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Effect of stratification on hydrodynamic pressures on dams
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SUMMARY

The effect of stratification of the fluid in the reservoir on hydrodynamic pressures on dams due to horizon-
tal, harmonic ground accelerations has been analyzed. It has been found that both the zeroth-order solution,
which corresponds to the constant-density solution, and the first-order solution have two components in the
hydrodynamic pressure distribution, an in-phase component and an out-of-phase component which is 90°
lagging. The out-of-phase components vanish in the absence of surface waves, and they become dominant
when the wave-effect parameter C becomes large. The wave-effect parameter Cis defined as g/(w?h), where g
is the gravitational constant, w the oscillation frequency and h the height of the fluid in the reservoir. The to-
tal horizontal force on a dam due to harmonic ground excitations has akso been presented.

1. Introduction

An important factor in the design of dams in seismic regions is the accurate determination of
the hydrodynamic pressure exerted on the upstream face of a dam during earthquakes. This fac-
tor becomes increasingly critical if the dam under consideration is located on the upstream side
of a densely populated community.

During an earthquake a dam, through its interaction with the foundation and the abutments,
accelerates into and away from the water in the reservoir, and as a result, the water exerts a
hydrodynamic pressure, in excess of the hydrostatic pressure, on the dam surface. The period
of the ground excitation, T, during a typical earthquake may range from 0.1 sec to 10 seconds,
and the amplitude of vibration is of the order of 1 ft. Therefore the velocity of a fluid particle
in the reservoir, which is of the order of wa with w (=27/T) being the vibration frequency and
a the maximum amplitude or displacement of vibration of a dam, is very small in comparison
with the speed of sound V_ in water (about 4720 ft/sec). Realistic values of the ratio walV
range from 1072 to 107, Hence we may regard the water in the reservoir as an 1ncompress1ble
fluid.

For an infinitely long reservoir, Westergaard [10] first derived an expression for the hydro-
dynamic pressure exerted on a two-dimensional dam with vertical upstream face by an incom-
pressible, inviscid fluid in the reservoir as a result of horizontal, harmonic ground motion in a
direction perpendicular to the dam. He found that this hydrodynamic pressure is the same as if
a certain body of fluid, often called the ‘added mass’, was forced to move back and forth with
the dam. In a discussion to Westergaard’s [10] paper, Von Kdrmdn [5] presented a simple mo-
mentum-balance method and obtained a distribution of the added mass, consequently the hydro-
dynamic pressure, along the vertical upstream face of a rigid dam, very close to Westergaard’s
results.
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Since the pioneering work of Westergaard, a series of investigations has been conducted to
study the hydrodynamic effect on concrete dams for incompressible and compressible water.
Kotsubo [6, 7] obtained a general solution for both transient and steady-state hydrodynamic
pressure acting on a rigid concrete dam. Chopra [1] demonstrated that the hydrodynamic re-
sponse of compressible water during an earthquake is somewhat different from that due to in-
compressible water. ‘

For a dam whose upstream face is not vertical such as an earth dam, Zanger [12] and Zanger
& Haefeli [13] determined the hydrodynamic pressures experimentally using an electrical ana-
logue. Recently, Chwang & Housner [4] solved analytically the two-dimensional problem of the
added-mass effect due to a horizontal acceleration of a rigid dam with an inclined upstream face
of constant slope by adopting the generalized Von Kdrmdn [5] momentum-balance approach.
They discovered that the normal force coefficient remains practically constant at around 0.5
for all slopes. In a subsequent paper, Chwang [2] presented an integral solution for the earth-
quake force on a rigid, sloping dam based on the exact, two-dimensional potential-flow theory.
His results were compared with those derived from the momentum-balance method, and the two
methods were found to be in reasonable agreement, especially for the total force exerted on the
face of the dam.,

The effect of finite reservoir on the hydrodynamic pressure was investigated by Werner &
Sundquist [9] and by Chwang [3]. Chwang [3] found that for horizontal accelerations the hy-
drodynamic pressure force decreasesasthe size of the reservoir decreases. He also found that the
effect of vertical acceleration on the pressure force on a dam is simply to adjust the hydrostatic
pressure by replacing the gravitational constant by an effective gravitational acceleration and this
is true for any arbitrary shapes of the reservoir.

When a rigid dam accelerates away from the water, the resulting hydrodynamic pressure on
its upstream face would become negative. Should this pressure become negatively so large that
the total absolute pressure (hydrodynamic plushydrostatic and atmospheric pressure) is less than
the critical cavitation pressure, cavitation could take place on the dam surface. The possibility
of cavitation at some point on the upstream face of a dam has been discussed by Chwang [3]
and by Mei et. al. [8].

Every stream flowing into the reservoir carries some suspended sediment. Due to gravita-
tional settling or due to the temperature variation, the density of the fluid in the reservoir is
often stratified. The objective of this paper is to analyze the effect of stratification on hydro-
dynamic pressures on dams due to horizontal, harmonic ground accelerations. The dams are as-
sumed to be rigid and to have vertical upstream faces. Depending on the period of the ground
excitation T and the depth of fluid in the reservoir 4, surface waves may also play an important
role in the determination of hydrodynamic pressures, If T = 10 secand /4 = 300 ft,then the wave-
effect parameter C, which is a measure of relative importance of gravitational surface wave ef-
fect to the inertial effect due to vibration and which is defined by C = g/(w?#), is about 0.27
where w = 2n/T and g = 32.2 ft/sec?. Hence the presence of surface waves is quite important
in determining the resulting hydrodynamic pressures on dams. The surface-wave effect has also
been analyzed in this paper.
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2. Governing equations

Let us consider a dam with a vertical upstream face. The y axis points vertically upwards and the
x axis is perpendicular to the y axis in the horizontal plane and measured from the upstream face
of the dam (see Figure 1). The reservoir bottom is the plane y = 0 and the undisturbed water
surface is at y = . The dam is assumed to be rigid and subject to a harmonic ground accelera-
tion of —aw?sin wt in the x direction. The displacement and velocity of the dam in the x direc-
tion corresponding to this ground acceleration are g sin wt and aw cos wt respectively. The
maximum displacement of the dam, a, is assumed to be small, so is the deviation of the free sur-
face from its undisturbed level, n(x, ).

Since the fluid in the reservoir is assumed to be incompressible and inviscid, the continuity
equation becomes

u B o M)

and the linearjzed incompressibility condition is

b, 5 _

o7 +vdy-0, (2)

where u and v are the velocity components in the x and y directions respectively, p is the mean
density which is a function of y only, and p’ is the density perturbation. The linearized equa-
tions of motion are (see Yih, [11])

_ ou op’

p t—_ ax ’ (3)
_ v ',

P o= 2y P )

where p’ is the pressure perturbation or the hydrodynamic pressure due to ground acceleration
and g is the gravitational constant. The mean pressure or the hydrostatic pressure is given by

(x,t)

_ n
h __/[:‘\_//

DAM

0 X

Figure 1. Schematic diagram of a dam-reservoir system.,
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y
— [ ey (5)
h

such that the mean pressure vanishes at the undisturbed water surface.
By introducing a stream function ¢ such that

u=a—w, v=—%—g, (6)

equation (1) is satisfied automatically. Since there are surface waves propagating away from the
dam due to its oscillation, we assume the stream function to be of the form

Y =f@)eltxmwn (N
where & (= 2m/\, A being the wavelength) is the wave number. If p’ has the same time depen-
dence as the stream function y, equation (2) gives

dp
fwp —v—-—’-)— . 8)
dy

Eliminating p’ from equations (3) and (4), and substituting (6), (7), and (8) into the resulting
equation, we obtain

£

SR e 5 P, ©)

Equation (9) is the governing equation for f(y).
At the reservoir bottom the vertical velocity v vanishes. Hence, by (6) and (7), the boundary
condition at y =0 is

f(0)=0. (10)
On the free surface we require the pressure to vanish. Thus

p+p' =0 at y=h+n(x,1). 11
By (3), (6) and (7), we have

p' = (w/k)Bf (p)e'** WD (12)

where f'(y) denotes df/dy. Since there is no mean velocity in the x direction, the kinematic
boundary condition on the free surface is

0
v=£ at y=h+n(x,r). (13)

By (5), (11), (12), and (13), the linearized boundary condition on the free surface becomes

f'(h) — g(k/w)? f()=0. (14)
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On the upstream face of the dam, x = 0, we require
f'O)=aw at x=0. (15)

We shall now seek solutions of equation (9) satisfying boundary conditions (10), (14) and (15)
for a given mean density of the fluid in the reservoir, p(y).

3. Constant density solution

Before we discuss the solution for a stratified fluid, we first study a simple case where the den-
sity of the fluid is a constant,

p (¥) = py, a constant. (16)
For constant density p,, equation (9) reduces to

f'-kKf=0, (17)
where " denotes df/dy?. The complete solution of (17), which includes both positive and ne-
gative values of k? and which satisfies the boundary conditions (10) and (14), yields a stream
function  in the form of

¥ = A, sinh kgye’eX- w8 3 A, sink,y e~ knxe—iwt (18)

n=1

where k, satisfies
cosh koht — Ckoh sinh ko =0 | (19)
k,, satisfies
cosk,h +Ck, hsink h=0 (n=1,2,3,.), (20)
C=g/(w?h), (21)

and 4, and 4, (n=1,2,3,...) are arbitrary constants. We note that (19) and (21) give the usual
dispersion relation for surface waves,

w? =gk, tanh koh . (22)
Since the frequency of the ground excitation, ¢, is given, equation (22) determines uniquely
the wave number k, and consequently the wavelength Ao (=2m/k,) of the surface wave pro-
duced by the vibration of the dam.

By equations (7), (15) and (18), we obtain the constants 4, and A, as
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2awP )3
°7 koth(1+CPy?) (232)
2awpP,
A = (n=1,2,3,.), (23b)
" k,’h(1-CP,?)
where
Py =sinhkoh and P, =sink,h (n=1,2,3,..). (23¢)
The pressure p' may be obtained from equations (3), (6) and (18) as
p' =pow A, coshkopeikex—wD _ s A, cos k,ye” Fn¥e=iT], (24)

n=1

Taking the real part of (24), we obtain the hydrodynamic pressure distribution on the upstream
face of the dam at x = 0 as

')
,__’L(l? =Cpho sin wt+qu cos wt , 25)
poh(-aw®)
where the in-phase (with respect to the given ground harmonic acceleration —aw? sin wt) pres-
sure coefficient CpO is given by

oo P, cosk,y
Coo=2 2 0<y<h), 26
PO T sk, 2R3 (1 - CP?) O<r<h (26)

and the out-of-phase (90° lagging) pressure coefficient Cyo s given by

2P, cosh kqy

C = 0<y<h). 27)
0 T gy O )

In Figure 2, the pressure coefficient Cp is plotted versus the vertical distance y/h for several
values of the wave<ffect parameter C. The parameter C obtained by (21) is a direct measure of
the gravity effect to the inertial effect due to oscillation. A small value of C means that the
gravity effect is negligible in calculating the hydrodynamic pressure. On the other hand, for
large values of C, the gravity effect becomes important, Thus the surface waves caused by the
oscillation of the dam must be taken into account. We note from Figure 2 that at a fixed depth
of y/h, the hydrodynamic pressure decreases as C increases. Physically it means that surface
waves become important as C increases and energy is radiated by waves propagating away from
the dam. When C vanishes, there is no gravity effect on the hydrodynamic pressure, and sur-
face waves cease to exist. Thus the pressure distribution becomes the same as that given by
Westergaard [10] and Chwang [2] at C = 0. For fixed values of C, the hydrodynamic pressure,
as seen in Figure 2, increases as the height y/k decreases and attaines a maximum value of Coo
at the bottom of the reservoir y = 0.
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Figure 2. The in-phase pressure distribution on the upstream face of a dam for various values of C = g/
(w?h).

The out-of-phase pressure coefficient qu is plotted in Figure 3 versus the vertical height
y/h for several fixed values of C from 0.05 to 0.4. For fixed values of y/h, the magnitude of
C, o increases as C increases; and for fixed values of C, it increases as y /i increases (approaches
to the undisturbed free surface y/h = 1) as it should be since the out-of-phase component of
the hydrodynamic pressure is entirely due to the presence of surface waves. When C =0, qu
vanishes since there are no surface waves then. Comparing Figure 2 with Figure 3, we see that
the magnitude of Cqo is comparable to that of CpO' Therefore we cannot neglect the surface-
wave effect on the hydrodynamic pressure due to earthquakes unless C is very small.

The total hydrodynamic pressure force on the dam can be found by integrating equation

(25) as

h
F= fp'(y)dy = —poh*aw? (Cpy sin wt + €y cos wt), (28)
0
where
oo P2
n
Con=2 , 29
FOrm sk (1—cp ) (29)
and
2P,2
Cro=— (30)

koh3 (1 +CPy2)

In Figure 4 both the in-phase force coefficient Cf., and the out-of-phase force coefficient Cro
are plotted versus the parameter C ranging from 0 to 0.5. At C = 0, the out-of-phase component
vanishes and the in-phase force coefficient Cp, equals to 0.543 which is precisely the value
given by Westergaard [10] neglecting the surface-wave effect. As the value of Cincreases, Cy
decreases monotonically while the magnitude of Cp o increases. At C=0.5, Cr, has a value of
0.068 and C, , becomes —0 4.
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Figure 3. The out-of-phase pressure distribution on the upstream face of a dam for various values of C =
&/ (w?h).
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Figure 4. The zeroth-order in-phase and out-of-phase force coefficients Crg and Cy g, and the first-order in-
phase and out-of-phase force coefficients Cpy and Cy; for a slightly stratified fluid versus the wave-effect

parameter C = g/(w?h).
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4. Solution for a slightly stratified fluid
If the mean density of fluid in the reservoir is not constant but a linear function of y given by

PO =po(l —ey/h) (0<e<D), (31

where p, is the density of fluid at the reservoir bottom, we assume that the function f(y) and
the wave number k defined in (7) can be expanded in terms of € as

k=ky+e% +...., (32a)

f)=rfo+efi +...... (32b)
Substituting (31) and (32) into (9) and collecting all €° terms, we have

fo"‘“kozfo:O- (33)
Collecting all terms of the order of O(€), we obtain a differential equation for f; ,

N = ko 1 =fo'h + ko (2% — ko Oy (34)
where C is again defined by equation (21). The boundary condition requires that

f0(0)=0 and fl (0)= 0 (35)
Substituting (32) into (14), we have

fo' = Cko®hfo =0 at y=h, (36a)

and

fi' = Ckohfy =2CkyQhfy, at y=h. (36b)
On the upstream face of the dam, (15) reduces to

fo'()=aw and f,'(y)=0 at x=0. (37)

The complete solution of (33), including both positive and negative eigenvalues of k2, satis-
fying boundary conditions (35) and (36a) gives a stream function ¥ which is exactly the same
as that given by equation (18). We note that the positive eigenvalue of k2 gives a real eigen-
value of k, which satisfies condition (19). However, the negative eigenvalues of k2 produce a
set of infinitely many imaginary eigenvalues ik, (n = 1,2,3....) which satisfy equation (20).
The coefficients 4, and 4, (n = 1,2,3.....) in (18) are given by equations (23a) to (23c) after
applying the boundary condition (37). Therefore the zeroth-order solution is exactly the same
as that given in the previous section. The in-phase and out-of-phase pressure coefficients CpO
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and Cqo given by equations (26) and (27) are shown graphically in Figures 2 and 3 respectively.
The corresponding force coefficients C, and C; , are shown in Figure 4.

To find the first-order solution for f; (v), we note that for positive values of k42 the solution
of equation (34) satisfying the boundary condition (35) is

fit=Bgsinh koy + % A, [(/h) sinh kg +
(2% — koC) y cosh koyl, (38)

where k, is given by (19) and 4, given by (23a). Applying equation (36b), we can obtain the
value of £, as

1 — Cko®h* (1 + C - C*koh?)
®T 2koh*(C— 1+ C?hko?h?)

(39)

For negative values of k,2 which yield a set of infinitely many imaginary eigenvalues ik,
(n=1,2,3....), the solution of equation (34) satisfying the boundary condition (35) is

f1_=

n

(2%, — k,C) y cosk,y1}, (40)

I 48

1 {B, sink,y + %A, [(y/h)sink,y +

where the k,’s are given by (20) and the 4,’s by (23b). The i, ’s are the imaginary counter-
parts of £, and they are determined by means of condition (36b) as

1+ Ch, 2h3(1 + C + Ck, 2h?)
L, = 2k h*(1 — C+C?k, 2h?) (n=1,2,3...). (41)
n n

Therefore the stream function y now becomes
VU= [Ao sinh ko + €f1+ +m]ei(ko +€Qy + .. )x—iwt

+[ > A, sink,y +efi+..] e~ kntely+.)x—iwt 42)

n=1
Applying the boundary condition at the upstream face of the dam, (37), and noting that cosh
koy and cos k,y (n = 1,2,3.....) form a set of orthogonal functions over the interval from
y =0toy =h, we obtain the coefficients B, and B, in (42) as
By=%A,(C—28/ky)—[kgh (1 + CPy )7 {54, [Py2[(kyh)
m

+2kohF o +2koh* (22 — ko) E ol + oz 1A’" [D,.0 + k. hF,

+kyh? (k,,C = 22,)E,. o1}, (43a)
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B, =%A, (C—2%,/k,)— k,h(1 —CP,H]™ {4,(D,,
+kghFy, +kgh? (2 — kgC)Eg, ] + mE; A Dy +hF
+k, h(k,C—28 )E, 1} n=1,2,3..), (43b)
where form=1,2,3 ... and n=1,2,3.....

ko(QoQ, — 1) +k,PyP,

= , 444
on (ko +Kk,2)h (449)
D kOPOPn - kn(QOQn - 1) 4db
no - (ko? +k,2)h ’ (44b)
D km(1 _Qan)“kanPn ( ) (44 )
= m+#£n), C
mn k% —k,2)h
P2
= m=Rn , 44d
2%k, h (m =) (44d)
. koh(Po? +04%) —PyQ,
= , 45
00 4k 2 (452)
kOQOQn + (1 - C) knPOPn
Ey, = , (45b)

(ko +k,*)h

E _ (- C)kOPOPn - anOQn 45
"o (ko +K,%)h ’ (45¢)

— (C; l)kanPn - kaan

E
mn * 7k (m #n), (45d)
knh (Pn2 - an) +PnQn
) 4k, *h? Om =n), (45¢)
ko*h? + 2k hPoQ, — Po2
Foo = ) (46a)

4k, h?

F _ (k02 - knz) (1 - QOQn) - 2kOknPOPn
on (k02 + kn2)2h2 k] (46b)

*,*+k,2)©Q,,0, 1) +2k, kP P

F = Ttz (m # n) (46¢)
mn (km2 _ kn2)2h2
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k,*h? +2k,hP,Q, — P,>

= m =n), 46d
R (m = n) (46d)
and
Py=sinhkgh, P, =sink,h, (23c)
Q, = cosh kyh, Q, =cosk,h. (23d)

The hydrodynamic pressure p’ on the upstream face of the dam at x = 0 may be obtained from
equations (3), (6) and (42), thus

P’ =wpy(1 —ey/h) {(ky + €2y +..) 7" (koA coshkyy
+edfy"[dy +...) cos wt — s [k, + €2, +..)"
n=1
(k,A,, cosk,y +edf{[dy + ..)sin wt]}, (47a)

or in dimensionless form

'

D
— =(C ,+€eC , +.)sinwt+(C,,+€C . +..)coswt. 47b
poh(—-aw2) ( po pl ) ( q0 ql ) ( )

The zeroth-order in-phase and out-of-phase pressure coefficients C,o and G, are given by

0.2 0.3 .4

Cel

Figure 5. The first-order in-phase pressure distribution on the upstream face of a dam for various values of
C=g/(w?h).
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equations (26) and (27) respectively. The first-order in-phase pressure coefficient C,, is given by
sin k,,y
k h

n

2hC,y = T (2B, ~ CA,)coskyy +4, |

n

ycosk,y
— 4+ (k,C - 28 ysink,y]}, (48)

where 4, is determined by (23b), B, by (43b) and £, by (41). Figure 5 shows the numerical
values of C,; as determined by (48) versus the height y/h for fixed values of C from C'=0 to
C = 0.3. We note from Figure 5 that for fixed values of C, C,,, is negative at the reservoir bot-
tom (y = 0). It decreases further as y/h increases until it reaches a minimum value, then it in-
creases as y/h increases. At the undisturbed free surface y =/, the pressure coefficient Cp; be-
comes positive except the case of C=0in which Cp1 vanishes. For fixed values of y/i, Co in-
creases as C increases as a result of the surface-wave effect. However, due to stratification of the
fluid in the reservoir, C, remains negative over a large range of height y/h except the region
close to the free surface.
The first-order out-of-phase pressure coefficient Cqy in (47b) is given by
sinh ky

2awhCy; = (CA, —2By)coshkyy — A, [—~—kh— -

y cosh kgy °

—— + (28, — k,O) y sinh k], (49)

where A, isgivenby (23a), B, by (43a) and £, by (39). The numerical values of Cq are plotted
in Figure 6 versus the vertical height y/h for several fixed values of C from C=0.05to C=0.4.

| | 1 1 1 1 1 1 1
o 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Cai

Figure 6. The first-order out-of-phase pressure distribution on the upstream face of a dam for various
values of C = g/(w?h).
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For C =0, €, is identically equal to zero. As C increases, the wave effect becomes important,
hence C,, increases for fixed height of y/h. For any given values of C, qu increases with in-
creasing height y/h, it reaches a maximum value at the undisturbed free surface y = h.

The total hydrodynamic pressure force on the dam may be obtained by integrating equation
(47b) to give

h
F= fp' @)dy = —pgh?aw? [(Cpq + €Cgy + ...) sin w1
0
+(Cpo+€Cpy +.)coswt], (50)
where the zeroth-order in-phase and out-of-phase force coefficients Cy,, and C, , are given by

equations (29) and (30) respectively. The first-order in-phase force coefficient C; may be ob-
tained from (48) as

n

k,h

2whCpy = T {[2B, —(1—2C - C*k,*h?)A, ]
n=1

n

k,2h?

¥ [1— (1 +Ck,2h?)8,hP, ]}, (51)

and the first-order out-of-phase force coefficient C, ; may be obtained from (49) as

P

2a6hCyy = [(1 - 2C+ C?ky2h?) Ay — 2B, k—";
0
24
e [1 — (Ckyh? — 1) 2 P, ]. (52)

In obtaining (51) and (52), we have made use of relations (19) and (20). Both force coefficients
Cyr, and C;, are also plotted in Figure 4 versus the wave-effect parameter C from C = 0 to
C = 0.5. In the absence of wave effect, that is when C = 0, the out-of-phase force coefficient
C,, vanishes while the in-phase force coefficient Cp; has a negative value of —0.314. As Cin-
creases, C; , increases monotonically from zero and C;, also increases monotonically, however
Cp, remains negative throughout the range of C from zero to 0.5. At C=0.5, C;, has a value
0f 0.225 and Cy;, has a value of —0.044.

5. Conclusions

The effect of stratification on hydrodynamic pressures on a dam due to a horizontal, harmonic
ground acceleration has been analyzed. It has been found that even for the constant-density
solution the hydrodynamic pressure has an out-of-phase component as well as an in-phase com-
ponent with respect to the given ground excitation. The out-of-phase component vanishes
when the wave-effect parameter C, defined by C = g/(w?h), vanishes. For any fixed height, the
zeroth-order in-phase hydrodynamic pressure distribution on the dam decreases as C increases,
while the magnitude of the zeroth-order out-of-phase pressure component increases with an in-
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crease of C. Thus the effect of surface waves is to reduce the in-phase pressure component and
at the same time to increase the out-of-phase pressure component which is 90° lagging. For
fixed values of C, the in-phase pressure coefficient increases with depth beneath the water sur-
face and always attaines a maximum value at the bottom of the reservoir. On the other hand,
the magnitude of the out-of-phase component increases towards the free surface with maximum
values occurring on the free surface.

The first-order pressure distribution due to the stratification of the fluid in the reservoir also
has two components, an in-phase component and an out-of-phase component. The out-of-phase
component vanishes in the absence of surface waves. For any fixed height, both pressure com-
ponents increase with an increase of C. For fixed values of C, the out-of-phase pressure in-
creases monotonically towards the free surface, while the in-phase pressure decreases at first,
then increases towards the free surface.

The total horizontal force on a dam due to harmonic ground excitations has also been
presented. It is shown that both the zeroth-order solution and the first-order solution have in-
phase and out-of-phase components, and the out-of-phase components become dominant
when C is greater than 0.3.

Acknowledgement

The author is grateful to Mr. T. H. Huang for programming assistance. This work was sponsored
by the National Science Foundation, under Grant PFR 77-16085A02.

REFERENCES

[1]1 Chopra, A. K., Hydrodynamic pressure on dams during earthquakes, J. Eng. Mech. Division, ASCE 93
(1967) 205-223.
{2] Chwang, A. T., Hydrodynamic pressures on sloping dams during earthquakes, Part 2: Exact theory,
J. Fluid Mech. 87 (1978) 343-348.
[3] Chwang, A. T., Hydrodynamic pressure on an accelerating dam and criteria for cavitation, J. Eng. Math.
13 (1979) 143-152.
[4] Chwang, A. T. & Housner, G. W., Hydrodynamic pressures on sloping dams during earthquakes. Part 1:
Momentum method, J. Fluid Mech. 87 (1978) 335-341,
[5} Karman, T. von, Discussion of water pressures on dams during earthquakes, Trans. ASCE 98 (1933)
434-436.
[6] Kotsubo, S., Dynamic water pressure on dams due to irregular earthquakes, Mem. Fac. Eng., Kyushu
Univ., Japan 18 (1959) 119-129.
{7] Kotsubo, S., External forces on arch dams during earthquakes, Mem. Fac. Eng., Kyushu Univ., Japan
20 (1961) 327-366.
[8] Mei, C. C., Foda, M. A. & Tong, P., Exact and hybrid-element solutions for the vibration of a thin elastic
structure seated on the sea floor, Applied Ocean Research 1 (1979) 79-88.
[9] Werner, P. W. and Sundquist, K. J., On hydrodynamic earthquake effects, Trans. Am. Geophys. Union
30 (1946) 636-657.
[10] Westergaard, H. M., Water pressures on dams during earthquakes, Trans. ASCE 98 (1933) 418-433.
(11] Yih, C. S., Fluid Mechanics, McGraw-Hill Book Co., New York (1969).
[12] Zangar, C. N., Hydrodynamic pressures on dams due to horizontal earthquakes, Proc, Soc. Exp. Stress
Anal. 10 (1953) 93-102.
[13] Zangar, C. N. & Haefeli, R, J., Electric analog indicates effect of horizontal earthquake shock on dams,
Civil Eng. 22 (1952) 278-279.

Journal of Engineering Math., Vol. 15 (1981) 4963



