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SYNOPSIS

In a recent study, Chopra 1, using vertical rigid motions of the bottcm
of a reservoir, found that hydrodynamic pressures due to vertical
accelerations of the El Centro earthquake were much greater than usually
admitted before, His conclusion is difficult to accept and generalize
because, if it were true, several existing dams.would have suffered .
important damage. ’ ' '

This paper covers a more complete analysis of the same problem, .
including the effects of non-simultaneous arrival of seismic waves to the
bottom of the reservoir. Results are compared to those found in previous
work. . <o :
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ABSTRACT

In this paper the effect on the hydrodynamic pressures of the finite
velocity of propagation of the earthquake is considered. The vertical
component of the acceleration is the only one taken into account. The
fluid compressibility is included in the analysis. As an example the
method is applied to the El Centro, Cal. May 18, 1940, earthquake. The
results are compared with those of Chopra. The main conclusion of the
paper is that hydrodynamic pressures are strongly influenced by the
direction of approach and velocity of propagation of the earthquake.
Further research is needed to elucidate this matter. Additional results are
presented for uniform vertical ground motion taking into account the
refraction of pressure waves at the bottom.

- INTRODUCTION

When a dam is subjected to an earthquake, dynamic motions and
stresses are induced on the soil, the dam, and the contained water. The
dynamic stresses on the dam body depend on the interaction or dynamic
coupling between the dam, the water, and the soil. This makes very
complicated the study of the simultaneous response of the dam, water,
and soil system. Therefore, the response of the dam and the water is
studied separately, without considering their mutual interaction, and
adding to the dynamic response of the isolated dam, the hydrodynamic
pressures obtained treating the dam as rigid.

In most studies of hydrodynamic pressures, the effects of the vertical
and horizontal components of the earthquake are considered separately.
The maximum hydrodynamic pressures on the dam due to horizontal ground
motions have acceptable values 1,2; but the maximum dynamic water
pressures due to vertical acceleration of the bottom is unbounded; a
previous work, 1 gives high values for small height dams.

In this study it is intended to obtain a better understandmg of the
hydrodynamic response to vertical ground motions.

ASSUMPTIONS
In order to find the hydrodynamic pressures on the dam the following
assumptions will be used:

Geometrical properties
1. The upstream face of the dam is flat and vertical, (fig 1)
2. The reservoir length extends to infinity in the upstream direction
3. The depth of the reservoir is constant
4., The reservoir has a rectangular transversal section

. Behaviour, and dynamic effects
5. The dam is rigid '
6. The water is linearly compressible, and the viscosity effects are
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neglected
7. The liquid has small displacements and its movement is irrotational
8. Surface waves are neglected 7

9. The water motion is bidimensional, i.e. it is the same for any vertical
plane parallel to the axis of the reservoir, (fig 1)

10, The reservoir does not return energy to the ground, i.e. refraction does
not occur at the bottom

The vertical earthquake component

11. In this paper only vertical displacements of the bottom are considered
The movement may be not uniform and agrees with the following
assumption . ‘

12. The earthquake propagates with constant horizontal velocity in the
direction of the axis of the reservoir. Two senses of motion are
considered. Firstly, when the earthquake moves from the dam face
towards the interior of the reservoir, and secondly, when the earthquake
moves from the interior of the reservoir towards the dam face (fig 1)

In previous papers 1,3 , in which water compressibility is considered,
the ground was assumed to be rigid and all its points were supposed to
move in a uniform manner. This turns out to be a limit case of the
formulation presented in this paper. It is obtained if the horizontal
propagation velocity of the earthquake is taken to be infinite. Under such
assumption the hydrodynamic pressures only depend on the vertical
coordinate and time. According to the way in which the problem is present
ed here, hydrodynamic pressures depend on the horizontal coordinate as
well, ‘

The neglect of surface waves is sufficiently accurated in the analysis
of uniform vertical motion of the bottom 1.

The ground will be assumed to be rigid in all cases for which the
propagation velocity of the earthquake is finite., Only when this speed
is infinite, the effect of the ground compressibility will be taken into
account. A detailed probabilistic study for this case can be found in
reference 4. '

Assuming a finite horizontal velocity of propagation for the earthquake
allows to include more realistic conditions than those considered in
previous works 1,3 , and makes clear the real meaning of the important
hydrodynamic pressures obtained when uniform motion of the rigid ground
is assumed 1, :

STATEMENT OF THE PROBLEM
Under the assumptions stated previously the hydrodynamic pressure i.s
governed by the wave equation. : '



Let plxy,t) denote the hydrodynamic pressure, then
0%p + o%p _ 3%p -0 W
0x2 ' 9y2 v o0t?

where x,y are the coordinates (fig 1), and v,=1438 m/sec is the velocity
of sound in water, and t is the time. : -

The boundary conditions at the upstream dam face x=0 , and at the
free surface y=H , (fig 1) are

0 . ) :
| —5§—<o,y,t)=o . plx,H,t)=0 @), ()

In the bottom of the reservoir, when no energy losses are considered,
the boundary corxcéition is _ :

| —a;-)‘(’—(x,o,t)=-lg—°-A(t:—"@) @

where A(t) is the vertical ground acceleration of the earthquake, 7, =
the unit weight of water =1 tOn/m3 , g = the acceleration of gravity = 9.81
m/sec2 , and vg is the horizontal velocity of the seismic waves. When
t-x/vg is used, the earthquake leaves the dam in the upstream direction,
and when t+x/vg 1is used,the earthquake comes from the reservoir up
to the dam in the downstream direction; in this case the earthquake starts
at x =+ ' :

It is a'ssumed that the water in the reservoir is at rest before the
arrival of the earthquake, i.e. ' : :
. ) ap
| P=73y =0 (5)
before the earthquake arrives.

Now an additional assumption is included: the earthquake travels with
supersonic velocity, thatis ‘

This relation is accomplished by pressure waves of an earthquake on rock.

METHOD OF SOLUTION

The solution was obtained in two steps. First, the solution for an
infinite plane was established, and called "the auxiliary solution". In the
second step, using the superposition principle, by means of the method of
images, the desired solution, which satisfies the boundary condition of
eqs 2 and 3 was constructed. The desired solution was called "the actual
solution".

Furthermore , the solution were obtained for an instantaneous unit
impulse function corresponding to a concentrated acceleration 3(t), and
then the summation or convolution of the effects of the various impulses
constituting the earthquake accelerogram, was accomplished.



The often called "Dirac Delta function", denoted by
same property as a concentrated effect, thus: 3(t)=0 for
for t+ =0 such that. "

fS(f)dt = , o<0<b ; 7)

Also the unit step function U will be used, which can be defined as:
U(t)=0 for t<O, U(t)=1 for t=20 ,andsatisfies -

u(1)=f8(t)dt AR SR ()
-® _ .« .
The auxiliary solution
a. Case when the earthquake leaves the dam in the upstream direction

This solution is based in the "radiation problem" in two dimensions
which consists in a fixed point source of radiation in x=€ and y=0
(fig Za) and is given by 9.6 :
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and zero when R =v,t , where @ integration parameter and R"J €—x)2+y '
and f(t) is the function of intensity of radiation

for R<vot - (9)

Now, when f(t) travels with a velocity vs¢ leaving the origin (see
ec 4), using (fig 2b), f(t) can be expressed 7 as:

Vs t
f(t)=2%_}(‘)A(t-€/vs)d€ (10)

and with eqs 9 and 10 the auxiliary solution at x=0 is

votet-rifo  A(B-€/vy)d6dE :
P (y,t) == _é = / 11
g f 9 -8 -(r/v, w

it glves the hydrodynamic pressures at the vertical axis X=Q , in:this
case, Here, . = 62‘ . y2

The solution due to an instantaneous impulse was obtained using the
property given by eq 7, in the form :

A (1) = 'LA_(t-r)S(r)dr

‘and therefore
%

p iy, )= T; A(t-T1) ps(y t)dr (13)

T-r/vo T '
" ”7' 5(0-E/v)dBdE 1 8 d€
( , ar——é/_____‘
PNt f 0/ {r-8)°-{ r/vo )l " (T'G/Vs)a'(r/vo)a 0a)

Here r=+/ €2+ y2 and eq 7 were used, When Vg>V, eq 14 gives

where
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Py (y,7) = :‘T—E—crc tan 8

with

B =‘\/( Vs ,/Vo)z-
b. Case when the earthquake is coming to the dam.

In this case the earthquake starts in X=+® and reaches the dam face
in t=0 with stationary or standing pressure waves behind it, if Vg > Vg o
This pressure waves are given by

Al - !B

Py 735‘ ulr )

where U is defined by eq 8. In order to construct the actual solution,
the pressure waves reflected at the dam face, must also be considered.
They are given by the transitory solution which is obtained in the case
when the earthquake leaves the dam.

The actual solution .
a. Case when the earthquake leaves the dam

Using the method of images, in order to satisfy the rigid dam condition
(f1g 3), the values given by eq 15 must be duplicated because the effects
of the source and of the image are additive.

In order to satisfy eqs 2 and 3 antisymmetrical images with respect to
y = H must be considered (fig 4); it gives the actual solution in the
form:

| _ +
53()/,T)=%%s—n§o(-)n arc tan B ]_(2vr;H —arctonB.A “])H 2nDH-y (18)

where O=y£H and N= maximum integer of [(vot'r y)/ ZH] . Now eq 13
changes to
t

~ . )/ -
ply,t) = j; —QQ-A‘H-T) Psly,T)dr Cews

where p(y,t) represents the desired pressures when the earthquake
leaves the dam

b. Case when the earthquake is coming to the dam.
As in the previous case, the rigid dam condition duplicates the values

of eq 17. Substracting from the value so obtained the pressure waves
corresponding to case a, the actual solution takes the form

‘)n[U(T—,B2n\:+y )—U('z'nla’?-(rmﬁL } p8 y,T)




where N is the same as in eq 19, and p (y,T) is given by eq 8.

In eqs 18 and 20, refractions of the pressure waves are not considered.
One way to include them, at least approximately because:of their
dependence of the angle of incidence at the bottom, is to: substitute the
coefficient (=)' in eqs 18 and 20 by ’ ;

(=) (e’ (21)

where C,=(k-1)/(k+1) is a reflection coefficient that considers the energy
losses of each reflection of the pressure waves when they reach the
bottom , k=lvg%)/WVo79 , where 7 unit weight of rock.

c. Case of uniform vertical motion of the bottom.

Using eq 21 in egs 18 and 20 and allowing Cr be constant, when
v — 00 ; both equations coincide with a previous solution which includes
the refracted pressure waves 4 , and can be written as:

N \ _
OBS(y,r)wo(HZCr )EOQC,)n{U(T-——————M:: J-U (T______x__Z(nH)VL-i )} (22)
: ns X

When C,=1 , eq 22 is equivalent to the equations used inrefl.

Equation 19 should be used to compute the hydrodynamic pressures,
where '[58 corresponds to the desired response (eqs 18, 20 or 22).

Numerical methods used in digital computer ,

To compute the transient hydrodynamic pressures, the total lateral
force and the total overturning moment in the dam face, a FORTRAN program
was developed. :

The computation was made in two steps. First, the transfer function or
the response function due to a unit concentrated impulse 3(t) is computed
and tabulated. This function will be denoted by Gg(t) . Second, the
convolution .

t
R(t)=c [ A(t-T)Gy(r)dv
. 0

was computed, where R(1) is the desired response, and ¢ is the
coefficient depending on the function used Gglt) .

The total force was obtained using
H
Gyt = Fylr) = ,g pa(y ,7)dy (24)
and the total overturning moment was computed by means of

N |
Gy(T) = My(T) = _{;y pa(y,'r)dy (25)
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Eqs 24 and 25 were computed using the analytical results of term-by-term
integration and, then, the summation of the corresponding Pg , (eqgs 18,
20 or 22) was done. Equation 23 was computed using a linear approximation
between two succesive data points of the accelerogram, (fig 5), and the
effect of this pulse was computed by means of '

AR = AT {(a+zb)A+(2bve)B) (26)

where A and B are the accelerations at the end of the interval, and a, b

and ¢ are shown in fig 5b; they were computed using four points of Lagrange
interpolation in the function Gg(r) tabulated at equal intervals. Eq 26
corresponds to a cubic parabola approx1mat10n. Eq 23 was computed using
the summation

R(t) =c2AR

which was done for each time t , from v=0 , to =t

HYDRODYNAMIC RESPONSE

In what follow the basic features of the hydrodynamic response are
described for a unit vertical impulse 3(1) and for the vertical component
of the El Centro earthquake.

In fig 6 the transfer functions FS and M occurring in egs 24 and
25, are shown for the case when the impulse leaves the dam, (fig 1). They
were computed by using Vg/vo=3 , H = 100 metters, in eq 18. In dotted
lines (fig 6) is also included the casé when vg/Vvo=00 , which corresponds
to those used in a previous work 1, (eq 22 with C,=1). Note that the
functions of fig 6 when vg/VF0 and when vg/vi3 are not in phase. In solid
line an apparent damping is present. If vg/vy is increased, the transfer
function approaches the case vg/Vp=00 . If vg/v, is decreased the decay
with time increases and the transfer function has smaller values.

When the impulse is coming downstream to the dam, see eq 20, the
transfer function does not decay with time because the step function U
has a constant value, and p. of eq 20 decreases with time in view of
fig 6. If v¢/vo is increased without limit, the transfer function approaches
from above to the case vg/V, =00 . But now, if w/v,is decreased, in view
of the factor vs/ B of eq 20, the transfer function increases when vg/vp>l
and therefore no upper bound exists for the values of the transfer function,
when vg/vy is nearly unity.

The hydrodynamic responses were computed using the vertical
accelerations of the El Centro earthquake. In fig 7 it is shown the
accelerogram of the first five seconds of the earthquake. Its duration was
31.71 sec. with a maximum vertical acceleration of 0.28 of the gravity,
reached at 0.97 sec.
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- In table 1 are given the maximum dynamic/static values for both total
force and total overturning moment on the dam face for v,/v,=3 and for vS/v°=oo‘
The time of maximum response is given in parenthesis. The convolution was
made for the first 8 sec of the earthquake. The values of table 1 are shown
in fig 8. The lower maximum pressures occur when the earthquake leaves
the dam in the upstream direction, but when the earthquake comes down-
stream to the dam, the maximum pressures rice to high values. The case
vg/ Vo =00 1is between the extreme cases and corresponds to a previous
study 1. In figs 9 to 12 the responses with time are shown for the first five
seconds when the earthquake leaves the dam in the upstream direction.

In fig 13 are shown the maximum hydrodynamic pressures for uniform
vertical ground motion with various values of the reflection coeificient C¢
in ec 22, The results were obtained during the first eight seconds of the
earthquake. In the same figure, the pressures decrease with C, . A
typical value of Cr for water and rock 4, (y,=1ton/m3 , v,=1438 m/sec
¥Ys =2.8 ton/m3 |, vg=5000 m/sec) is C,=0.815; (ec 21). In fig
13 only vg/vo=00 was used, this result must be between the values of
vs/vq =3 , (fig 8), and also a proportional reduction of maximum pressures
can be expected if the reflections are included in the cases with vg/v,= 3

CONCLUSIONS |
In this paper the following facts have been ‘established’.

When the horizontal velocity of the earthquake is three times the velocity
of sound in water, the maximum pressures have relatively small values if
the earthquake travels in the upstream direction, but if the earthquake
travels in the downstream direction the maximum pressures are very big.

- When the velocity of propagation of the earthquake is infinite, the
maximum hydrodynamic pressures are between the former cases.,

- When energy losses are included, due to refraction of the pressure waves
at the bottom of the reservoir, the maximum pressures are greatly reduced.

From these facts the following conclusions follow:

- Hydrodynamic pressures are strongly influenced by the direction of
approach and velocity of propagation of the earthquake,

~ Further research is necessary to elucidate this matter

ACKNOWLEDGEMENT
The computing facilities of the Centro de Célculo Electrédnico of the
Universidad Nacional Auténoma de México are gratefully acknowledged.



1.

REFERENCES

A_.K. Chopra, "Hydrodirnamic pressures on dams during earthquakes,"
Lournal of the Enagineering Mechanics Division, ASCE, Vol 93, No. EM
6, Proc. Paper 5695 (Dec. 1967), 205-223.

J.I. Bustamante and A, Flores "Water pressure on dams subjected to
earthquakes, "Journal of the Engineering Mechanics Division,"ASCE,
Vol. 92, No. EM 5, Proc. Paper 4954 (Oct. 1966), 115-127,

S. Kotsubo, "Extemal forces on arch dams during earthquakes (A study
on the aseismic design of arch dams - Part I)", Memoirs of the Faculty
of Engineering, Kyushu University, Fukuoka, Iapan Vol. 20, No. 4

(1961), 327-366,

. E. Rosenblueth, "Presidén hidrodindmica en presas debida a la acelera~

cidén vertical con refraccidn en el fondo," II Congreso Nacional de Inge

- nierfa Sismica, Veracruz, Ver., Mexico, (May, 1968).

7.

H. Lamb, "Hydrodynamics", Sixth Ed. Dover Publications (1945), Arts.
194 to 197, pp. 293-289.

R. Courant and D, Hilbert, "Methods of mathematical physics, " Vol. II,

Interscience Publishers, Inc., New York (1962), p. 205 to 207, p. 695
and following. _ :

A, Flores Victoria, I. Herrera and C. Lozano, "Presibédn Hidrodindmica
generada por la componente vertical de un sismo," II Congreso Nacio-
nal de Ingenieria Sismica, Veracruz, Ver., Mexico (May, 1968).




10

Y A
/ Rigid dam
\VA
H
Ve . ‘}
_' >
//' RN i )f
“~—Vertical motion of the bottom with -
constant horizontal velocity
Fig { ldealized system
A (X,y) y A
—_—
-x)% 2 (Funcnm‘; with
velocity v
Motionless function e +T e A
_—1 o > X \ o
— —-—\‘fk Integration | I
- \\I tegration
(0) (bj\ Dl:]lﬂ

Normal vecior

Fig 2 Localization of intensity of rodla’non functlons
in infinite plane

y /
N
Vs N \ Vs
< . \ / —
\ X
o \ \ | / -~ >
Foo \ I
/ / \
Image / / Source
/

Fig 3 Source and image to satisfy the rigid

dam condition



y A " 4 11

fafimp(a) =
4ol
= II 2H
-
o S -
(=~ => >+ L
- -~
e P
= A 2H
- -
Fee 2 = 2 Dy ~ -~ 1
(=)~ =ges = = =l=l =
- -~ - T et |
- -
- -~ T
/7“-~_ = == |2ri
~ H
- i “a.h ot e . _I:_-L'] T
_— > = _— -
{'l"‘J e H"x.‘,-*"f - - -~ i A
= =3
=5 S ‘EH
L e
e o S - b
(== =% —> — (=) ;
- -~ H'-‘:f - {.":—".I'Ef]
e ~
‘ | = g - 2H X
. . = —
. - Ve
| ‘ | (+)—2 —t=(+)
| = &
oo ]
vsH vsH
Vo Vo

Fig 4 Source and images to satisfy water level and
bottom conditions

S
Alt)

et N\ T gt
(a) o I I RS
T <

S

AT/2

Fig 5 Computation of the effect of a segment
of an earthaquake



Fst)

(b)

Fig 6 Hydrod i '
ynamic transf ' y
woves (fig 1) er functions for the upstream direction of the seismi
mic

2t



13

10

al|>
|

I T RTINS
VY A

| =
-<
<
—
— ]
—

3

-3

—]

—
—]
—]

<

<l
<
—

4

—t

-]

Z

(S
~
wn
D
O
S—r

(duration

_|0

0 | 2 3 4 5
Fig 7 Vertical ground accelerations .E Centro,Cal,
earthquake , May 18,1940

Total 4 Overturning 2 7
force moment — o= i
8 8 - Vo ° __|
‘V ] TAAY‘H‘QC PR |
R ) _\/_56:3 _ C\ “// g\u\uu-\u cuiii) |
Q0 \ / (downstream) | 2 \ ,/ f Vs
56 | 56 ) Ve T ]
@ /s @ N
e \ / Vo "o Q \ / VS -
.E j = \ / A =D
g i \/ =3 s <) + |
N B =
z \/\ v (upstream) | ~ | l
2 SV , _ 2 ‘
i ‘\% § 028} ‘
0 | — o
o 100 zo0. 17 100 200
H , Reservoir depth,meters H, Reservoir depth, meters

Fig 8 Maximum hydrodynamic response for traveling
vertical accelerations of the El Centro earthquake



ta

10 —

Dyna
Sta

05

L]

C

" SE—
|

|

_ _ﬁ_:: __ T

-

T

s

?

Fig 9 Total force on the dam .H=305 m (100')

,Vs/Vy=30

Earthquake traveling in the upstream direction

e
ovsw _ _
IR
] _H___ i -
“ |
0 A AR
¢ 2 . ;

Fig10 Total overturning moment. H=305m(100'),v/v,=30
Earthquake in the upstream direction



Dynamic 15
Static
0.3

|

—Total force
OLAAAN A m%bﬁxwﬁ o] /\ N p A A _
~ \JVU i v VJV\/\/\/VV\/ i sec

-0.3
0.4

: .( l"\ 1o
r. ,"\'.MM ,! !‘ :A /\ /\ ‘ (\.’\ f!, 3 I
OV%AW&VTH—L ‘;?Wﬁ—vﬁllr AVJV; \i(}i/( & } 1 i .’K,y!,

IR \/J T, sec

I~ Total overturning moment
-0.4 f =
O 3 4
Total force and overturning moment. H=91.4 m

(300"), Vs /V,=3.0. Earthquake in the
upsireom direction

b

,/
—
-

Dynamic
Static
Q.3

— Tofol]force
o /«/Ar\/\AA/\/\_
R VAR ARV/ VALY IAVARV

-0.3
0.3

o}AVAVAWA/\A\[/\N/\/\\/J/\\\J\/’&//\\//\\//\\/ -~

~ Total ovelrfurning moment——"]
O ' 2 3 4 5
|2 Total force and overturning moment. H= 82.2m,

(600'), Vs/ Vo =5.0. Earthquake in the
upstream direction

-0.3




A A
4 1 4 | 1
Total 2 ‘ Overturning | \ | “ |
force | ‘moment \ ‘ | | i
| . \ | |
3 | S \ r |
| N ~C,=1.00 |
—— l — \,'
2 2 R |
= L \ |
» 2 » 22—\ ———
~ ~ | f
| 4~ Ce=0.35 ;
L L LX 7
g g Y yCr=030
= S VAP |
/ \ — 9 9 - i
;O>: \I ;é:l (\>/f_7 ‘L. i
[ - ,‘Q;;: —_—— |
i *—,’:‘i,,\:‘f ‘§:
0 .. 0 | -
0 200 O 100

H, Reservoir depth, meters

200

H , Reservoir depth, meters

Fig 13 Maximum hydrodynamic response for uniform
vertical moticn of the E Cenfro earthqucke:

Table 1
. Maximum Maximum

Reservoir depth Vs~ total force  |overturning moment

| Vo dynamic/static | dynamic/static
meters  foot (sec) (sec)

v 3.0(D) | -7.05(7.268) -7.73 (7.268)
30.5 100 © 3.63(7.674) 3.97 (7.847)
o 3.0(U) | -0.98(2.718) -1.05(2.718)
: 3.0(D) 1.65 (7.420) 2.375(7.420)
91.4 300 00 -0.50 (7.849) 0.76 (7.974)
3.0(U) | -0.33 (3.253) -0.42 (3.270)
3.0(D) [ -0.50 (2.267) -0.64 (7.4753)
182.9 600 (o¢ -0.32 (3.848) 0.42 (4.132)
3.0() | -0.19(3.343) | -0.22 (3.890)

(D) downstream direction of the earthquake
(U) upstream direction of the earthquake ,(fig 1)



