DYNAMIC WATER PRESSURE ON DAMS DURING EARTHQUAERES

Seima KOTSUBO

SYNOPSIS

Theoretical solution is deduced on the dynamic water
pressure on erch dems during esrthquakes, by which the dy-
namic water pressure is calculated for various ceses of
central angle of arech, upstream redius of dams and inter-
section angle subtended by both banks, and furthermore, the
result is testified by model experiment. In the next place,
theoretical solution of dynamic water pressure caused by ir-
regular earthquakes 1s evaluated for the case of gravity deam
and its application to arch dams is suggested. The results
show that the dynamic water pressure obtalned by the suthor
is much different from the usual value which has been hither-
to adopted in the design of dams. -

INTRODUCTION

In order to study the earthquake-proof properties of a
dam, we must evaluate first the external forces upon dams
during earthquekes, bring to light the vibratiom character-
istics and investigate the distribution of dynsmic stresses
occurring in the dem body. The external forces on the dem in
full reservolr are inertisl force of dam body and dynemie
water pressure, Among them the former 1is looked upon as
proportioned to the earthquake scceleration and acting upon
the dam by the phase equivalent to the earthquake acceler-
ation. As to the laetter, there 1a already Westergaerd's
theory‘’), which 1s not only faulty mathematically but also
inapplicable in case when the period of earthquake 1s shorter
than the resonance perlod of dynamic water pressure. Ac-
cordingly, in later period, Zen-nosuke Anzo, Werner &
Sundquistl?), Pedashi Hetanof3) etc. studied them to amend
these deficiencies as well as to obtain right solution. As s
result, theories on the dynamic water pressure have pro-
gressed and the phenomena have been greatly msde known.

Since-all of these theories assume the earthauske as
stationary, simple harmonic motion, however, the dynamlc
water pressure becomes infinitely iarge when the esrthquake
reriod corresponds with the resonance period of dyhamlc water
pressure., Despite the fact, In the design planned hitherto,
the dynamic water pressure that does not resonate 1s adopted.
On the other hend, for the dynsmic water pressure acting upon
such a curved surface as an arch dam, we must have a three~
dimensional solution of dynamic water pressure. Whereas in
the former design, ususl equations based on a simple assum-
tion were used, depending upon Westergaardts solution of two-
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dimensionel dynamic water pressure.

¥ach of the characteristics of dynamic water pressure
was unknown before the author conducted the theoretical and
experimental researches on those amblguous points, giving sn
outlined report on the results thereby in this paper.

DYNAMIC WATER PRESSURE ON ARCH DAMS

The ground features of dam sites are generally too
complicated to obtain any precise theoreticel solution of dy-
namic water pressure on them. In this paper, therefore, the
author will introduce a theory of dynamic weter pressure on
constant radius arch dams built in U-shaped canyons. Here 1s
firstly teken up sveh circumstances in which the sections are
syrmetrical with both of the banks expanding straightly and
infinitely, and the siopes of the both banks are so steep
that the sections may be taken for as almost rectangular.

1. In case the both banks expand rsdially (Fig., 1l-a)

The differential equation of dynamic water presaure
will be expressed by the following ecuation.
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Assuming the tremor as (Xg/wW*)sinwt, the boundary condition
will become as follows for the vibration in the direction of

river course,
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where, ({ 1s seismic coefficient, 4 acceleration of gravity,
w; speciflc welght of water, E, volmetric modulus of water,
r, 9, 2 cylindrical coordinate, 26 central angle of arch and
h height of dam.

—

The solutlon of equation (1) that satisfles b d
conditions (2) will be as follows, ouncary
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The solution will be obtained in the same way for vi-
bration in the direction at right angle to the river.

The resonance period of dynamic water pressure 1s when
jn = 0, similar to that of the two-dimensionsl dynamic water
pressure, 1. o.,

)’3&',, et eenssssetseesrenccnenceraans (4)

2. In case the both banks are nct in radial direction (Fig.

)
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Even in case that the Intersection angle 26: of both
banks 1is smaller than the central angle 26;: of arch, an ap-
proximate solution was obtasined, firstly by eveluating so-
lutions decomposing boundery condltions and ultimately by

superposing these solutions, but any statement on the result
will be omitted here.

3._Result of computation

Fig. 2 shows the result of evaluation of the vertical
distribution of dynamic water pressure for the two points of
crown and sbutment made on the dam of h = 100 m, re = 50 my
26, = 90" with both banks in radial direction, changing the
earthquake period variously. As plain from the figure, the
vertical distribution of dynamic water pressure is closely
resembled to that of two-dimensional dynamic water pressure
in the vibration in the direction of river course, while in
the vibration in the direction at right angle to the river,
it i3 considerably smaller than the uswal value essumed from
the two-dimensionsl dynsmic water pressure.

Fig. 3 shows the horizontsl distribution of dynamic
water pressure at the bottom of dam with respect to various
cases of upstream radiug of dam, centrsl angle of arch and
Intersection angle subtended by both banks. As plain from
the figure, the dynsmic water pressure by the suthor is
strikingly different from the ususl value, Namely, for the
vibration in the direction of river course,

(1) Within the limit of resl dam, the dynamic water pressure
shows minimum value at crown, increasing toward sbutment,
independently of the intersection angle of both banks or the
central angle of arch.

{2) When the width of river 1s extremely wide compared with
the height of dem, the dynamic wsater pressure approaches
nearer to the usual value,

(3) There is such a case where the dynamic water pressure
becomes maximum in the half way between where the both banks
stand In radial direction and where they are 1in parsallel, but
it seems there is no grest difference in the value.

For the vibration in the direction at right angle to the
river,

(1) The dynamic water pressure 1s much smaller than the
usual value even in the case of both banks in radial 4di-
rection, and becomes negetive with the decresse of inter-
section angle of both banks. That the dynamic water pressure
is negative means that it acts In the direction canceling the
inertlial force of dam body. It 1s therefore presumed that
the dam bears considersble stabllity against the esrthquake
in this direction.

(2) In case that the width of river 1s extremely wide com-
pered with the height of dam, the dynamic water pressure ap-
proaches nearer to the usual value,

(3) The magnitude of dynamic water pressure changes compli-
catedly according to the difference in the intersection angle
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of both banks, the central angle and upstream radius of arch,
but 1t is very small also in case when the both banks are in
radisl directlon, which is most disadvantageous for dam.

In case the section of cenyons are rectangular, the
value of theoretical caleulation has been confipmed to corre-
spond to that of model experiment.

4. Effect of the section of canyon

When the sectlon of canyon 1s a trapezoid or a triangle
having a gentle slope of both banks, there i1s some difficulty
in theorstical treatment. According to the results of model
experliments for constant angle arch dam, however, it has been
revealed that, in this case also, the dynamic weter pressure
is not very different from that of rectangular section and
that the horizontal distribution of dynamic water pressure
approaches nearer to uniform distribution In the vibration in
the directicn of river course, but extremely small in the vi-
bration in the direction at right angle toc the river. In the
lstter case, therefore, it seems unnecessary to take the
trouble to calculate the stresses of arch dam.

DYNAMIC WATER PRESSURE DUE ?0 IRREGULAR EARTHQUAKE

Since the actual earthquake is the superposition of
suddenly occurring vibrations with irregulsr period and
emplitude, i1t is impossible to evaluste strictly the actual
value of dynamlic water pressure unless 1t 1s solved as an
transient phenomenon of ever-changing dynsmic water pressure.
The propagation velocity of sound in water 1s approximately
1400 m/s, and as an earthquake keeps vibrating for a few
seconds at least, reflected wave must be treated when the
length of a reservoir 1s short. Since the form of an actual
‘reservoir 1s not simple, however, thls reflected wave will
also dissipate in the course of propasgation, and it will damp
considerebly before it reaches again to the dam site re-
flecting on the upstream boundary. In order to simplify the
treatment of problems for these reasons, it was assumed here
that the reservoir extended infinitely towards upstream
direction, leaving out the treatment of the reflected wave.

1. Two-dimensionsl dynamic water pressure
As shown in Fig. l-c, assuming ¥, z as rectangular co-
ordinates, the dynamic water pressure due to irregular earth-
quake acceleration K4Y(t) will be obtained by solving the
differential equation (5) using the boundary conditions (6).
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(3) (¢)t=o=0’ %);(% = =0 _J
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This solution will be obteined as follows,
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where,
Am = -(fz.}{l%)_@, l]‘:}/.&u}f_"& velocity of sound in water

The resonance perlod will be obtained by the same equation as
{4).

Considering now the case where the easrthquake suddenly
occurs with (g /gp?)cosw? and separating the dynamic water
pressure into staticnary term and translient term, the
following equation willl be obtalned.
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The first and the second term of equation (8) are the
statlonary terms and the third term transient one. When the
period of tremor is longer than any rescnsnce period of d4y-
namic weter pressure, the first term disappesars, becoming the
dynamic water pressure of the same phase with the tremor.
when the pericd of tremor is shortsr then some of the reso-
nance periods of dynemic water pressure, the first term elso

remains, giving rise to such dynamic water pressure delayed
from the phase of tremor by 90°.

Fig. 4 is an exsmple of earthqueke records. In Fig. §
is given the result of calculation made on the dynamic water
pressure csused by such zarthguake using equation (8). The
uppermost row is the value when the dynamic waster pressure by
Westergaard's theory 1s assumed to be generated in proportion
to the earthquske acceleration by the minute by the phase
equivalent to the earthguake acceleration, where the maximum

value was assumed as 1. From Fig. 4 the following fact is
Seell.
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{1) The dynamic water pressure at a given time is not slways
proportioned tc the corresponding esrthquake acceleration,
but different in time of resonsnce and in magnitude according
to the relation between the resonance pericd of dynamic water
pressure and the earthquake period.

(2) In either case of height of h = 100 m and 75 m, the
maximum velue of Qynamlc water pressure is conaiderably
larger than that based on the Westergaard!s equation.

(3) when the earthquake perliol is longer than the resonance
period of dynamic water pressure, the phase of the dynamic
water pressure is egquivalent to that of earthquake acceler-
ation, whereas when the esarthquake perlod is shorter than the
resonance period of dynamiec water pressure, the dynamic water
pggssure is delayed from that of earthquake acceleration by
90% .

{4) Even after the suspension of tremor, the dynamic water
pressure is not reduced to zero all of a sudden, but gradual-
ly diminishes, acting upon the dam with its eigen period for
somz time.

{(5) In the whole dynamic water pressure, greater part of
them 13 occupied by the pressure of primary mode of vi-:
bration.

(6) According to the former theory, it was impossible to
sxplain the phenomena when the esrthquaske period has agreed
to the resonance period of dynamic water pressure, but the
suthor's theory enables to calculate the magnitude of it even
in auch a oase.

2. Effect of the sscticn of canyon

“As it 1s very diffieult to try theoretical solution for
e given section, the solution was obtained only for the case
of fsn-shaped section or narrow triangular section, as shown
in Pig. l-d~e. The results show that the magnitude and the
primary resonance period of dynamic water pressure become
smaller as the section of canyon approsches nearer to the
triangular form from rectangular one, and that the value in
case of triangular section becomes 70 § of that in case of
rectangular section, but that there are no grest difference
in other points from the rectangular section.

3. Applicatior to the section of general form
From these results, the dynamic water pressure for the
given section of canyon will be expressed approximately by
the following equation,

oAt ,
=Wk /.%% 7/’('5'7)1(2—77{"";3')‘{? eveeeaea(10)

where, T, 18 the primary resonance pserlod of given sectlon
and will be expressed approximately by the following formuls,

7,—=T|/—%— eteteierieinnrarernenneeea(1l)
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in which, h is the maxirum depth of water of given section;
h,, mean depth of water of given secticn, T two~dimensionsl
primery resonance pericd for the maximum depth.

4. Magnifying power of dynamic water pressure

In designing a dam, Westergasard!s equatlion has been
used, which was formulated on the assumption that the earth-
guake 1s a simple harmonic motlion and the earthquake period T
is larger than the resonance period T: of dynamic water
pressure. According to the latest earthquake survey, how-
ever, since the earthquake eminent pericd st dam site is
close to the resonance period of dynamic water pressure, the
velue of the dynamlc water pressure caused then becomes con-
siderably larger than that of Westergaard's equation. Fig. 6
shows the result of calculation on the meximum value of the
dynamic water pressure caused when dams of various height
have suffered the earthquake accelerstion shown in Fig. 4
using equatlon (10}, where the dynamic water pressure by
Westergaard's equation wes assumed as 1. As it is plain from
the figure, for & specially high or low dam, the dynamic
water pressure sometimes gives smaller wvalue than that of
Westergsasrd's equation, but for a dam about 100 m, the magni~
fying power of dynemic water pressure ls as large ss approxi-
metely 1.6.

S. Application to arch dam
For an arch dam it is almost impossible to explain

theoretically the magnitude of dynamic water pressure caused
by irreguler earthquake. Accordingly, if the result obteined
by the statlionery vibration theory is adopted as it is for
vertical and horizontsl distribution of the dynemic water
pressure upon arch dams and if equetion (10) is adopted for
i1ts magnitude, the result from Fig. 6 can be applied to arch
dam in that conditlion. It' is, however, expected that if the
intersection angles aubtended by both banks incresse, time
functlon will be different, and we have to depend upon future
studies for further details,

CONCLUSION

Summing up the above, we can draw conclusions on dynamic
water pressure acting upon dsms as follows.

1. For vibration in the direction of river course
The dynamlc water pressure acting upon & gravity dam or
an arch dam will be given by the following equatien,

= QUAY 2 B v 22)

where, & 13 the magnifying power of dynsmic water pressure,
which will be expressed by the followlng equation, -
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f?f(t 'Z)J(Zﬂ:?)a/'( R & 13

The magnitude of 4 1is considered to take the value of sbout
1.5, though it will be clarified when numerous records of
earthquake accelerstion at dam site have been obtained.

When the earthquske period 1s shorter than the resonance
period of dynamic water pressure,; the dynamlc water pressure
is delayed from the phase of inertisl force of dam body by
90° , and the dynamic water pressure caused by the elastic
displecement of dam is delayed by 90° from the phase of the
elestic displscement, ascting upon the dam as a kind of
damping forces. In such & case, 1t seems that dams are com-
paratively safe. Accordingly, we have only to deal with the
case where the earthqueke pericd 1s longer than the resonance
pericd of dynamic water pressure.

2., For vibration in the directicn at right angle to the
river
The dynamic water pressure acting upon an arch dam is

extremely small even in the case where the both banks extend
radially and becomes negatlive pressure when the intersectlon
angle of both banks 1s small. Since the dampling force due to
viscosity of water in full reservolr is large, it is not
necessary to calculate the stresses of the arch dam for the
earthquake in this direction.
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NOMENCLATURE

E%. = Volmetric modulus of water
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Coefficient of dynamlec water pressure

Period of earthgusks

Resonance perlod of dynamic water pressure

Acceleration of gravity
Seismic coefficient

Specific weight of water
Height of dam or depth of water
Mean depth of water
Cylindrical coordinate
Upstream radjius of srch
One-half of srch central angle
Time

Time parameter in integration
Velocity of socund in water
Rectangular coordinate

Angular velocity of earthquake
Dynamic water pressure
Veloclty potential

Cylindrical coordinate
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