular to the dam body. This comp-
onent will set waves in reservoir water which'will‘act agains}t
the dam causing increase in water pressure known as hydrodynamic
pressure. Tﬁelvertical component has no overturning effect upon
a gravity dam,,becaﬁse the weight of the water,.and, thereifore,
the water pressure on the dam is increased in the same proportim
and at the same time as the mass of the ‘dam and water, for ordi-
nary static condition will be changed to (1 + ®Xv) g acting upon
both dam and water during upewraexd acceleration., A downward acc-
eleration also does not changed moment conditions. \The vertical

acceleration affects the sliding factor and should be investig-

_ated in each case. The component along the dam is not of any
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significance in détermining the hydrodynamie pressure, as the dam
is rigidly fixed between two firm banks. Therefore for determin-
ing the hydrodynamic pressure, the only horizontal component per-
pendicular to dam section will be considered giving the worst co-
ndition while the increase in presSureidue to vertical eoﬁponent

will be determined by simple statics.

2.14. It has been assumed that all points of the foundation have
the same displacement,;véiocity and acceleration, This assumption
is not true in practice as the earthquake waves are‘very complex
and cannot be represented mathematically. So all points under.ﬁﬁ
base of the dam will not have the same displacement, velocity

and acceleration,,because the base of tﬂe dam has enough width and ..
all points along width and length will not subjected to uniform |
motion., This non;uniform motion of the foundation will cause io—_
ysional stress, in.the dam, The effect of which has not yet been
investigated. For simplicity in the analysis it is assumed that
all points of the foundation are subjected to uniform motien oth-
erwise the problem will become very complicated and impracticagle

to solve.

2415,  The analytical solution to the problem has been derived

on the basis that the dieplacement of the water particle are
very small as the solution ias based on the formula from‘elaeﬁici-
ty for stress and strain, which are wvalid only for smell dieplacem
-ents, The displacements of fhe seeond order has nbt_ﬁeen:consi—
dered as no appreeiable change in results can be obtained, - Robi-

nson Rowe (13) has calculated the maximum value of u as .1460 ft,

at x=0, for A =,10,
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2

2,16, For making the solution to the problen simplé, it is asg-
umed that earthquake waves consist of a group of simple harmonic
waves represented by a Fourier series,with maximum amplitudegﬁg,
vhere & is the seismic‘coefficent and g is the acceleration due
to ﬁhe gravity. The earthquake shocks consist of waves of vary-
ing amplitude and time period which cannot be represented mathe-
matically but can be approximated to a summation of simple harm-
oniec motions, sine and cosine gseries, with varying time periods
and amplitudes. It is very difficult to consider an irregular
earthquake either in an analytical solution or in an experimental
work., We only consider the first term of the sinusoidal motion

series, which gives satizfactory results for our purpose. For

more exact results we can comsider other terms of this series but

their contribution is very little. . Seima Kotsgube

7~

9) has consi-
77
dered the effect of irregular earthquake. He has represented the

earthquake tremor by the following equation :=
‘ t
Acceleration = otca L"\'(‘(’”L‘(’ .

The value under integral can be found by velocity spectrum. As
it is impossible to evaluate strictlj the actual transient phenome
-non of ever changing dynamic water pressure it is reasonable to
assume that the dam is subjected to a simpule hormonic motions du-

ring earthquake.

2,17, In the case of the dams it is quite reasonable to assu-
me that the dam body is rigid and moves along with the foundation
as it is a massive structupe either of earth, masonary or concr-
ete between twoAfirm rigid banks.‘ All theories are based on this

‘agsumption., The flexibility of the dam has been congidered by
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John H.A. Braritz and Carl Heilborn (14). Since the period of
free vibration is usually a small fraction of a second, while the
peridd of vibration of the earthquake may be assumed to be not le
-sé than & second in most of the cases, the resonance need not be
expecied ordinarily, although the possibility of part resonance
may well be investigated in some cases of high concrete or masona
-ry dams. The part resonance is caused both by the lydrodynamic
pressure and %y inertia effect of the weight of the dam and as’
it amplifies bo-th the hydrodynamic pfessures as well as the ine
-rtia forces, it is impossible to seperate the two effects and
both should be considered; The hydrodynamic presgures are first
taken and the inertia forces are found as if the dam were rigid,
the deflections of the dam due to these forces are found,  The
displacement of the dam is now taken as the displacement of its
base plus the deflection. The hydrodynamic pressures and thé
inertia forces are recalculated on the VYasis of new displacements
and the process is repeéted if a closer approximation is desired,
'ITf the dam is flexible only the base moves with the prescribéd
.motion andagther places it will be some relation like wuo =f(y,1)
(y,t). Considering this effect, the equation to P is modifiéd

to the form :-
n

= ‘11’! V-" -; y ."_\:11 ’ .
* T %t 2'3:5% i o

Where En is a constant given by relation

| nE a6 2
Em = 8h Xfu+soa-6~0 o %3'Tfl (»

NETC o

and wo is of the form
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H = Total depth of the dam

$, = maximum deflection at the top due to

dynamic forces i.e, sumynation of shear and moment dif-

lection,
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Taking the total defiection curve as a triangle, the.

inertia coefficient &, at any part of the dam will be given

by =

d = o([\'i‘ gﬁ_‘:\.ﬁ} | (4)

Curves for pressure considering the deflection due to

the shear and moment for a dam having h=300', H= 375' , &K =.10

and fT= 1 sec. has been drawn as shown in figure no. 3 and 4.
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‘Top deflection due to shear and moment was found respectively
0,220 inches and 0,105 inches therefore total deflection at top
go=.325 inch. It was found that increase in hydrodynamic pre-
ssure on this account is nearly 14% at the bottom of the dam for
this height. TFor height more than 300 ft. the increase in the
hydrodynamic pressure will be larger. Similar curves can be dr
-awn to other heights, For all practical case this increase in

"pressure on this account can be neglected.

Housner (8) also considered the stiffness of a rectan-
gular wall, Congidering this effect on the flexibility of the
wall, he found that pressure p is given by the following equat-

ion ;-

- v - - > pAmId
* - T“ﬁ \/r\a-z-%(bﬂ-es g™ P ih 1(*‘)} A
| ‘ | (5)

and total pressure

p = whia, 4T [i-16apruisf® (| _o2ap) (6)

\ V3 TV 1l 4244pB 1165 p>
W S
P 158
= T TN R .
B = X e
T = natural period of vibration of wall

B will be zero for a rigid wall as El= ose.

Housner (@) found that ihe total force on the wall is
ieduced by wall flexibility due to the stiffness of ithe section.
Figure No. 5 shows how the ftotal force on the wall is reduced
"by wall flexibility. For a rigid, EI=p®, .the above equation ov-—
erestimates P by 6 %, |

Westergaard (1)‘a1so congidered the compressibility of
water which in most of the other analysis has been neglected. If

compressibility of water is neglected the coefficient Cn, would“
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become equal to one, Considering the compressibility of water,
the coefficients for pressure, shear and moment change by 17,5%,
15.4% and 14% respectively for a height 6f 800 ft., otherwise
coefficieht would have been independent of the height and the

vibration period of the earthquake,.

2.18. How the boundary of the reservoir changes the distribu-
tion of hydrodynamic pressure has been considered in detail in

the following pages.

2.19. In the light of existing evidence no special provision

is made for waves excited in the reservoir by causes other than
winds. The effect of earthquaké on the formation of'wafer waves
in the reservoir has not ever been considered in the design of
daﬁs, and there appéars to be no litérature available on this
subject., The magnitudes of such waves during earthquakes, gen-
erated in the basin of the Steeg Sur #'ouhed Fodda dam, in No-
rth Africa, during the earthquake of Orleansirlle of the 9th Sep
1954 reported in the "Terres at Eav ", During this earthquake
water waves were excited, leaving their traces dn the face of the
dam. From theée traces a maximum amplitude of the wave of 50 Cm
was measured. Oscillations of water in a reservoir, observed in
the case of Kita Mino Earthquake on August 19, 1961 have wave
height only 40 Cm, Results from a model test, with a 1imitéd
number of numerical datas, supported bytheoretical considerations,
were given by Mononobe (15),,in the discussion of Westergaards
paper., Mohonobe was inclined to think that the increase in water
pressure was due to the standing waves formed im the basin‘rather

than the factors ihvolved in Westergaards' theory. N.N,LAmbraseys
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(10) analysed the problem theoretically and also carried out
experimehts. He found that the vibrations of the dam and basin
of the reservoir proper cannot excite waves of measurable height,
For reservoir of very small size, somé wavesg may be observed but
their amplitude bears no harmful effect on the dam. So it appe~
ars quite reasonsgble that.the seismic digturbances on a large
mass of water cannot excite waves of any considerable amplitude,
The impact of the face of the dam upon fhe mass of the water and
the passage of a surféce wave does not provide waves of appreci-
able heights but disturbances caused by the sudden displacement
along a fault lime of the bottcm of réservoir or a land slide,
gives rise to the most destructive type of waves. Hence it can
be concluded that if it is moét unlikely that the seismic distu-
rbances can excite water waves in reservoirs. Therefore im the
design of a dam the free board to fake care of any overtopping

effects, is not considered,

2.20. Westergaard (1) found that if it is supposed that water
does not heave when pressed by the dam, which would move in sim-
ple harmonic motion during an earthquake, the maximum pressure

obtained wniform throughout the height is given by

N €7)
b i

Do JGB‘L =1 , T = | p2c.
= OSa70 Vs>
P 70 Wlagpe
where K= 3-ﬁ\os-fAL,
which gives a very high value. Same results are obtained if im-

pulsive effect of wave is considered. Bakhmeteff (16) obtained
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similar results considering water hammer phenomenon in conduits.

Be' ing a fluid, water is freeto escape vertically and the presgs-—

-~

ures are actually much less, and arenot uniformly - - -

distributed throughout the depth of reservoir. It is therefore,

assumed that p=0 at y=0 and v=0 at y = h.

!

2,21, ‘The effect of hill side slopes in the case of a canyon and
the faulting of the reservoir basin,.on the hydrodynamic pressure
during'an earthquake has beendiscussed in detail in the following

pages.

2.22. Westergaard (1) considered an element of water subjected

to horizontal acceleration given by

uo = - 43 12 e ant 8
qm> T

Then from the stress strain relation ghip as given by
Lamb (17),.for very small displacement and considering the com=

pressibility of water into account,. the following equations are

obtained | e e
W, _ W du _ _p S |

< x+= ¢ o%% >x A ;f |

(9) FleEgal |

K ‘blv = _W;.____Polv = ~ ¥ ' .°. e ;;.

0 H'b ? Ch ° ¢ ol"’.::“ 1

i 7 e 4

' \ | F/G. No. 6. t

) iy

Assuming that water can escape vertically and p=0 at =

x=0, the following equation was obtained for hydrodynamic pressu
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-ure during horizontal earthquake on a vertical rigid wall,

= Bdwk amk W sy )
Jf: -n' Co2 T 2‘35_ %?C 2 . '
whese o | Jewit | \___'7189["""“]2 = 12)
gk : e Lo
onde - NI Con X - (13)

The maximum value of pressure p, of the water on the

dam will be occuring at t=0,T, 2F,......... ceeeseseglven by
'—'Y\
+ = Bdwh L ey C14)
me M*Co 2~ .

l’ 3,8 ..

The greatest pressure will occure at the bottom of dam

Bokwk TPl "_ . ¢15)

The curve for the pressure distribution is obtained* as

shown in figure no.

If only the horizontal motion of water is considered

then maximum pressure is given by
b o= (2f-0 2T gkw | (\6)
L2 o

varying uniformly throughout the depth, If B=1 i.e., all waves

moving away from the dam then for =,1 and T=lsec,.

b = 6270 Lb:/%%t, dom k2 3KIS pal



which gives a very high value,

Total shears or pressure, P and overturning moments, M

at any depth y are given by the following equations

— N
_ ma\m - ) e T (17)
53,5 .. 3,85
ormd., .
2 - m R A PRALLEY 5
M= 16 wh™ g m; - —-—Z rerliaads lk} (18)
3 s g:_c”‘ 1,3,5..

The above relations are rather complicated being in a
summation form, so for making calculation easier. Festergaard

gave the following approximate formulae :-—

+ = Cu‘\\)‘ag (\9)
Y
P. = "%‘?dﬁm | - (20)
- o4 2 (21
| M = 5 Cd%‘)k.} . . )

Wherevalue of C is obtained by equating total overtur-
ning moments from approximate and correct equation and is given
by

15 Mo | (22)

¢ varies with the height of dam, although the varia-

tion ié very slight. An approximate relationship for the value

of C 1is given as

5 ) u,/'{yts | (23)

AL
e
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Curve has been drawn to show the variation in the appr-
oximate and correct relation as shown in figure No. ...7. Curves
have been drawn between h and C for various values of T as\shoﬁn

in figure 8,

The width. of the body of water moving with the dam, at

any depth y is given by equation

\ i 4
b= Z\[ny (24)

2.23.  THEODOR VON KARMAN (11)

Von Karmam (11) gave a very simple solution to the pro--
blem while discussing Westergaard's (1) papef. He ignored the
com pressibility of the water as its effécts are comparatively
small, so that the value of apparent mass multiplied by the maxi-
mum horizontal acceleration gives a first approximation for the
excess pressure due to the earthquake,  He derived thé width of
apparent mass of the fluid at any height y* from the bottom of re-

servoir of'infinite length, in which full acceleration develop3/aﬁd
gave the following equation _ K
L o= 707 Jﬁ?iifi | (25)
o b = 707 F(2h-y§) (28

Hence, with this.approximationmihekghapg;ofwﬁhg'ﬁ;uid bq-

dy moving with the dam is shown to be a quadrant of an ellipse.

One half the axis equal o = '707H, the corresponding pressF
ureo » : ‘. X
, Pe = 707 dwh . (27)

od ,

Po ‘555 & wh* - @B

{!
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While the wvalues given oy lestergaara (1) are
:po = 743 dwh ,' ' | 29
amd, P = "B43 Awh B9

Comparing .these values we find, that the values for in-

crease in pressure differs by 4 to 5%. Total pressure load is<\

close to approximate value.

The values given by Zanger for vertical face are, at Uu

L-ana Po = 735d Wh ' (31

(32).
omd Po = _'5350“«?9\.2'

Showing an error of 4% in Po and 8% in Po. Therefore

the efféct of compressibility is not much and can be neglected,

2,24  Jacobsen_and_Hoskins (5)

.~ Jacobsen and Hoskins exfended Westergaard's hypotheta~
cal ideas of reservoir of infinite fetch to an actual case *of
bounded reservoir. Assuming gimilar hydrodynamical equations
as of Westergaard under similar boundry conditions existing in a

vibrating reservoir, Jacobsen found.

b= Sh dw | CoMlh ) A R(R-20) oy 3mUO-) din TR (L-22) .
=3 = = —_ 2 —{Es:.”- (33)
v Cosdn gy '5’—' Casta DR
- Tat
Hence end pressures at the sides of the vibrating reservoir is,
for p at x = 0 and x= &
’%’xzo \3‘& L - N " :54
- %\M{w 4\ ) oo 3RCh-3) Ko 3RS | (34)
omd p_ m%&qu{fmm*fri 4+ L Tomhk EE&'““] V T (35)

G 3 2 DR
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and for & reservoir of intinite length

-Tx TCh~3) _ L b 3 r ()
b= %',::o 27 am e P dd - 5, @ S e ARSEDD ] (ze)
ColehEgw [t o ]
L e LS (57)
Comparing equation (34) and (36) it is seen that only beyong
L=24h the boundries of the reservoir has no effect on

the total pressures exerted during hydrodynamic change.

Jocobsen and Hoskins considered noncompressibility of
water and no provision has been made for resonance in his resg-
ults, This seems to be fundamental draw-back in his analysis

which is later perfecfed by Werner and Sundquist (3).

2,25,  VWerner and Sandguist (3)

Werner and Sandquist (3) treated the problem of horiz-
ontal-earthquéke on the basis of general differential equations
for the dynamic pressure and the solutions are both for two and
three diménsional cases. Some of the solutions involve the use
of Bessel functions (Watson,1944) and spherical surface harmon-
ics (Frank and Mises,1930), which however may be rather conven-
iently evaluated by means of the available tables, TWerner and
Sandquist (3) alsovconsidered the compressibility of water.Where
compressibilityhas not been considered graphical solutions have
been given, which are valid for any arbitrary sections, Thé
boundry of the reservoir has also been taken into consideration
and rest of the assumptions are same as that of Westergaard(1).

. The solutions has certéinlpoints of singularity where'thé displ-
acements are infinite in a infinitesinal area and it does impar
thevalidity of the solution. It is of great interest when the

free water body vibration period and earthquake coincides With‘
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that of earthquake, resonance takes place, and the pressure and

the displacements are theorétically intinite.

;
For a case of two dimensional flowi

s{'b

in a basin with square section moving in

the direction of x-axis, the hydrodynam-

> . '
’ V\\\\\\\\\‘\\Y
. . >

ic pressure is'given by the following ex- || _ F16.72. 9. N

VLS ST /T —/—/——

pression

' x
b - B s 2585 T M R AR i anety (3

ABink KL

im Aartalch
= A
X = NCzm+n D
amd. ). \/ __ﬂik__ ]1

(1. N KT

Wherv. \ is real i.e. = & l‘g ,

-all conditions. If A is imaginary the denominatar becomes Zero

the flow is.stable under

for certain values of X and resonance occurs. If xA& =/“'7“"'

regsonance will occure, with m=o0 , at

T T =T
: T\ 2 _ ¢
\l'"(/u:&) ,

For a infinite reservoir 4;:.%5 , which is the same value as
derived by Westergaard (1),

Total dynamic pressure in this case is given by express-—

ion

2. : .
e A s | . tamh %A (A 0)
= + ant : -
P=2x W cos T ZO A(zmnw)?> 2 o ‘

Eﬁ&gﬁ(40) have been eyaluated in figure 10 and 11 respectively

for different values of 9@L .

In the case when . the end wall ol the reservoir is
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fixed, following solutions were obtained for the moving
wall, 8+ axt cah X (L-x) Au\,('zn-n)_j (4a\)
= - SFawesant) <o MX(
- - leh? t . th X (42
wam.d. P= = AW m&_ﬁ‘__ 20 TV L )

In this case occurance of resonance is independent of

the reservoir length,

Eq (41) and (42) have been evaluated in figure 12 and
13 in order to show the influence of the compressibility of the
water, Curves in figure 11 and 13 have been plotted for differ-
ent values of-é% and it is found that there is reduction in

thé hyﬁrodynamic pressure if the compressibility of water is

neglected,

‘2.26, Carl N. Zanger (7)

Based on the same assumptionsand lines as Westergaards
(1) analytical solution, Zanger (7) obtained equation for con-

tinuity of flow as follows

i N S i S i 43)
i }3. b"b, K> 2t

in three dimensional flow,
He considered only a two dimensional flow and neglected
the effect of compressibility of water i.e., K = oo »+ The

above equation reduces to Laplaées equation
vzb = O ' (44')

which governs the steady state flow of electricity. Zanger (7)
used the electrical analogy tray to solve this equation and ob-
tained flow nets for studying horizontsl earthquake effects on
dams of various upstream faces,. He found that the preésure di-
stribution due to a earthquake is given by the following simple

equation for various upstream constant slopes including vertical
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face -

= Cwh | (45)

This equation is also applicable to upstream faces with
)

compound slopes,

\ " : . . 5 o
In the above equation, C is the pressure coefficient,

deflnlng the magnitude and dlstrlbutlon of pressures which are
determined by equipotential llnes in the fidow net. The pressure
coefficient C is a function of the shape of the dam and reser-

voir and is unaffected by the intensity of the quake.

In order to make this study of general value to the de-
signers,_earthquake pressures were determined for several shapes
of dams, Dams studied by Zanger (7) were those with constant
upstream slopes, o of 0° , 15°, 30°, 45°, 6.00, and 75° and 14
cases of compound slopes. All his work has been shown in the
form of curves for each case and have been reproduced in figure
15 to 17. To permit rapid use of these by désigners, the exp-
erimentally determined pressu®e curves are represented by é
family of parabulas which closely approximate the experimental

curveg for constant slope.h The ﬁ}abulic distribution is given

by equation :
C = C [‘3 (9__ ’l(l })-] (46)

WhereCm is the maximum value of C obtained from figure no.14 .

Therefore for constant slopes, pressure. is given by
i 3 (. -
b= Lawhem[R(> 1)+ [2 %)J (47)

as shown iﬂ figure 15 which closely resembles the experimental

curves. Total shear and moment is given by
P = o72¢ by (4 8)
M= 0295 py> Ca9)
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obtained analytically.

The assumption that water is incompressible, is not co-

1]

ﬁsegvative, however a comparision with Westergaard's (1) analy--
tical solut&on for dams with upstream vettical face shows that

the % of errors are very small for dams under 400 ft. in height
and are hot excessive for dams as high as 800 ft. The error has

been}calculated for T=1 sec., and T= 7 = s€C and is shown in ta-

blesbelow
T=0.8 sec
) GaenT Ity I £ 700 PET] 600 TEL] B0 BE:
g : ' -
t o -9 S 1.9 5.6 . —11 . -25.4
g P =17 2.4 -=5,2 = 510.6 -24.2
i - . R
§ M #1.1 40.2 0 -2.4  =T.1 -18.7 _i
{
T=1 gec .
3Quantityv8 100 ft. % 200 ft. g 400 ft;g 600 ft.g 800 ft.
| 1
% ] N i Q
g P =9 =19 . -5.4  -9.8  -18.4 3
4
%- : P - _107 - "20-4 ‘--'_5.---1--' -"'90»5~ ---1704
- i L
g, M 411 1C.2  -2.3. . 6.3 . .-13.5 §
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' . X

Quantity § 100 ft.§ 200 ft. § 400 ft.§ 600 ft.§ 800 f’T}”
4

P . 40.9. ~1.9 . .=5.2 -9.3.. -15,6. g

P . . =17 .. =2.4 -4.9. -8.8.. -14.7

M. o +10a. 402, =2,1 - =5.8 -11.4 -

The diffefeﬁce between the two results, is due to the
fact that Zangers pressure coerficient € is independent of the
vibration period of earthquake while the constant C of Wester-
gaard (1) depends upon the wibration period of the shock. The
error in the Zangers (7) result increaseg with smaller vibrat-
ion period as seen from the above tabley however the difference
is not of any significance in determination of hydrodynamic pr-
. essure as it is only 15% of hydrostatic pressure for K =01,

" Westergaard and Zanger considered the earthquake vibration per-
iod not less than 1 sec. In case of near shocks it may be 1éss
than 1‘sec. For practical purposes this difficiency can be

over looked.

In the design of dams as recommended by VU.S.B.R., the
value of T is taken 1 sec. Therefore the assumption that

water is incompregsible holds good without any appreciable‘error.

No-data exist giving-hydrodynamichressure'as a funct;‘
ion of upstream slope. Mathematical methods may be used, but
they are coﬁbliéated and time consuring. The pressureAcoeffic—
.ient c, varies almést line-arly from *735 for a dam with

vertical face ©=0° , to .1€5 for €=75°, so the curves for
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pressure coefficient for constant slopes can be grouped in the
following simple relation

C = .3Q75[%(1-%) +J%@-%)} - o-u.%o,% ( 50)
Curves, represented by the above equation closely resembles with

the family of parabolas given by Zanger (7) shown in figure 18

It is observed from the experimental work of Zanger(T)
that'the increase in pressure on dam with slépes is less than
on dams with vertical faces, the flatter the slope the smaller
the increase in preséure and except for a vertical face, the
maximum pressure coefficienf occurs at somne distancé above the ! -

{rase 0f the dan,

The electrical tray anélogy affords an easy and simple
method for obtaining the increase in water pressure on the dam
of any profile, due to horizontal earthquake and can be utilised
. for amy shape of reservoir., For the field study this method is

very simple and little time consuming.

It is concluded from Zanger's work that this method 'is
rapid, inexpensive and accurate for determining the increase in
water pressure due to horizontal earthquake and can be applied

to any shape of dam and vegsel without appreciable error,

2.27. G.W.Housner (8)

Housner (8) inv1957 gave gsolutioms for the hydrodynamic
pressures developed when a rectangular dam with sloping upstreanm
faces is subjected to hortézontal earthquake. Analysis given by
Housner(8) are based on the assumptions that water is inéompré;
ssible and fluid displacements are smali and therefore finding

a solution of Laplaces' equation,?ﬁf {i} -o s that satisfies
. TR 'Uﬂa'\-
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the boundry‘conditions with these'known solutions as checks on
accuracy, simplified solutions were obtained suitable to,engiﬁ—

eering application. Following are the equations for the hydro-

dynanic .pressure

- 3 - A.un,e | 1
b o= dwh [{(0)-4(ET]VE- L sine] (51)
and the resultant horizontal force on dam is
- L~ Ame N
P = *“3§%b‘;15 -§rJ | (.52)
For 046X 35 ,equation (52) overestimates P by 6.5%

‘and for ©>55°the accuracy of the prgceding.equatibn decreases.

i

A different approximate solution is given as follows.
4 = dwh[{(_&)_ﬂ(_}b)}y t 94 sne] (53

and the resultant horlzontal force exerted against the 1nc11ned

face of dam is

P = o\wh"[l +fum9] (54)
wh.uu_.v = L+ 3 ot __| '
3 e 2

‘\,:.. Y42

2P et + A O — %,t'v_»_a%’_
B= (L - Suo) e ,
3 X o .

oo~ Y = _C_ZEGC§—-°VAC‘K"§

-Equation (54) overestimates P, with a maximum error of 6% at’

® = 65°

To make the above equationseasy to apply in the deter—
mination 5f hydrodynamic pressures, curves have drawn between
@ verses y,‘w A&Qm&1f as shown in figure No. 19. Cuyrve has
also been drawn between & and P in the same figure. A coll-
parision-of the above fesults has been made with Zangers as sho-
wn in figure 20, for constant upstream slopes, and it is found

that for vertical face: Housner results give more value for

pressure coefficients than Zangers, For other slopes <
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difference between the curves is not of any appreciableuWMLVWUuAg‘

2.28. Ven Te Chow (11).

Ven Pe Chow (11) in 1951 gave the formula of the foll-
owing form for the hydrodynamic pressures due to horizontal ear-

thquake, perpendicular to the face of structure.

[ e s e,

‘P:’ &5ya"¢ e M. (55) “ A | ':

in which B = focXer depending on

(1) The slope," % , of the line

joining the intersecting point of the

water surface and the face of the st-

ructure to the point where p is  to

be foqnd and
(11) The period of horizontal earthquake vibfations.

Y = factor depending on the total depth of water im
He gave charts for Y.‘V/sh, and P Vs —SL for a vibration périod of

earthquake of 1 sec.

Chow's (11) work is based on that of Westergaard (1),
His method condd not get anyAimportance due to overlooking pf
basic hydrodynamic principle., ' Since the faqe of a dam is a st;
ream line and no water can escape across it, the_yelocity of a
particle normal to the surface of the dam is zero, and therefore
particle can have no displacement in that direction., Thus, the
assumption P = §CS) is incorrect. fThe hydrodynamic pressure
due to earthéuake acceleration is not thé same as 1f the area
between the sloping 1ine,‘_é. , and the face of the dem were

filled with c@?rete; Vglues for P given by Chow's method are

i/

much below than. others.
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2.29, Creager, Justin and Hinds (19)

A\l

They have adopted the results of Vestergaards(1), in

their "Engineering for Dams", Volume II, for vertical face. For
sloping faces of the dams they have introduced a multiplier
cose .in the TVestergaard's (1) results for a vertical face.
As their results are not'based on any theor&tical approach and

are therefore of little importance.

F X NHK
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ARCH___DAMS

2.30. Siema Kotsubo (9)

Theoretical solution has been deduced on the dynamic wa-
ter pressure on arch dams during earthquake,. by which the dynar
mic water pressure is calculated for various cases of central
angle of arch,U/S radius of dams and intersection angles subten-
ded by both banks. These resulés have been testified by model ex
—perimenfs. Dynamic water pressure during irregular earthquake
has also been evaluated. A three dimensional approach to the pr-

blem has been evolved. Seima Kotsubo's results are quite differ-

ent from Westergaards.

The ground features of dam sites are generally too com-
'plicated to obtain any precise theoretical solution. Kotsubo has
derived solution for constant radius arch dams built in U shaped
canyons situated sgmmetrically, which aré very complicated. Tig.
22 shows the result of evaluation of the'vertiéal distribution of
dynamic water pressure at crown and abutment of the dam of &»3
loo m , 2e=Som 4+26.:235with both banks in radial direction. It is
seen from figufe that the verﬁical digtribution of dynamic water
pressure is closely resembled to that of two dimensional dynamic
water pressure in.the vibration in’the direction. of river course
wvhile in a perpendicular direction,vit is considefably smaller

than the usual value from two-dimensional dynamic water pregsure.

Pigure 23 shows the horizontal distribution of dynamic
water pressure at the bottom of dam with respect to various cases
of U/S radius of dam, central angle of arch and intersection angle
of both banks. From the figure, the dynamic water pregsure is

strikingly different from the usual value. For vibration in the
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the direction of river course the minimum value océurs at créwn
increasing towards abutment and is independent of the intersect-
ion angle of both banks or central angle of érch. If the width
of river is much more than height, the value approaches to usual
value. For the vibration in perpendicular direction to the river
course the dynamic water pregsure is much smaller in the case of
both banks in radi .al’ direction, énd becomes negative with  the
decrease of intersection angle of both banks, and adds to the st-

ability of dam against the earthquake in this direction.

In case of rectangular eanyons, the theoretical value has

been confirmed to corregpond to that of model.

For a two —'dimensionai'dynamic water pressure due to Tr-
- regular Earthquake ( )  the follow1ng solutlon will

be obtalned after satlsfylng the, boundry conditions.,

RPN b *’“z] Y- T (A [oFea e - (12%) (50

mzo (L)X
wrt ' - (Z'M-}‘)K Ap = a ey
AM 24 > Wy

and fesonance period of dynanmic water préssuré will be obtained
by equation . ' \ -
Ton = & /—?%’—— | (57)
Figure 24 is an gxample of an earthquake records.' In
figure 25 is given the result of calculations ﬁade on the dynamic
water pressure caused by such‘earthquakes and also shows that ob-

tained from Westergaard (1). The following facts are observed.

1) The dynamic water pressure at a given time is not always
_ proportional to the corresponding eérthquake_acceleration,‘ but
different in time of resonance and in magnitude accordingly to

the relation bvetween Twm amd T,
\ .
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2) : For * = loom.amd 7Sm. the maximum value of dynamic water
on
pressure is considerably larger than that basethestergaards.

8) When the T > Tom ,the phase of dynanmic ﬁater pressure
is equlvalent to that of earthquake accleration and ‘Whem T L Tom,
-the dynamlc water pressure is delayed from that of earthquake ace-
denolion by 90° . |

'4) Even after the suspension of tremor, the dynamic water
pressure is not reduced to zero all of & sudden, but gradually
dimnishes. |

5) In the whole dynamic water pressure,’greater part of

them is occupied by the pressure of primary mode of vibration.

6) From the Kotsubo(9)theory, the dynamic water pressure

can also be obtained while T = Tawm and explains the phenoumenon.

From the results of Kotsubo, the dynamic water pressgure
for the given section of canyon will be expressed approximately

by the following equation for two dimensional case for a gravity

or arch dam
(59)

RT ) o
’P:dw"\'""% LQU'J"\f,(_t ‘(’)I(1 ) <
K = ““L Ap(k-Y) JlenrHde
where,T, is the primary resonance perlod of glven section and will

~ be expressed approximately by the following formula
1 . e
_in which, 4 is the maximum.depth of water of given section,
frm mean depth of water of the given gsection, T two - dimensi—
onal primary resonance period for the maximum depth and where X
ig the magnifying factor for irregular earthquake and can be‘tak

_en.about 1.5, though it will be clarified when numerous records

of earthquake accT at dam site have been obtained,
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When -the earthquake period isshorfer fhan the resonance
period of dynamic water preséure,.the dynaﬁic water pressure is
delayed from the phase of inertial force of dam body by 90d, and
the dynamic water pressure caused by the elastic displacement ac-
ting-upon‘the dam as a kind of damping force, In such a case it

seems that dams are comparatively safe.

For an.arch dam it is almost impossible to explain the
-orétical magnitude of dynamic water pressure caused by irregular
earthquake. Acqordingly, if the results obtained by stationary
vibration theory is adopted for dynamic water pressure as from
 ag™ (58), the results from figure'no. 26 can be gpplied to'grch dam.
- It is, however, expected that if the intersection angles subten-
ded by both banks increases, time fanction ﬁili be different, and

we have to depend upon future gtudies.

2.31. Studyiﬁg in detail all the theoretical and éXperimehtal"
‘methods of determination of hydrodynamic pressure due to-earth-—
quske on the U/S face of the dam, we find that in the considera—
tion of stable eQuilibriuq it has been assumea that the dam moves
as a whole with foundation, but it is realised that due to the
self—vibratioﬁ of the dam itself under an impressed force, inde—
pendent of the foundation, the procedure for determination 6f cri
—~tical condition of equilibrium may not be fuliy representativé
“of the entire pﬁenomenon.. In short one has to consider it as a
dynamic case with a force varying with time at the base in addit-
ion to the forced wibrating mdtioh of the dam itself.f But for
approximate value,,without going into such complicacy,.the above
consideration holds good at.least in case of overturning, whgre

the maximum value of the force. is taken into considerstion. But
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in case of hydrodynamic effect on the upstream face bf the dam,
the vibration of\the.dam should be taken into consideratién to
evaluate the hydrodynamic pressure change on it instead of conP'
sidering it to be moving as a whole withoutwany déformation in
itself., Westergaard and othefs have not considered this phenon-
eno, while considering the hydrodynamic.pressufe change on the
upstreamn face due to the volume of reservoir water during seismic
ogcillations. It is realised that such a detailed consideration
is not useful in the present case,.as the profile has already
been considered to be a strictly triangular , and also, the
- transverse vibration of the dam and consequent hydrodynamic pre;
ssure changes, when superimposed on'the oscillation on the‘waterW
mass of the reservoir, may be difficult to solve hydrodynamically,
It is all the more physically probable that fthere may be consid-
erable additional increase in the hydrodynamic pressure on the
U/S face of the dam, @hery_the mass of the water, and the body
‘ofvtbadam are not moving in phase, such an out of phase movémeﬁth
~of the dam and the mass of water can be feasible only when sélf
vibration of the dam is also considered over and above to and fro_,‘
movements of the waﬁérmass and dam in phase with the foundation
and will cause enormous iﬁérease in hydrodynamic loads. Wester-
gaards(1) assumption though not physically sound from the conce;'
ption of vibration of the dam is ignored;however, an»exéct %heéry
is not possible due to complicacy iﬁvqlved. . There seens to Be
fundamental draw back in the analysis of Jacobsens (5) anélysisl

that Cm does not allow for infinite length of reservoir and com

-pressibility of water.

2.32. For. L= e - ,the analysis of Werner and Sundquist(B)z
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and Westergaard (1) are same but both differ fundamentally from
Jacobsen (5),Zangers(7) and Housner (8) as shown earlier due to
neglecting of compressibility of water, This is incompleteness

of later works.

2.33, In Werner and Sandquists{3) analysis, it is seen that,
in the value of powd P, & appears and consequently in case of
canyons, which do not have long straight fetch just immediate to
U/S, the value of L , for practical purpéses, may be taken to be
equal to the amount of straight fetch, thus available, plus cer—
tain fraction of & depending on topography of the canyon and
other fractions also. It is seen in case of Jacobsens(5) analy-
sis that for small vélues of largér amount of hydrodynamic pr-
essure appears:during earthquake,

. 119 +
v

o~
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.34,

ot
o

Westergaard(1), Jacobsen(5), Wernersand Sand

(3

Zanger worked with force of the nature of simple harmonic varia-
tion action on the foundation of the dam and reservoir. However,
 though Jacobsen, maintains an ind%ﬁﬁnate( nature of force funect-

ions 4(%) in his corginal paper yet it is realised that in case

of force varying in a complicated manner,more of the analysis of

can be relied upon because'immediate response of the force in the
systems of dam and immediate portion of water will commence.
 Thus .it is easily visualised, that, in case of near eafthquakes,
y’katl‘u Vibrafions ére all of highly complicated nature, such
simple picture of the effect of total earthquake force on the dam

may be far from truth due to relative regponse,.

2.35. The solutions of Westergaard(1) and Werner (3) have

restricted to small value for displacementseg can not be easily



( 38 )
seem to be applicable at the point of singularity: (x=e, y=o )

but it can be neglected as it is in a small part in comparision
with entire face concerned,

2.30, Figure No. 25 and 26 shows the distribution:of hydrody-
namic water pregsure during earthquakes on dame with vertical

U/S face due to all the available methods. 4 cémparision of the

available method can be made with the help of above figures.

2,37, Figure No. 28 and 29 shows & comparision of distribution
of hyarodynamic water pressure during earthquakes on dams with
sloping U/S face and between the experimental curves of Zangers
(7) and analytical approximate solutions or Housner (8): Two

curves compare very well,

2,38, Though the Zangers (7) exper1menta1 method for determi-
nation of hydrodynamic presgsure on any profile of dam affords an
easy‘and pragtical method but due to consideration of compresgi-
bility of water and infinite length of reservoir his results do
not represent an actuallcase. Also the results of Zangefs are

independent of the vibration period.of earthquake which is also
incompletness of his Wofk. His results a—fe‘ comparable to Wes—
tergaards .for T =—%— secs. while for T'(—%—~ secs. tae error
in his results increases, This incompletness of his work can be
made good by considering the actual case'and applying'a correcti~

on factor to his result as his method only éffords solution to

actual profiles of dam.
!

2,39, Though Housner (8) results are based on approxinate
analytical solutions of Laplaces equation but affords an easy

and convenient method for determination of hydrodynamic pressure
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6n dams during earthquake, without much error as seen earlier

and is recommended for all cases.

2.40, Westergaards(1) theory which is ﬁot faulty hathematica—'
11y but also inapplicable’in case when the period of earthquake
is shorter than the resonance period of dynamic water, Seima
Kotsubo, Werner and Sandquist (3), Tadeshi H atano studied thesé
deficiencies to amend and obtain a more precise solution. As a
result of it study on dynémiC'water pressure has progressed and
the phenomena have been better understood . Seima Kotsubo(9)
first presented a three dimensional solution to the constant ra-
dius arch dams and he has also considered the effect of irregular

earthquakes and shape of canyon on dynamic water pressure.

2.41. From the above considerations, the theory proposed by

[¢]

-+
L

I

Werner and Sundquist (3) seems to be better as far as Rydrodyna-
mic water pressure is concerned, than of Jacobsens(5), Westerga-
| ard(1), Zanger(?),;Housner(8)‘etc. but for all practical purpo-
ses solutions of Housner are very simple and easy to be appligd
with maximum error less than 5 to 6% and recommended for all pr-
actical cases where above two methods are not applicable Zangers
(7), experimental determination of préssure coefficient by Ele-
ctric Analogy Tray apparatqs affords a easy méthod and can be

uged -or use of his experimental curves is proposed.

for all cages where boundry conditions do not agree with
the assumptions of theory the results should appropriately be

modified by multiplying by a correction factor.

2 three dimensional solution of the problem is urged

whioh will afford the various facts and characteristics of dynam-
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mic water pressure unknown so far. -, ‘ b

2.42, Hydrodynamic Pressure in a finite reservoir.

Analysis given by Westergaard (1),has considered the
reservoir of infinite 1ength.. If tne resefvoir is to be congi-
dered infinitely long the assumption that F:: Olwhen x is large
or infinite is replaced by u=0 at x=1. At x =1 an imwovable ver-
tical wall is considered, but in an actual case any surface at
the far end of a reservoir wduld probably vibrate with the earth
" —~quake so that a better assumption would be that both ends of the
reservoir move with the same amplitude and period Whiéh-pan Be
represented méthematically by u= —%%%. p2 cos ant. wheﬁ x=1.
Value for the correction factor to the total pressure P is giv-
en by Brahtz and Heilbron (14) for various 1 ratios. A curve

' h
(Fig.No.30) has been plotted between correction.factor and _1

f

. : B 3
ratios. Correction factor is to be multiplied to the value ca-

lculated for a infinitely long reservoir. From the graph it is
found that thé error in assuming the resgervoir infinitly'long

ig negligible if fhe length of the reservoir is more<thanlfh;ee
times its depth. When'l is small, the pressure reduces to b=
%b(wh representing a condition in an open well during an earth:.

quake,

Jacobsen (5) and Sundquist (3) extended Vestergaards
(1) hypothetical idea of reservoir of infinite feteh to an abt—
ual case of bounded reservoir and found that for_i_>'4 the bou"
ndry of the reservoir has no effect on the total’gressure exer-
ted during hydrodynamic change, Most reservqir satisfy this,thus
boundry effect is need not be'emphésised. The effect is much ex

-aggerated when 1 ¢ 4h and effect is three times as large as for
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2= f_; as for &=e ., This consideration of a restricted re-
servoir is important in case of high dam in a gorge,like Bhakrs
and Xosi dams, which may not neturally havye straight fetth for a

considereble distance.

2.43. Influence of the side slopes of the reservoir on the hy-

drodynamic pressure on a dam during earthquake,

The crest length of Bhakra and Kosi dams is only slightly
more than twice the maximum height and the hill sides are go in-
clined that the whole valley has g triangular shape. Thﬁs the
possible effects of the sloping sides on the hydrodynamic pressu
-reg on the face of the dam need be considered. In the case of
Hoover ‘dam (U.S.A.) Westergaard(1) found‘that weight of water vi-
brating with the dam during earthquake is equal to ‘525h° while
with average width 1s equal to 'Sgs@é . Thus it is evident that
the effect on hydrodynamic pregsure during earthquake due to slo-

ping sides of canyons is to reduce it.

According to the results of model experiments of Seima
Kotsubo (9) for constant angle arch dams, it has been revealed
that the dynamic water pregsure is not very different‘from that
of rectangular section and that the horizontal distribution of
dynamic water pregsure approacheg nearer  to uniform digtribution
when the vibration is in the direction of river course, but ext-
remely smalln the variation when the direction is at right angle
to the river so un necegsary to calculate the stresses of arch
dam in this case. As it is very difficult to get a theoretical
. solution for a given section of canjon, but from model experiment
for triangular section,, the magnitude of dynamic water pressure

reduces to 704 of that in the case of rectanguler section.
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Following Werner and Sundquist(3), it can be shown that,
considering a canyon to be roughly a semi circle in shape, the
critical depth for resomance is greater than in case of a recta-
angular section. Same observations were taken by Kotsubo (9).
Thus, in a canyon, the possibility of resonance is less than in
a rectangular reservoir of similar magnitude. But partial reso-
nance may take place in a deep gorge if it is crossed by deeper

faults on the upstream side.



PART IO - CONTAINERS AND

PIER S.
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2.44, Other important engineering structures which are subjec-
ted to hydrodynamic pressures during earthquakes are tanks cont-
aining water or oil, sea'shore, levees, piers and light house.
towers etc. The rectangular vessels with vertical or sloping

walls can be treated as a dam with bounded reservoir and all the
results and discussion applicable to rectangular dams are also
applicable to rectangular vessels satisfying the required bound-

ry condition and assumptions as taken in the analysis.

2.45. Both from a geophysical and from an engineering point of
view it is of value to know the hydrodynamic earthquake effects

on structures retaining water or inside water. Although, appar-
ently, with no reference to earthquake action, the vibration of

water vessels attracted the attention of scientists at least as

-t

. .
early as in

he middle of the ninteenth century. In a paper on

waves, Rayleigh (1876) investigated, on the theory of wvelocity

of potential, the waves occuring in certain enclosed water bodi-
es due to vibrations. Rayleigh in his paper also referred to
some practical tests, which showed an excellent agreement with
the general theory with special reference to Earthquake shocks.
Tests carried out by Hoskins and Jacobsen (5) (1954) shows a
satisfactory verification of Westergaards(1) theory. 1In 1949,
Jacobsen (2) presented a theoretical investigation pertaining to
the inpulsive hgrodynamic,of an incompressible fluid inside a
¢ylind®rical tank and outside a cylindrical pier and he gave eff
CaSGrovolo

—-ective hydrodynamic masses and mass: |, for the gbové two cases.
In the same year Werner and Sandquist (3) also gave solutions

for hydrodynamic pressure in the case of semicircular section ,

trfﬁgular section, the walls sloping 45°, vertical cylinder,
n
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c¢ylindrical pier and seumi-spherical vessel. In 1951, Jacobsen

and Ayre (6) gave experimental resulis fqom'é" to 4 ft. diameter
tanks, subjected to transient horizontal ground motion. Housner
(7) in 1957 gave simplified formulse for containers having two-
fold symmetry like cylindrical and elliptical tank. In 1951, Gr-
aham and Rodriguez (4) gave simple mechanical systems equivelent
to the fluid. These spring mass systems respond to motions of
the tanks walls in the same fashion as the liquid, producing inde-
ntical forces and moments. The use of such mechanical analogies
should simplify in many casés the analysis of thé complete dynamic
systen.

The tanks and cylindrical pier will be discussed here in
detail.

2.46,  Lydik S Jacobsen (2)

To evaluate the hydrodynamic mass and overturning effect
on partly filled cylindrical tanks as well as cylindrical piers
surrounded by water, Jacobsens analysis is based on the following

assumptions:

(i) The tanks and piers experiences translatory, impulsive
but unspecified'ground‘diSplacements in hotizontal direction only.
(ii) The circular,.cylindrical boundries of the tanks and
piers are not deformed as a consequence of their motion.

(1ii) The fluid is incompressible‘and non-viscous.

(iv) The fluid motion generated by the impulsive motion of the
boundries is treated by simplifying the hydrodynamic equations so

as to exclude the effect of gravity wavés subsequently set up.

In determining the effect of an earthquéke on the incre-

ase in the water pressure, only the horizontal component is cons-
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idered which g;ves the worst effect and it i1s taken that it is in-
dependent of the earthquake duration. This assumption is suppo-
rted by the exPeriméntal verification for a cylindrical tank of
diameter of 2%.12 inches, subjected to an impulsive, horizontal
scceleration of maximum value of 46 inches/sec/sec.(12% of g).Fig.
31 gshows the theoretical curves and the experimental curves for
moments and effective hydrodynamic masses. The aéreement betweén

the theory and the experiment is satisfactory.

The boundaries of the circulér or cylindrical Fanks and
piers are taken rigid so that they are not deformed as a consequ-
ence of their motion. Flexibility of the boundries of such types
of vediels have not been accounted in any of the work except for
a vertical rectangular face. A little ellipticity changes the pa

~ttern of wave formagtion in the tank.

Jacobsen's(2) analysis is based on the incompressibility
of fluid. The compressibility of fluid does not effect the results
appreciably for tanks of usual shapes and heights as seen in the

case of dams. Werner and Sandquist(3) has considered this effect,

The viscosity of the fluid has not been considered for
the hydrodynamic pressures during earthquake on dams and contain-
ers upto this time, However it will be conservative due to the
drag between the particles, not to gccount it. Changes in the
pressure due to this account has not yet .been known. TFater and
other light oils like petroleum etc. van be taken non-viscous as
their viscosity is very small. In the case of dense oil storage

taks the study should be made for viscous effect.

In the analysis, the change in the formation of waves on
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account of graviiy has not been congidered.Experimental observa-—

tion supports this fact as the observed wave height is very in-
significant and change in the results if any, on this account

will be very small.

For an incompressible fluid, tank must satisfy the foll-

owing laplacian equation in polar coordinates,

o SN SN Bl A X
V‘<P=—>,—,%*;; 7;1* >3 Bt 33‘&0 .
(e0)

where & is the velocity potential,

When the tank. is subjected to gmall

imnpulsive translation in the X-dir-

ection,.the fluid initially at rest

will be set into motion by the tank,

The impulsive tr anslation of the Cy~ .

lindrical boundry is given by an un-~ B

specified function of time, 7’7L77 rpier, "
o (e1) N mg,;zvoi 52

, |
To obtain a solution of the above equation the following

boundry conditions should be satisfied P

('i) ok $=0, vt cal u—dbe—ul.a L9 %)}N; Ay

(62)
(ii) ok g=h, P=o \
(iii) when R =a, the translatory velocity w in the x-
direction must be equal to {/(t) , consequently the radial velo-

city component :
: z;_gp_) = L'k) o (63)
hza

¥

Taking & = ReY §(t) as the solution of the above equatiocn, where

Y ond 6 are functions of velocity potential and is given by

Y = Cm"%fb} (GL&)‘
)

= Cast

\

sV, W §
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‘ _ /
Therefore = R o O Ced Zgg },6 Ct)
From Iz.q)waxwéwk(}m)
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Te o L (TR eme ey s (o

For any value of 6

S, Cal R - : (s
e s L L W

which can be reduced to a Bessel Equation of first order having

a solution for

R= An T (€22 4 BaX, (428 ) ()
Therefore inside a tank
$, = & me}_ cm'““v AnT, (& 0B 4) (&g)
. s | ,

and outside a pier’

- < (69)
(tyem B con MR Ba Y, L LLIN
= 4 (Y 2” oty

Considering only the impulse part of the acceleration for a small

interval
WY | |
b= -5 33?]6 | : (70)
Thérefore, the hydrodynamic pressure inside a tank
+, = -2 %"U:)cmez > NK o Am T, (m'm&‘ n) )
' 3— 1,3, = &
and outside a pler
1]
- . W 00'36 oo TRY Ba Yy (4 2R ) (72).
P2 = (& _Z‘,sr *h >
, 312 o
Vhere A o = MiR : (73

\"‘ ‘— . h .
e SRS Sl
kn & xnfpor Moy 5,9 -

An w W M= BT, 0
o Q)M - —%‘éi\'a-
Yol @afk&) + "—‘-'5- \/g(“-'h_FQ) C74)

Bn & guden M:\,S,Q-
B G ~vdon n=3,7,0 -
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The total hydrodynamxc forces acting in the direction of %
A  (Phoo cmon o dy 7%

which glves : 'L A-J (A SEay. .o
P bll(e) ’\:Q[_A T(AWO\) -L A3J,(N3__)_—K;i)+s $ 9y ) ]
"% C76)

P:. = V‘-" {-SL&.) o [B Y,(d, WQ) -L fbsY (c\. 31?0.)_,_ “58'\/\(‘ qu)__]
(77)

and,

The centlolds of these forces are logated 91 anmodk \}z

above X rlane.

§ - = f J ($)p - &O%eh_d-eoL«aL (7%

The moments of the hydrodynamic impulsive pressure Py:=o

about the 9% planeare given by

ho. o
Ny = 2 j j--—- (- )y.on*compdedn - (79

| o
W;_ N, = J. _f 7, (’Pl)aza n? cen g oo da | (9)

and total hydrodynamic impulsive moments will be given by M4+ Ny
for tank filled with and M, for cylindrical pier, the moment
-N, acting on the »*3 planeoutside the tank, being left out of.

consideragtion,

Following figures illustrate the works of Jacobsen. ()
figure no. 33 shows the ratios of the effective hydrodynamic ma-
sses "™.,m. referred to the total mass of the fluid within &

tank or outside the tank, dividing eqmefién (7€) amd (Z7) by

YOE k) mrothT

T \
(ii) Figure No. 34 shows the ratios of the effective hydrody-
namic mass centioids referred to ..

(iid) | Figure no. 35 shows the ratio of the effective mags mom—

ents acting on the bottom of tank, obtained by dividing equation
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(iv) Figure no, 3f shows the theoretical and the experimental

cuives for.cylindrical tank of diameter g = 11.56"  and Mo vmum

horizontal axmuumduéw%’hich shows a close agreement between the-

ory and experiment.

2.47. Yerner agnd Sundquist.(3)

Werner and Sundquist theory has bheen developed assuming

simple harmonic motion, taking the compressibility of the water

into consideration and finite boundry for tahks or reservoir. The

solutions given for rectangular sections under the head of dams

are also applicable to the rectangular tanks.

For tanks withsemi-circular ends, there may be two modes

of v1bratjon

I. Circulsr section vibragting in the direction of generagt-

ing ax:is,

The dynamic water presgsure
on end. wall will be
- 8 axt .
p= LAuwh, w2t | |
Z_mz_m G Conte X = Lot N (L =%)
M=) m=zo /\L?.'Y\-')—l)"c’w Almda ')CQ ;
'z‘v\-\-)(&w "‘-) Aon (2nvV) @ 1)
de
wrhane J L. Xa.ma-xce) S
T F ek - (e ] T CT) Fre.no. 37
- —~ (2R Nne
A - J\ KT
, Mo

The dynamic water pressure on the end wall, calculated

according to EC\.“- (V) for £ -oo and with A=) is shown in fig.

Moo

38.

IY Vibrating in a direction transverse to the generating
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S7L KOO G T .
o M amenr K (% n) T { f
(g6) S e A
and the resultant dynamic pressure is RN
given by L |
W R
Bh n 2k k -cf.L K,
P=z 22 AW S 2 Sy 1, (o)
(€7)

where A4 N\ are same -as in the previous case of vertical cylind-
er and X is the Kankel function of purely imaginary argument,

Bquafions (R6) ¢ €R7) have been evaluated for X =1 in fig.
(46) o (47). |

In a sewmi spherical vessel vibrating in a dirdction $-=o,

the dynamic water pressure is given by

b2 AW h, e posant F‘“"L\“—""
o SO L L S I e ‘H}Pz; e
?—" tenita C"_-'m—r) (9”") ™ t (€2 '7
whew - o ' ‘\\~_,///
R . - [
om = j Pm(\)(m\\a).f&n‘f Ruw Y} Ay | F16. Mo 4§

“and Rn is spherical surface harmonic function of first order of
dagree M. Figure No. (49) shows the dynamic pressure on the wall
from e.g., (88). A comparision with figure No. (38) shows that
the pressure in a spherical vessel i1s somewhat lower than in a

circular one.

2,48, Jacobsen and Ayre (6)

Jacobsen and Ayre (6) carried out experimental investi- .
gation on four tanks,. from 4" to 4 ft. in diameter, subjected to.
transient hotozontal "ground motions" of simplified type. The
important parameters, in addition to size of tank, were depth of

fluid and frequency, duration and amplitude of ground motion. The
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(iv) Tigure no, 3f shows the theoretical and the experimental
curves for.cylindrical tank of diameter a = 11.56" and YLOR AN U
horizontal txcadﬂuihLH%whiCh shows a close agreement between the-

ory and experiment.

2.47., werner and Sundguist.(3)

WWerner and Sundquist theory has been developed assuming
simple harmonic motion, taking the compressibility of the water
into consideration and finite boundry for tamks or reservoir, The

solutions given for rectangular sections under the head of dams

are also applicable to the rectangular tanks.

For tanks withsemi-circular ends, there may be two modes

of vibration

1. Circulsr section vibrating in the direction of generat-

ing ax:.is,

The dynamic wWater pressure
on end wall will be
b= & awr w2k
~
IS Q_MMM’)(,%—CM’)LQQ 7‘)
matmze A(2NH)) Taw Ak » ¢ !,
To iy (B h) A (mm—wcv‘* &)
©
wihene J C. ja_m-)—sC‘e) , 7
’ e 8
*Foem = el - L1m+\)J'3mm+\L'Q”) Fre. wvo. 372
- _ 2K Fe\
A - \]\ o k'r)

X = )\%;)\(3 QJV\-dLK:\JT&_—-E—

(7%
The dynamic water pressure on the end wall, calculated
according to Qqﬂ ) for £ -cs and with A=) is shown in fig.

N

38.

II Vibrating in a direction transverse to the generating
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axis
The dynamic water presgsure on the wall is given by
= 'L—"'E AWh, Co 1wb2°°::)”” (’ﬁ;)mm Adn 200 Ce2)
Figure.No. (39) shows the distribution of the hydrodynamic pres-
sure.
For a case with triangular section, the walls sloping
45%, vibrating in a transverse direction, b is given by

— n-)
= dwh ok [_’i- 5%

® o Aomb MR

Ardn MK LT
{ h" A.uvu'n‘n_‘z.\. Aun 'n__R__ Am.'nx%}:l

(R3) y
Figure no., 41 shows the digtribution of ynamic precsure

on wall. |

On a vertical cylinder of circular cross section the dy-

1

namit water pressure P is given by

_I__&__")ﬁ_ﬁ.) Al (2 ma g
P = 87:? dwwq?w""tzwxcwm’- L' (% o) ‘ )J =

where fE.(X}L) is a' Bessel function of purely imaginary argument,

=
=

in which

X = }\('zma-\)ﬂ' ‘ I

amd A f {ewﬂ)mS | | l l

. The resultant dynamic water pressure on

2 %o
'.
!
1
I

wall is
] CLixko (gp)

- xk § ——
P = + 37_::7_ o kW > TE 2 Samu® T (0 R

Fﬂi“m'di‘

Eqmotibws (84)+(39hgve been evaluated in figure (43) and (44).

In the case of vertical pier of circular cross section
vibrating in a reservoir infinitely extended in a horizontal

plane, the dynamic pressure is given by
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~

t=-8hdwen g 2L

20»_, SKe(wn) B (T Ty V/

o Mammny*t K (% ra) h 1

(26) —~

and the resultant dynamic pressure is g

given by C |
W Re)
N sk SO R AR
P2 2 AW IR 2 SGmny® K, ()

(€7)

where 4 N are same -as in the previous case of vertical cylind-

er and K is the Kankel function of purely imaginary argument,
Bquofions (86) & CR7) have been evaluated for X =1 in fig.
(46) o (47). | |

In a sewi spherical vessel vibrating in a dirdction $-=o,

the dynamic water pressure is given by

2= dW ko od Geao 2
b= dwh, e geosant,

sPany dnn (RN O o
v M?n"('l_-vn—v) (ho) = T o
W NI
K W) ] . n
Oy = j P (Lo ). Cn ¥ AU oL F16.No. dg

. w :

and P is spherical surface harmonic function of first order of
dagree M. Figure No. (49) shows the dynamic pressure on the wall
from e.g., (88)., A comparision,With‘figure'No. (38) shows that
the pressure in a spherical vessel is somewhat lowexr than. in a

circular one.

2.48. Jacobsen and Ayre (6)

Jacobsen and Ayre (6) carried out experimental investi- .
gation on four tanks, from 4" to 4 ft. in diameter, subjected to.
transient hotozontal "ground motions" of simplified type. The
important parameters, in addition to size of tank, were depth of

fluid and frequency, duration and amplitude of ground motion. The
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tanks have taken as elastically supported. This fact has been
supported from the experimental work of Aurther C-Ruge, with the
result that a coupling exists between the fluid system and the tan
~k tower system, The existence of this couwupling has been demons-
trated on a full scale basis in experiments conducted by D.S.Cér—
tér, on actual tanks, The photographic studies had been made on
wave formation, maximum wave heights and the locations of these
maxima and the fluid damping coefficients. Equivalent mass and
overturning moment due to the fluid have been shown for various
cases. The tanks may be either covered or open. 1In case of open

tank of diameter 2a the effective mass and overturning moment

YA
due to the behaviour of the fluid, the aggrement between theory
and experiment is good.,. For practical purposes the ratio of effe-
ctive hydrodynainic mass to actual mass of the fluid can be calcu—
lated within 54 of error from the following simple relations;

m - o-sq 4%m ) {ﬁ* o <-é§ <)

| (29
- 039 +-Ig ég. R %ex 1< & cCas

28

ﬂf 7|

The centre of gravity of effective hydrodynamic mass is

given by satte degree of approximation by

CZ, .. o B

R 36 + "?7Ja' from T Aotlen
of tank.

In the case of tanks with rigid cover the removal of a
small proportion of the fluid makes the tank effectively an open
one., The ovérturning moments reduces even more rapidly, than the
effective mass does, since it is function not only. of the effactive
mass but also of the effective centfoidsl hieght. Il has been co-

ncluded that‘wave.studies are applicable to fluids other than
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water as

(i) Natural modes are independent of fluid density.
(2) Viscous damping is small and,

(3) Surface tension effects are secondary.

The effect of static fluid depth is a complicated one
and comparision of tanks of different 44320 should be made on eq-
ual values of %% . The maximum wave height can, for most pract-
ical purpose, be assumed to vary as the square root of tankdiame-
ter 2o . Well defined resonance occurs only with the fundam-
ental mode. The higher natural frequencies are closely spaced,
with the result that very sharp tw ning is required for resonance.
Yaves of significant height apvarently are not to be expected in
" large tanks suﬁjected to earthquake on the otherhand, large waves
may occur in small tanks when subjected to

(a) large ampliﬁudes motions near the top of building, or
(b) -1arge motions arising from elastic support of the tank

on a moving ground (elevated storage tanks).

Figure No. (50)«+(51) shows the influence of rigid cover
on the effective hydrodynamic mass of the fluid and overturning
moments due to fluid respectively. The maximum value of impulsive

occ™ was 0.12 4 ad for full tank HF =15
A o

From an example of a rigid tank of 120' ingside diameter,
containing water to a depth of 90 ft., subjected to horizontal
of 0.20 of -
(i) For open tank:-
'Weight of water C mg) = 63'6;006 Mo |

—

Xy

]

39z
354

1s
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Hydrodynamic couple acting at the bottom of tank from

the curve figure No. (50)

= 62.5 X .20 X 602 X 90° X .39
= 142 ¥ 100 Ao, |
.M, = .682 X 63.6 X 10° X .20 X 35.4
= 307 X 10°
- due to.horizontal force
.. Total Moment = 449 X 106 Ab e .

which is 59% of the hydrostatic pressure.
(ii) Far covered -tanks

mg — « 7 —— —
LTS ang 7 = ,5h = 45¢

oM =63.6 x10° X .20 x 45 = 571 x 10° Abfs .
This shows that open tanks have smaller moments. Clear—

ance required to reduce the effective mass to the open tank it

v]

was found that for this case only 10" clearance is needed which

4

is very small in relation to the dimengions of the tank. If the
tank has been disigned as shallow tank with_%iz-O.S, total mon-
ents would have much smaller,
For this case of design 2a = 173" and h = 43,3
™. 3505, 7 = .38h = 16,5

. M= 63.6 X 10° X ,305 X .20 X 16.5
= 64 x 108 Mgt

couple at bottom :-
N =625 X .20 X 86.5° X 43.3°% 1,1
C=19.3 x 10° Mgt
.'. Total mcoment = 83,3 X 106 It

which shows a great reduction in total hydrodynamic forces res-

ulting from the change to a tank of shallower design,

Therefore, for counter acting of‘hydrodynamiq pressure
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moments, shallower designs of tanks, shculd be done.

2.49, H.WV.Housner (8)

Housner presented simplified gsolutions for hydrodynamic
pressure during earthquake for wvarious shapes of liquid contaiﬁ-
ers, His solutions are based on the assumption that the water.
is incompresgsible and the fluid displacements are small, there-
fore finding the solution of Laplaces equation, satisfying the
boundry conditions, Based on the known solutions he derived sim-
plified approximate solutions within permissible errors, other -
wise the solutions are very coﬁplicated as we saw above, These
solutions avoid partial differential equations and infinite ser-
"ies and are in very simple form., The approximate method appeals
to physical intuition and makes it eagsy to visualize the fluid
motion and therefore particularly suitable for engineering appli-
cations. Housner seperated hydrodynamic pressure into two parts,
(1) Conmective, and (11) impulsive. The impulsive pressures are
caugsed by inertia forceg and are directly proportional to the ad-
celeration of the container walls while conwective pressurés,are
produced by oscillation of the fluid and - : thus results into
impulsive pressure,

Congidering a cylindrical tank as shown in figure No.b52,
csubjected to a horizontal acceleration aa.and let the fluid be
constrained beitween fixed membranes parallel to the x-axis. Jaco-
bsen(1949)(2),has shown that an impulsive:aoceleration does mnot
generate a velocity component in the fluid sb that in this case
the membranes do not introduce any constraint. Each slice may
thus be teasted as if it were a narrow rectangular tank, The pre

~gsure exerted against the wall of the tank is given by 21W~&Idn~
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b= - &wh[%*{(%)LJﬁM(ﬁ%w¢) (9|)
The pressure on the bottom of the tank is .
by = - awh 3 AL (92)

2 woh V3 Yy
The sbove expressions are not convenient for

calculating the total force exerted b-y the
fluid. The following modifications gives

very accurate values for & small and son
, h - ¥

—ewhat overestimates the pressure when %%

PRVIN
| WY

is not small.

b= -awh|L -Ji(%\)jﬁ wo b Lot J’é—%: )

: £16 ~o. 52
and resultant pressure exerted on the wall

W pan tond VB B
Pa § . pem dRAGdy = - dwnRPh 2R (94)

from which it is seen that the force exerted is the same as if

an equivalent mass Me were moving with the tank, where
Lot \J'—:S"p"ﬁ (
= Ss
M. ™M " E )
Comparing with Jacobsen (1949) it is found that eq.95

overestimates M o with a maximum error less than 4%.
To exert a moment equal to that exerted by the fluid

pregssure on the wall, the mass M o should be at a height above

ﬁhe bottom = 5/8+" ¢ % Z1-8) ¢9¢)

o -

Tf the moment exerted by the pressures on the tank bo-

ttom are included, the equivalent mass,Mo, musi be at a height

fho = 2 E“ ] hohvs) (97)
"\.[‘\-\- ry r%:> q( R—< )(

to produce the proper total moment on the tank which underestim
—ates howith Jacobsen(1949)with a maximum error of 6%.
For the case of elliptical tank and composite tanks,

the impulsive pressure on the wall is given by equation by proc-
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‘eeding in the same way as for the cylindrical Xtemk

b = wh[%-g%ﬂh tamh 3 & C99)
whereais the length of ZamAh.
Similar expressions can be obtained for acceleration in other

direction.

Ray W. Clough (20)

2.50. The dynamic system in contact with fluid give rise to
increase in the apparent mass of the system. The hydrodynamic
equations required to evaluate this added mass effect is very co-
mplex and phenomenon can be explained on energy principles. The
problem of added mass has been evaluated for various cases in
various field for small amplitude harmonic motions. However ,
there is considerable, doubt that these results may be applied
indiscriminately to the earthquake response of structures under
water. The specific objectives of Ciough‘s study were to deter-
mine added mass values pertinent to simple, prismatic forms of
structures considering the effects of

(1) irregular earthquakes

(2) Plexvwal deformation of the structure.

Two series of models were tested on shaking table, For
details of model and apparatus reference can be made to second
wotld conference on earthquake Engg. Vol.Ii, Jopam 1960, b. @15 and
results are reported here,

Tegt series T,

In this seriés values of the added mass coefficients
for rigid bodiesunder water were obtained. TFor a rigid circular
section of infinite length, hydrodynamic theory gives a value of

unity for the added mass coefficient,i,e., the added mass 1s eg-
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ual to the weight displaced by the model. Resklts

show good ag-

reement with theory. It is difficult to get added mass coeffic-—

ient for non circular section. The results shows

mass values obtained by free vibration studies were

that the added

consequently

lower than the values obtained from the eafthquake tests by sev-

eral 7, . Difference can be ignored and coefficient can be used,

The damping effects of water are quite negligible.

Test series II. -

In this series results were obtained in
added mass coefficients where a flexible vertical
the rigid horizontal model. The reduction may be

dimension flow pattern in case of flexible models

reduction of
model replaced
due to three

and two-dimen-

sion in the rigid case, In come cases this reduction may be as

great as 30%. Agreement with theretical snd experimental values

of bending moments obtained in the vertical model

M

is satisfactory
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3.1 The experimental work consiste of vérification of Zang-
er's (7) experimental work on an electrolytic analogy tray for
determination of hydrodynamic pressures on dam surfaces of vari-
ous profiles during earthquakes, by solving Laplaces equation,

szpzo'

3.2 THEORY AND ASSUMPTiONS -

(i) The dam body is straight along its length.
(ii) The water is incompressible.

(iii) The vibrations in the earthquakes are assumed horizontal
in a direction pemp endicular to the dam,

(iv) All points of the foundation have the same displacement,
velocity and acceleration at the same time.

displacement of a particle of water ( w,v ) in the
. . ) .

ctions of x and y regpectively are gmagll,

- E+ S e

(vi) The dam is subjected to a simple harmonic motion during
the earthquakes.

(vii)The regervoir is of infinite length.

(viii) The effect of hill side slopes in the case of canyon
has not been considered.

(ix) There is no faulting in- the case of canyon.
(x) The dam wall ig rigid.

‘All the gbove assumptions have been discussed under .
Yestergaard (1).

First, third and ninth assumptions make the problem two
dimensional, If the second assumption,i.e; water.is.incompreéss—
ible, . ig essumed, an electric analogy may be used to determine
the magnitude and distribution of water pressure on a dam, of any

profile which are caused by a horizontal earthquake. This ass-
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umption is not conservative, however a cowparision has been made

previously.

Vhen the compfessibility of water is considered in the
hydrodynamic effect of horigontal earthquake, it is convenient to
assume that the earthquake manifests itself a harmonic motién.
Analytical solutions are also based.upon the assumptioh that the
dam is a rigid wall which movesaunit with the foundation. The di -

-splaceuent are assumed to be small and may be expressed by

€, = - XFT> . ant (99)
4 T -
* Assuming again that the displacements of the water body
- are small, the differential equatdwmiw rectangular corrdinstes ex-

pressing the relationships of pressure p, time t, and three orth-

oganel displacements, w, v amd & oare | o Sx
. : '#t
?p | w Fu Y o/ *‘:';I% pe2kee
?& - —‘3-%&" ';_,_ "’_"‘T‘ W
-2 - 3_1}_{ (loo) ‘ ;o /
T S
T . w8 - " K16 NO.53.
% d ¥t MR £

with these assumptions for a compressible fluid the conditions of

continuity akte given by the equation
b (1Y)
dM L Yy L3 o P
o .32 2% E
From equations (100) & (101), the following differential

equation for the pregsure in three dimensional flow is obtained,

e ‘ 2 : \
LR i S in U Croxd.
D x* W TY K* 2%&%~

For two dimensional flow the problem resolves itself into
determining solution for the differential equations (101) and(102)
which also satisfy the boundry conditions. The general conditions

to be met at any boundry may be written after consideration of fig.

(54). For the two dimensional case, the displacement at the face
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are _
= o - W
w i (—loB). . - e X 3
v = V
The top indices refers to the movement \
\
of the water, relative to the dam. The i}
displacement component perpendicular to . M LUk
»l""‘fﬁ?‘q\;
any point on the face of the dam must Yy Fre. mo. 54,

be zero since the face is a streamliwe, Therefore, the following
equation may be written:

U+ ritam o = &, Cloa) .

If ﬁater is considered as incompressible, E and hence K
becomeg infinite, Therefore, for two dimeﬁsional flow and incom
‘-pressible fluid ( Basis on which electric analogysolution is ba

-sed), equation (102) then becomes.

¥+ p gy S (las
Sar T oy & C )

This is Laplaces equation in two dimension. The exper-
imental solution of problem, based on ideal and viscous incompi-
essible fluid, involve the solution of this equation. The math-
~matical treating of such problems, in the gpheresg of hydraulics
and aerodynamics,. leads to partial differential equations which
can only be evaluated when the necessary number of boundry requ-
irements for the defined case are given. (enerally, they can be
obtained only faqr geometriCally,simple arrangements, correspond-
ing rarely with those of technical practice.. " For practical re
—-search, use is therefore made of the analogy of all potential
fields. The electric current field, as a natural potential field,

is specially suited for accurate experimental evaluations.

There are several hydrodynamic analogies available in

the literature. The electric analogy tray apparatus may be one
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of the solutions t6 the problem by solving Laplaces equation,
*¢=0 ,where® is potential, and satisfying the boundry conditi-
ons. As the Laplaces equation governs the steady state flow of
electricity, therefore, electric analog tray may be used to obt-
ain flow nets for studing horizontal eerthquake effects on dam

of various upstream shapes.

The flow net is an orthogonal system which consists of
two sets of curves, one representing stream lineg and the other
equipotential lines. If one of these lines of flow net are det-
ermined, other lines can be plotted from the properties of flow

nets for continuous steady flow.

(i) d¢ = constant
. al _ o
(i1) = ° Xa

(iii) 1lines of Flow net cut perpendicular
t each other,
In the electric analogy tray apparatus
equipotentials lines are surveyed and are plotied on grapth.
From (ii) & (iii) properties of flow nets, stream lines can be

plotted for a particular dam profile,

Once the flow net is obtéined, the proper scale of the
pres%}es in the net must be determined, The pressure scale ig
easily determined by the following considerations :=-

(i) Reservoir depth, h, is divided intd?} équal parts.

(ii) As the dam body is assumed to be rigid, therefore,
same quantity of water flow through each element of
. flow net,

(iii) No water can escape across the stream lines.

Applying equation of motion and continuity to an elen-
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ment of flow net we get
2pn k
db g5 = dgWh e

P @™
- d\ wk wlﬁt (‘06)
= T

EQUIPOTENFIAL LINE]

FI1G. NVo. 55

Ip = dwh . A® 107) .
b Wh . S coo2nt (107)

i

This equation determines the pressure gcale, This equation can

further be simplified if the flow net is made into squares so
that dg=-ds . Also, the maximum pressure increase is only impo-

tant which occurs at t=T. Therefore, equation (107) becomes. .

d Wwh - (tog)
A CWGh  (109)

dp =
p= &
where C is pressure constant.

To obtain flow net for a profile of a dam electric ana-

logy tray is made as described in detail below.

5.3, DESCRIPTION AND SETUP OF APPARATUS.
(1) CENERAL: The "Electrolytic Tray" is the device to exe-

cute such measurements,.being a container filled with electrolyie.
This is a spacy extended conductor to which the current is led

| through one or several electrodes. At .flow through of current

through the electrolytic, a potential drop is produced. By means
of a probe, adjusted at the calibration potentiometer, Balancing
of this tension compénsation bridge can be observed at an indica
—tion instrument, In such a manner, the equipotentiai lines over
the electrolytic surface can be found point by point, correspon-

ding to the adjusted tension at the calibration potentiometer.

'

(ii) DESCRIPTION OF APPARATUS:

The electric analogy tray apparatus consist of the foll-
owing :-— '

‘ -
(a) 1 Tray sheet plastic ("), size 6"x36"X2" Ldaap).
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(b) 1 Projection platform, size 150x100 cwmo.

(¢) 1 Light indicator ( 8 v ) directly coupled with probe,
mounted on coordimation carriage,

(d) 1 Precision potentiometer 0-100% with zero galvanom-
eter and rectifier, mounted on coordination carriage.

(e) 1 Potentiometer box with 50 potentiometers.

(£) 1 High resistance voltmeter, with voltmeter pole ch-
anging switch, on rotatable stand.

(g) 1 Transformer for projection lamp (év).
(h) 1 Transformer for potentibmetsr.

(1) 220w, 50 ¢/s supply.

The movement of the prcbe over the'électrolyte surface
is effected by means of two carriages, each mounted on rollers
ball bearings. The movement along the length of the tray is eff
-ected by means of bridge carriage, which elso carries the swit-
ch board with the elements for the service of the tension-compe-
nsation., The movement of the bridge carriage is‘effected by a
knob. Above this knob there is another knob which moves the pr-
obe carriage in transverse direction of the tray. At the lower
part of the probe carriage, the probe can be ingerted 1in such a
manner that within certain 1imifs, an adjustment in vertical
direction may be effected., The position of the probe 1is marked
by means of a projected lignt poiht on a drawing board of glass
mounted over the tray, then the position of the probe can be lo-

cated and marked on a graph paper.

The connection of the apparatus may be seen from conn-
ection sketch No. (56 & 57). The feeding takes place from the
light net 220-230 V 50 cps. The switeh board allows 50 different

potentials to be taken from each of the 2 pairs of bushes. BEvery
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second bush (counted from the left) of each pair possesses betw-
cen them same potential, whereas all Tirst bushes are connected
with the sliding connection of the potentiometers, 1-50, and wh-
ich can then be set on a potential between o and 20 volts at will,
Main electrodes and calibration potentiometer are fed from' two
parallél connected pars of bushes. The voltage as selected by
means, of the potentiometer can be read off for each pair of bu-
shes by setting the selecting suriteh on the respective bush num-

ber on the control instrument,

The connection to the net is effected over a net cable
- with 2 poles-plug with earth connection, second bush pair of the
connec-tion, connection is made by means of a itwo conductor cable
to the bushes of the two stritched brass wires and brushes and
also with the calibration potentiometer. The feed for lighting
the projection lamp is effected by means of a one conductor cagble

with red banawmaplug. The voltage awmounts to 8 wvolts.

The electric analogy method consists of constructing a
tray geometrically similar to the dawm and reservoir ‘area. As we
zaw above that hydrodynamic pressure is directly proportional to
the height of dam, a linearly varying electric potential is pla-
ced along the boundry representing the upstream face of the damn.
- This has been done by making various dam profileg (6" heightx 1"
1ength)}0f a non conducting heat registant material (like asbes
tous sheet) répresenting upstream boundry at one end of the tray.
This boundry waes wound with nichrome wire (24 SWG) to give a li-
near\drop in potential, The linear drop of the boundry was ass—
ured by checking by a voltmeter. A constant electric potential

is placed along the boundry repregenting the bottom of the rese-
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rvoir (making constant hydrodynamic pressure boundry at the bottom
~ of dam). This was done by placing a copper strip (1" wide) at
the bottom of dam (see fig. No. 57). TFree surface of the reser-
voir is of plas—tic strip representing (0% pressure). The tray

was then filled with tap water, which is an electrolyte.

This'tray was placed under projection platform and adj-
usted such that probe can move 1ongitudina1y along the longer
edge of tray. The graph paper of the size of tray was piaced
over the projection platform and with the help of projection lan
—tern and by moving probe longitudinally and transverly shape of
the dam profile was drawn on graph paper. Electric conngptions
were made as shown in figure No. (56). Three photograph will c-

clear the set up and connection of the Electric Analogy Tray as

shown in figure No. 59,60 and 61,

3.4, Preparation of Test and Measurements.

flhen all the connectlons hés been completed, the tray
is filled with tap water to such an extent that probe can touch
its surface. The calibfation potentiometer has a resistance of
1000 ohms.(10 V linear drop was allowed along the U/s face of
dam) in order to atfain maximum sensibility of the briadge, the
 commutation switch is switched to position *1'. In thig position
the ”adjustmeﬁt" until the galvanometer shows readings at its
maximumn sensibility. This adjustment has to'be carried odt~but
“once only. After-wards it is—bréught‘to position II. In this po-
sition the probe is connected over the rectfier arrangement with
measuring potentiometer; Thig potentiometer is now set to a cer-
tain desired value. (In % of the allowed arop as read on dial

on bridge carriage). The probe is shifted until the galvanometer
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reads zero. By connecting the solocated points of equal poten-
tials over graph paper, the desired equipotentials lines are ob
~-tained,
Equipotentials lines of 95,30 to 104 with in an inter-

val of 10% were drawn,

In order to make this study, hydrodynamic pressure due
to horizontal earthquakes were determined for several shapes of
dams. In all eleven cases were gstudied, Dams studied were those

s ~ 0 A0 .0 0 .
with constant U/S slope of 0O, 30", 45,60  and six other cases

as shown in figure No. ©2,

After surveying the eéuipotential lines as shown in
figure No. 58, the flow net is completed; The typical flow nets
so obtained for two cases of dams have been shown in figure Wo.
€6 and 67, The pressure coefficiehts are then deterwmined as ex-

plained earlier and curves are plotted for each profile of dam,

3.6. RESULIS :-

The curves for hydrodynamic pressure distribution for
various profiles of dams have been drawn in figure No. 62,63 and
64, All the experimentsl curves so obtained have been compared
with experimental curves of Zangers (7) and it is concluded that
curveg gre in close éggrement with that of Zangers and therefore

are reproducible and thoroughly reliable.
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CONCLUSIONS
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4,1 A comparative study of various approaches to the problem
of determining hydrodynamic pressure during earthquake on dams and
containers and experimental verification of Zanger's (7) work led

to the followning broad conclusions for dams and containers.

4.2, DAMS :

(1) Vestergaards theory is faulty. It is not applicable iﬁ
case when the period of earthquake is shorter than the resonance
period of djnamic water. Later thepries of 'Jerner and Sundquist,
Tadashi Hatano etc. studied the problem to amend the deficiencies
of Westergaards solutions as well as to obtain the right soiution
considering the resgervoir limits, gorge section etc. As a result,
later theorieé on the dynamic water pressure have progressed and

the phenomena have been greatly made known.

(2) Since all of theories except Kotsubo, discussed have ass-

; e

2]

n

umed the earthquake as stationary, simple harmonic motion and dy-

namic water pressure become infinitly large when the earthquake
period corresponds with the resonance period of dynamic water

pressure. Kotsubo consideredlthe effect of irregular earthquake
for a two dimehsional case and found that the dyna-mic water pre-
sgure is not always proportional to the corresponding earthquake
acceleration and can be even found in case of resonance period of
dynamic .water pressure, The dynamic pressure so found is much
larger than Testergaard's, Kotsubo is first man to give a three
dimentional solution to constant radius arch dams. The magnify-
ing power of dynamic water pressure over Westergaards is 1.6 for
dams about 100 m. high.‘ For vibrations in the direction of river
course, the dynamic waler pressure acting upon a‘gravity dam or

an arch dam will be given by
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where, K is the magnifying power of dynamic water ﬁressure, which
will be expressed by the following equation
K = %\f‘%u-f) 3. (20.°) de | Cin )

(3) TFrom all considerations, the theory'proposed by Werner
and Sundquist seems to be better, zs far as hydrodynamic pressure
is considered, thnan  both of Jacobsens and Vestergaards as they
have considered the fetch of.reservoir as vell as the compressi-

bility of water,

(4) As ZangerJneglected the compresgibility of water, hLis
solution to Laplace equation by anslogy tray method do not contaiun
any factor for vibration period of earthquake and his solutions
are cowparable with those of VWestergaards for T=~§—— S€CS. For

3 ,
shorter period of vibration of earthquake his experimental curves
are of no use and can only be zpplied for T > 1 sec. Zangers
work is quite useful for inclined U/S faces and other profiles of
Jdam as no other theory has considered this effect, FElectric ana-
logy tray method affords a very easy, convenient and cheaper met;

nod for experimental determinaticn of dynanmic water pressure due
to horigzontal earthquake.
(5) The increase in pressure on dams with sloping faces is

’
esg than on aamsAvertlca; face, the flatter the slope the smaller

ho

the increase in pressure,
/

(6) The moaxwwwmpressure for sloping faces of dams occur at

some distance sbove the base of the dam except for a vertical fa-

ce agnd distribution of hydrodynamic pressure due to horizontal
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can approximately represented by a rerabolic curve and can be ex-
presced by equation

b = C oL wWh (\\2_)
where C 1is the pregssure coefficient., The maximum value of press-
ure coefficient was found to .735at the base of a dam with verti-
cal U/S face. The approximate pressure distribution for dams with
constant slopes can be obtained by equation

b o= L oowhoem [RO-R) Eee) IR
and total horizontal pressure and overturning momenf are given by
following expressions

P = 0.726 py (114)

and M = 0.299 pyo(115)

The above expressions of Zanger are supported well by
experimental verification ...« = 7. by Electric Tray Ana-
logy method. The results obtained are quite near to those of
Zangers (7).

(7)‘ For practical purposes dams having U/s faces, vertiéal
for more than half of the height can be treated as having verti-

cal U/S face and subjected to the same intensity of earthquake.

(8) For irregular earthquakes which is the practical case,

" the dynamic water pressure at a given time is not always pfopo—
rtionsl.to the corresponding earthquake acceleration but differe-
nt in time 6f resonance and in magnitude according to the relation
between the resonance period of dynamic water pressure and the

earthquake and pressure is congiderably larger then that based on

gimple harmonic earthquake and for a dam about 100 m. high, the

magnifying power of pressure ig as large as approximately 1.6.

(9) Total force on the wall 1is reduced by wall flexibility
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due to stiffness of the section.

(10) The assumption that water is incompressible, is not
conservative but errors so caused for T=1, compared with Vester
gaard are small for dams under 400 ft. in height and are not ex
—cessiée for dams &s high as 800 ft. and error in moment for
this height is 13.5%. For earthquake period less than 1 second
(T< 1)error will be increasing with Zangers results,

(11) ¥For a finite reservoir with far end fixed the hydrodyn-
amic pressure increases, For.%;>3.0 the reservoir can be taken
as infinite (Heilton) while from the results of Sundquist ratio
%L is? 4.0 for infinite reservoir. Either & correction factor
as given in figure No.(28) should be used or Werner'and Sundqui
-st results should be used for a case of finite reservoir.

(12) The magnitude and primary resonance period of dynamic
water pressure become smallefvas the section ot canyon approaches
neagrer to the trigngular form from rectanghlar one and_dynamic
water'pfessure is 70% that in case of rectangular section.

({3) From the above considerations, the theory proposed by
Lerner and Sundquisf(B) seems to be more justified tﬁan any oth
~er proposed theorges zs far as hydrodynamic watér pressure is
concerned, BRut for all practical purposes solutions given by
Housner (8) are Very simple and easy to be agpplied withvmaximum
error 5 to 6% and recommended for all practical purposes. Zanger
(7) experimental determination of pressure coefficients by Ele-
ctric Analogy Tray apparatus affords a easy and cheape? method
for any profile of dam for & two uimensional case and results

are applicable for all practical problems.

4.%.  CONTAINER AND PIERS:-—

(1) The compressibility of fluid does not effect the
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results appreciably for tanks of usual shapes and heights.

(2) It will be coﬁservative not to consider the viscosity
of fluid due to the drag between the particles.

(3) For practical purposes the ratio of effective hydrody-
namic mass to actual mass of the fluid can 5e calculated within

5% of error from the following'simple relations

m . h

my . ors7ThR fr 0< & < | CNne)

amd- my L - ae h A 22 ().
Mmoo 0039 18R ,.ke»-. < &

The centre of gravity of effective hydrodynamié mass 1s given by
same degree of approximation by _-i_" =0.3%6 + .027\/%?_ ,(¢) from the
bottom of tank .

(4) Surface tension effects are secondary.

(5) The tankswith rigid cover, the removal of a small pro-
portion of the fluid makes the tank effectively an open one.

The overturning mdments reduceg more rapidly tnan effective hyd-
rodynamic mass.

(6) Housner results are much simpler fér a case of tanks
and overestimates Miwith a maximum error less than 4%,

(7) From all considerations, the theory proposed by Wefner
and Sundqﬁist(3) seens to be better as far as hydrodynamic water
pressure is concerned than any other propoéed theory but for all
practical purposes solutions of Housner (8) are very simple and
easy to be applied with error hot more than 5 to 6% and recom-

mended for all practical purposes.

4,4 A study of three dimensional analysis both experimenta-
11y and analytically is desirable to provide more facts and ch-
arvacterstics of dynamic water pressure so far unknown and foIr a

theoretical study of the problem.

N
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5.1 A comprehensive set of recommendations for the design
of earthquske - resistant structures has recently been published
by the Indian Standards Institution. The standard is also appli
—cablé to dams of'minér importance, gnd retaining walls. A major
portion of the standard is devoted to the determination of the
cseismic coefficient, which is defined as the 1ratic of accler;
etion due to earthquake to that due to gravity as the seismic
forceg are directly proportional to it and cost of structure ri-
ses considerable with its rise. Thoﬁgh there are mgny factors
which affect the valué of the geismic coefficient the standard
has in the main relsted it to the type of structure and its loc-
ation and to the nature of soil on which it is founded i.e., its
geology. For this purpose the country has been divided into
seven zoneg and goils into three catogories- hard, average and
soft. For each zone and each catogory of soil a basic seismic
coefficient has been s?ecified as shown in figure No. 65, For
major projects a futher investigation.of past recorded earthquakes
and geology of thearea is required to specify the seismic coeff-
icient. 1In the case of bridges and dams the hydrodynamic effect
of an earthquake has to be considered. Standard recommends the
use of Zangers(T) curves for various U/S profiles of dams for the

gravity dams, concrete, masonary or earthen; and arch dams,

5.2 The standard requires design to be based on the assump-
tions that resonance is not likely to occur and that the earthg-
uake and wind forces etc., not act simulteneously. A 33% increa-
se in the permissible stresses of materials is allowed whenever

earthquake forces are considered along with other normal forces.

At the same time,'the bearing pressure on the foundation can be
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incregsed upto 50% depending upon the type of soil.
b.3. United States Bureau of Reclammation also recommends
the use of Zangers Curvegs and coefficients for the case of Gra-

vity and srch dams in their chapters on 'Dams’'.
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6. From practical point of view a further study of the pr-
-oblem is not of any particular importance as the extra hydrody-
namic pressure caused on the U/S face of the dam during earthqu-
~akes is only a small part of the hydrostatic pressure. For a
case of dam in g seismic region with the extra hydrodynamic
pressure will be only about 15% of hydrostatic pressure. Thero-
etically a further study of the problem will help in finding the
various unknown characteristics of the problem and will also lead

to a rational solution of the problem.

6.2, The study of the problem upto this time has been confi-
ned to two dimensional problems. A three-dimensional study both
‘experimentally and analytically is urged. A three dimensional
study will solve the problems involving various U/S profiles of
the dams and non-straightiness of the dam axis. The consideration
of side slopes and reservoir shape should be incorporated in the
experimental tests. A experimental study is also required for a

case when either dam Dbody or basin is under resonance,

6.3. In the case of earthen gravity dams, the hydrodynamic
etffect on the pore water pressure is also to be investigated and

therefore stability of the slopes is to be found,
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BQTATI QNS

g = Acceleration aue to gravity

K = Bulk modulus of liquid.

w = Unit weight of liquid.

N35% = AXxes,

w, >, 4 = Displacements along x,y and z axes respectiv-

ely.
X = Seismic coefficient ( % ofg,) in horizontal
direction,

oLy = feigmic coefficient in vertical direction.
t = Time,

T = Period of earthquéke wave.

T, = Primary resonance period of dam.

Tm = Resonance period of aynamic water pressure.

A F = Klastic modulus.

p = Hydrodynamic pressure at a depth y.

Pb = Hydrodynamic pressure at the bottomnm.
n = An integar.
h = Depth of reservoir. | '
H = Total depth of the dam.’
I = Dengity of concrete,
P = Total pressure at dépth:r
M = Overturning moment at depth y.

Po,PoamdMe = Corresponding values at the bottom of

reservoir.

As = Width of body of water.
C = Pressure coefficient.
2] = Angle which the U/S face of the dam makes

with vertical.
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(Rr,0) = Polar coordinates.
Qa = Radius of circular cylinder and cylindrical
pier.
R = Raaius of cylinder or sphere.
J = Jacobian function,.

*K WK KKK
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