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ake analysis, design, and satety evaluation of concrete dams

Summarized is the current state of knowledge about earthquake response
< of concrete dams, and the application of this information to the earthquake-
nt design of new dams and to the seismic safety evaluation of existing dams.
traditional design procedures and the standard finite—element
ified, the factors that should be considered in dynamic analysis are
and procedures for simplified response spectrum analysis and refined re-

The application of these linear analysis

the limitations of the presently available nonlinear analysis procedures. At the end
of the paper, several areas of research are identified in order to improve present
nethods for the seismic analysis, design, and safety evaluation of concrete dams.

1 INTRODUCTION

The consequences of a large dam failing
can be disastrous, so the seismic design
of dams is an important part of
earthquake engineering. Although no con-
crete dams have failed because of
earthquakes, it is important to recognize
that these structures have not been se-
rionsly tested——in the sense that very
rarely has a large earthquake occurred
close to a major concrete dam with a full
reservoir. However, earthquakes with
magnitudes of approximately 6.5 did occur
close to Koyna Dam--a large concrete
gravity dam--in India in 1967 and
Hsinfengkiang Dam—-a strengthened con-
;:ete lfuttress dam--in the People's
"::blm of China in 1962, Both dams

Overstressed by the earthquake mo-

:;“ns and both were damaged to an
ar:?ing degree. Pacoima Dam, a concrete

'but.:trtucture. sustained damage to one
iy nk during the 1971 San Fernando
fnllq:: €; its reservoir was only partly
the urththe time, The experience with
A quake performance of these dams
R :t that concrete dams are not
g bo earthquake damage as had com-
"Iey €een presumed. 008 4t .48

ntial that increasing attention be

e
ot aras. arthquake safety of these
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The ability to evaluate the effects of

earthquake ground motion on concrete dams
is essential to assess the safety of
existing dams,
of modifications planned to improve old
dams, and to evaluate proposed designs

for new dams
prediction of the performance of concrete
dams during earthquakes is omne of the
more complex and challenging problems in
structural dynamics.
tors contribute to this complexity:

to determine the adequacy

to be constructed. The

The following fac-

- Dams and reservoirs are of compli-
cated shapes, as dictated by the
natural topography of the site.

- The response of dams may be
influenced significantly by varia-
tdons sin . the -intensity and
characteristics of the ground motionm
over the width and height of the
canyon., However, for lack of appro-
priate instrumental records, the
spatial variations of the ground
motion cannot be defimed with confi-
dence at this time.

* The response of a dam is influenced,
generally to a significant degree, by
the earthquake—induced motion of the
impounded water; by the deformability
of the foundation rock; and by the
interaction of the motions of the

water, foundation rock, and the dam
itself.



g During intense earthquake motionf,
vertical construction joints may slip
Or open; concrete may crack; and the
stored water may locally separate

from the upstream face of the dam,
resulting in cavitation.

reliably. .
Realistic analyses of the seismic

response of dams were not possible until
the development of the finite element
method, recent advances in dynamic analy-
sis procedures, and the availability of

large-capacity, high-speed computers.
Thus, much of the research did not start
until the mid-1960's. Initially, all
nonlinear effects, including those asso-—
ciated with construction—joint opening,
concrete cracking and water cavitation,
were ignored, and the interaction effects
of the impounded water and foundation
rock were either neglected or grossly
simplified. Subsequently, special tech-
niques were developed for incorporating
the interaction effects in linear
analyses. These refined analysis proce-
dures have been implemented to varying
degrees for the different types of dams.
The greatest success has been achieved
for gravity dams, Primarily because they
are generally amenable to two—dimensional
analysis., The reliability of the result-
ing analytical procedures has been
established by demonstrating that they
predict results generally consistent with
the limited field observations——e.g. the

These phe-—

nomena are nonlinear and extremely
difficult to model and account for
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to gravity or arch dams _ As °°mpa
the Bureau of Reclamatj, .
(1974) Design of Small Dams - ' atj,
"Buttress dams comprisefn_ !
and multiple arch Structure at det‘:k
require about 60 percey, 13- &
crete than solid Eravity des
the increased formwork and reafns, bug
ment steel required usuajg 1nfor0eh
the savings in concrete. Tk
buttress dams were builtm@&tw

1930’'s when the ratio of 1a1 n
Or o

COmParativ51
: ' HStIUCtion y
ally is not Competitive wit Usy-

types of dams when labo;[‘ C{J:tzther
are

03t

in the earthquake analysis of SuchnterESt
tures if the seismic safety , Struc.
1

can be applicable to buttress dams
However, for lack of comprehensivye para-:
metric response studies, little is kpoy,
about the significance of various fa.-
tors, such as dam-water interaction and
dam—-foundation rock interaction, in the
earthquake response of buttress danms.
Consequently, the earthquake response of
this type of dam is not included in this
paper,

The objective of this paper is to sum-
marize the current state of knowledge
about earthquake response analysis of
concrete dams and how this information
can be applied to the earthquak""'r”is?—
ant design of new dams and to the seismic
safety evaluation of existing dams. The
paper is divided into four parts
Parts I and II are devoted to gravity
dams and arch dams, respectively: %
each part, for the particular dam t}’l_’el;'
the limitations of the traditional de5115"
Procedures and the standard finite™® :s
ment method are identified, the factoic
that should be considered in dyna::es
Analysis are discussed, and procﬂi“sis
for simplified response spectrun ana'syarﬂ
and refined response history analys;ﬂ 15
Simmarized. The purpose of Part
two=fold: (1) to present the apP ]ysis
of simplified and refined linear ’nfsunt
Procedures in the eari:11‘!31‘“1““1“3s jgmif
d'"iﬂn of new dams and in the se- nd
safety evaluation of existing dam’t’w“’
(2) to identify some of the limitzlf’i’
Of presently available nonlinear #°
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n predicting the extent of
damage that a concrete dam
rience during Very intense ground

In Part IV several areas of
i are mentioned in order to im-
sent methods for the seismic
and safety evaluation

edures 1

ncrete dams.
The problem of earthquake response

1ysis of concrete dams has been the
gna'Y t of numerous research investiga-
s?bjeimhthe past twenly years. However,
“onitempt is made to establish the in-
= 1ationship of the material presented
E:M.rte]“';s paper tO the work of other
5 earchers. This paper is based almost
j:M111.1-.:"1*1.?315? on the results of studies
:::riod out at the University of Califor-
t Berkeley during the past ten

of ¢O

PART I: GRAVITY DAMS

9 EVALUATION OF TRADITIONAL ANALYSIS AND
DESIGN PROCEDURES

2.1 Traditional analysis and design
procedures

Although new design criteria are now
available (U.S. Bureau of Reclamation
1974 and 1976), traditionally, concrete
gravity dams have been designed and
analyzed by very simple procedures (U.S.
Army Corps of Engineers 1958 and U.S.
Bureau of Reclamation 1966). The
earthquake forces are treated simply as
static forces and are combined with the
hydrostatic pressures and gravity 1loads.
?he analysis is concerned with overturn-
‘g and sliding stability of the monolith
Freated 88 a rigid body and with stresses
11 the monolith which are calculated by
elementary beam theory.
zc::: flﬁpresenting the effects of hori-
ui‘ﬁofgrnund motion—-—transverse to the
gy 'the dam--by static lateral for-
tetzszTiher the dynamic response charac-
et i €s of the dam-water-foundation
Barthq::ktem nor the characteristics of
. © Bround motion are recognized.
inclu?:; of static lateral forces are
veignt o% Forces associated with the
Droliecs ¢ the dam are expressed as the
Sty 8 seismic coefficient——which
.. JPlcally constant over the height
e between 0,05 to 0.10--and
of the portion being consid-
Vater Pressures, in addition to
Tostatic pressure, are specified
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in terms of the seismic coefficient and a
pressure coefficient which 1is based on
assumptions of a rigid dam and incompres-
sible water. Finally, interaction be-
tween the dam and the foundation rock 1is
not considered in computing the aforemen-—
tionéd earthquake forces.

The traditional design criteria require
that an ample factor of safety be pro-—
vided against overturning, sliding and
overstressing under all loading condi-
tions; compressive stresses should be
less than the allowable values. Tension
is often not permitted; even 1f it is,
the possibility of cracking of concrete
is not serious considered. It has gener-
ally been believed that stresses are not
a controlling factor in the design of
concrete gravity dams so that the tradi-
tional design procedures are concerned
most with satisfying the criteria for
overturning and sliding stability.

2.2 Earthquake performance of Koyna Dam

Koyna Dam is one of a few concrete dams
that has experienced a destructive
earthquake (Chopra and Chakrabarti 1973).
Constructed during the years 1954 to
1963, it is a straight gravity structure
made of rubble concrete. It is about
2800 feet long and 338 feet high above
the deepest foundation. The traditional
design procedure with a seismic coeffi-
cient of 0.05 was employed in designing
the dam. The earthquake of December 11,
1967, with maximum accelerations around
0.5 g caused significant structural dam-
age to the dam, including horizontal
cracks on the upstream and downstream
faces of a number of nonoverflow mono-
liths around the elevation at which the
slope of the downstream face changes
abruptly. The overflow monoliths were
not damaged. Although the dam survived
the earthquake without any sudden release
of water, the cracking appeared serious
enough that it was decided to strengthen
the dam by providing concrete buttresses

on the downstream face of the nonoverflow
monoliths.

Assuming linear structural behavior,
the dynamic response of the tallest non-
overflow monolith of Koyna Dam to the
Koyna ground motion was analyzed. The
response results indicated larger tensile
stresses in the upper part of the dam,
especially around the elevation at which
the slope of the downstream face changes
abruptly. These stresses, which exceed
600 psi on the upstream face and 900 psi
on the downstream face (Figure 1), are
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ENVELOPE VALUES OF MAXIMUM COMPRESSIVE TENSILE
PRINCIPAL STRESSES FOR KOYNA CONCRETE STRENGTH, PSI

DAM DUE TO KOYNA EARTHQUAKE

Fig.1 Comparison of stresses in Koyna
Dam, predicted by linear analysis, with
tensile strength of concrete

approximately two to three times the
tensile strength (350 psi) of the con-
crete used in the upper parts of the dam.
Hence, based on the analytical results
and strength data, significant cracking
can be expected at locations consistent
with the damage caused by Koyna earth-
quake, The maximum compressive stress in
i-:he monolith exceeds 1100 psi (not shown
in Figure 1), which is well within the

sistent with the actual damage
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X Weight / Unit Height )

Fig.2 Comparison of traditional design
Procedures with dynamic effects in

earthquake response of concrete gravity
dams (Chopra 1978)

p:SSiPle vibration period for a concrete
§Tavity dam. It is of interest to note

:n Fl-gu-re 2a that the seismic base shear
Oefficient values for dams are similar
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| gfi"' for buildings, major dams

obje designed more conservatively

. be
‘t:'i:“ ijs reflected in the afore-
an

esign criteria used 1in
lH:it:i':’iﬂm;:'::1dlusth:»ds; for design of dams,
¢ these traditional methods fail to
- jze, however, is that in order to
r”"ng these criteria, dams should be
“h:e:ed for the larger seismic coeffi-
du:{; corresponding to pseudoac-
o:;‘r,tion response spectra for elastic
c

tures (Figure 2a).
St;;z effective forces on a dam due to

A ound motion may be expressed
hor:;in;:idf;t of a seismic coefficient,
':uh varies over the height, and the

:eisht of the dam per unit of height,
For short vibration—period structures,
<uch as concrete gravity dams, these
jateral forces are essentially due to
response in the fundamental mode of
vibration, and the seismic coefficient
varies roughly as shown in Figure 2b. 1In
contrast, traditional analysis and design
procedures ignore the vibration
properties of the dam and adopt a uniform
distribution for the seismic coefficient,
resulting in an erroneous distribution of
lateral forces and hence of stresses in
the dam.

One of the erroneous results of spe-
cifying a heightwise-uniform seismic
coefficient has been the practice of
decreasing the concrete strength with
increase in elevation within some dams,
e.g2. Koyna Dam (Figure 1) and Dworshak
Dam. This practice seems to have been
motivated by the observation that tra-
ditional analyses predict that the
Stresses are largest near the base of the
dam and they decrease at higher
elevations. However, as indicated by
dynamic analyses (Figure 1) and the
location of earthquake—induced cracks in
Koyna Dam, the larger stresses actual ly

°ccur in the upper part of the dam near

me
tradi

& these are the regions where
¢ highest Sstrength concrete should be

the designer chooses to vary
. COncrete strength over the dam.
'”:‘::hﬂr undesirable consequence of
eo.tgiyi" 8 heightwise-uniform seismic
v d‘:hnt is the failure to recognize
Bo.c:.trilﬁﬂtll effects of the block of
i ¢ added ne
uo::dl.lfother than structural: to
Pridon trtoboard above the maximum water
“.‘iut' O resist the impact of float ing
2ddeq $, and to afford a roadway. This
"h“lts: has little, if any, adverse
iy On the stresses predicted by
tional analyses because of the
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relatively small values for the seismic
coefficient which are not increased near
the crest (Figure 2b). However, as
indicated by dynamic analyses, this added
mass can lead to a dramatic increase in
the dynamic stresses——approximately dou-
bling them in the example presented in
Figure 3, wherein the critical stresses

——— ADDITIONAL CREST MASS

STRUCTURAL SECTION

NP ACTIIAL

Sad SECTION

600
400

STRUCTURAL
SECTION

600

400

200
100

100
300

Fig.3 Increased stresses due to addi-

tional, nonstructural mass at the dam
crest (Chopra and Chakrabarti 1972)

in Pine Flat Dam due to Koyna earthguake
are shown.

The traditional design loadings for
gravity dams include water pressures in
addition to the hydrostatic pressures. A
number of formulas, differing somewhat in
detail and numerical values but not in
the underlying assumptions, are in use
(U.S. Army Corps of Engineers 1958 and
U.S. Bureau of Reclamation 1966). One of
these specifies the additional water
pressure p, = cawH, where ¢ is a
coefficient which varies from zero at the
water surface to about 0.7 at the
reservoir bottom, a is the seismic
coefficient, w is the unit weight of
water, and H is the total depth of water.
For a seismic coefficient of 0.1, the
additional water pressure at the base of
the dam is 7 percent of the hydrostatic
pressure; pressure values at higher
elevations are similarly small. These
small additional water pressures have
little influence on the computed stresses

and hence on the geometry of the dam sec-

tion that satisfies the standard design
criteria,

The aforementioned formula for addi-

tional water pressures due to earthquake
motion is based on analysis treating the

dam as rigid and water as incompressible.
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1985a) availability of large Capacis, M
speed computers. For example, Z g;nhlgh
inite—-element ana]vysg; anj,
: incipal stresses finite-e YyS1is Procedyp, .-
values of the maximum princip luding an added mass « §o i
(in psi) in Pine Flat Dam, due to the c g epresentﬂtlong;

hydrodynamic effects,
USBR publication (U.S.
mation 1976).

upstream components of Taft ground

motion, computed for two conditions, are

Bureay o¢ Recy,.

presented; hydrodynamic effects were ' While such an analy;,
included in one and neglected in the overcom?s some of the afore-mentigngd
other. It is apparent that the tensile limitations of the traditiona] Proce
stresses in the dam are larger by ap- dures, the mode111ng of dam-foundatmn

proximately 30% when hydrodynamic effects
are included; even larger increases in
stresses——about 50%—-due to hydrodynamic
effects have been noted in other cases.
It is obvious, therefore, that the
hydrodynamic effects are grossly

Until a few years ago, the stands;
approach to accounting for dam-foundstiy
rock interaction was to directly analy
8 finite—-element idealization of the

underestimated ip the traditional design

combined dam-foundation rock systen,
This is accomplished by including‘a
finite-sized portion of the foundstin
rock in the system to be analyzed. Sul
an approach has two drawbacks. Fn'stlr:
the boundary hypothesized at some dBPtE
to define the foundation rock res!

included in the analysis 1is usulfiir.F
assumed to be rigid. For concretitend
sites where similar rocks “fuallybirious
to large depths and there is no-ol-rocl
"tigid"” boundary such as sohi riglt
interface, the location of tle}'sis 1
boundary introduced in the an?tiﬂs /
- often quite arbitrary, rest f,c.n:afa‘f?iﬂﬂ
distortion of the foundation 1; pake !
effects, Secondly, the eart gtn

USually represented in the.on of thf
finite—element analysis as o T
rigid boundary on which
element model is supported.

$3tt1e 1a known ahout earthd
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| _ _aat depths, the input motion at the
at 'r'.‘trupid base may be determined by

olution of the free~fluid motions
at the ground surface where

trong-motion accelerograms are
The deconvolution process

olves restrictive assumptions on the
inVv

ad direction of seismic waves.
gaber” ‘ddad mass representation of

effects employed in standard
hydrodyf:?::ant analysis is based on two
“n“'tions that are not satisfied in
"‘u"liity: that the dam is rigid, and
.o.tn:ator incompressible. Although this
e t has long been used in practical
oona‘npglysil. the range of conditions for
:1'1:11 1{ is valid was not well

der:tood, and during the past two
pes es extensive research has been

devoted to this question. These studies
have demonstrated that the computed dam
response may be in significant error if
the dam-water interaction arising from
dam flexibility is not considered (Chopra
1970) .

Although studies conducted as early as
1968 and 1970 concluded that water
compressibility effects are significant
in the response of concrete gravity dams
(Chopra 1968 and 1970), there continues
to be much interest in research (Hall
1986) and in practical applications
(Tarbox et al. 1979) to neglect water
compressibility in earthquake analysis of
concrete dams, perhaps because such an
assumption leads to great simplification
in the analysis. In order that such
approximate analysis is not applied to
situations for which it may not be valid,
the significance of water compressibility
effects are investigated further and the
range of conditions for which these
effects may be neglected are identified.

The key parameter that determines the
significance of water compressibility in
the earthquake response of gravity dams
is ﬂr - u";lml where wj is the fundamental
fétural vibration frequency of the
impounded water idealized by a fluid
domain of constant depth and infinite
1“_tth and w,; is the fundamental natural
::’ﬂmuncy of the dam alone. It has been
Ch:mutrntod (Chopra 1968, Fenves and
= Pra 1983) that the effects of water

Wpressibility become insignificant in

the response of gravity dams to harmonic
::::Id motion if Q. > 2. Recognizing
— MOSt concrete gravity dams have
— 8T cross-sectional geometry, it has
P shown that 0, is proportional to
o4 .d wvhere E; is the Young's modulus for

&m concrete. Thus, the physical

i .
Bplication of the criterion 1, > 2 is
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that the impounded water affects the dam
response essentially as an incompressible
fluid if the dam is flexible enough. In
order to further investigate this

question in the context of earthquake
response of dams, the response of Pine
Flat Dam is examined for two values of
the elastic modulus Eg.

The linear responses of the tallest
(400-ft high) nonoverflow monolith of
Pine Flat Dam on rigid foundation rock to
Taft ground motion (recorded at Taft
Lincoln School tunnel during the Kern
County, California earthquake of July 21,
1952) are presented in Figures 6 and 7
for two assumed values of the Young's
modulus of elasticity E;, = 4.0 and 0.65

million psi. In both cases, the other
properties are assumed to be the same:
pRit weaight = 150 pef, Poisson's
ratio =~ 0.4,  damping ratio for all
vibration modes = 5%, and wave reflection
coefficient o = 0.9 at the reservoir
bottom. 1his ocoefficient, whiehd
characterizes the partial absorption of
the incident hydrodynamic pressure waves
by the alluvium and sediments invariably
present at the bottom of a reservoir, 1is
defined as the ratio of the amplitude of
the reflected hydrodynamic pressure wave
to the amplitude of a vertically
propagating pressure wave incident on the
reservoir bottom.

Hydrodynamic and water compressibility
effects in the earthquake response of
dams arise partly from the modification
of the frequency response functions of
the dam (Fenves and Chopra 1983 and
1985b) and partly from the change in the
response spectrum ordinates corresponding
to the modified resonant periods and
damping. The lengthening of the
fundamental period due to dam-water
interaction and water compressibility is
apparent from Figure 6. The maximum
crest displacement due to upstream ground
motion increases from 0.70 in. to
1.55 in. because of interaction between
the dam and water, assumed to be
incompressible, for reasons discussed
elsewhere in detail. The maximum crest
displacement is reduced to 1.09 in,
because of water compressibility and
reservoir bottom absorption effects. The
reductions in the response contributions
of the higher vibration modes are
especially pronounced because of
hydrodynamic radiation damping at the
higher excitation frequencies.
Similarly, the response to vertical
ground motion increases from 0.10 in. to
0.17 in. because of dam-water interaction
and further to 1.04 in, because of water
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dation interaction effects

The reasons for the
ct of dam—water inter-

ijn the response to vertical ground

especially when water
y is considered, are doc-

the effects of
sibility become smaller in

thquake response of a dam as the

E. for the dam concrete
Youns 'S :t;dul?l'shi: is demonstrated in
decrﬁl; wh.erein the earthguake response
S dam is presented, assuming 1its
o theic modulus to be 1less than
e psi, which is unrealistically

on
: :lillli Water compressibility effects are
small-

e mach smaller than in the
- s:::atsz the dam with higher Eg
f;isgpure 6). These effects are
insignificant in !:he dam reSp?nse to
ppstream ground motion (compa:r.:e Figure 7b
to 7c). However, even for this v.gr? :.low
elastic modulus, water compressibility
pas strong influence on the dam response
to vertical ground motion. Water
compressibility would be significant in
the response of most gravity dams because
E, is generally much higher——in the range
of 2 to 5 million psi——and, for dams with
full reservoir, Q. would be smaller than
2. Thus, the added mass representation
of hydrodynamic effects, which is based
on the assumption of incompressible water
and is typically used in standard finite-
element analysis, would generally lead to
erroneous results,

thg eadr

4 REFINED ANALYSIS PROCEDURES AND COMPUT-

ER PROGRAMS

During recent years, extensive research
has been devoted to evaluating the

significance of hydrodynamic and foun-

in the
“8rthquake response of concrete gravity
dams, These studies have led to several
t(::nclusions (Fenves and Chopra 1985a):
) The earthquake response of dams is
s signific.antly because of the
Pty ©d water, with the magnitude of
= : riodynmnic effects being especially
Vﬁr:i ;1 the response of the dam to
g ";l ground motion. (2) Neglecting
“terv:ie absorptive effects of the
“ntuli;tl: bottom sediments leads to an
Plrticnlmllly large response of dams,
e 8rly due to vertical ground
inconp"‘ i (3) The assumption of
Py $sible water commonly employed in
cal analysis will generally lead to

err
fﬁu::::in‘ results. (4) No;leoting dam-
Oh rock interaction arising from
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foundation rock flexibility will
generally lead to an overestimation of
dam response. It is apparent from thm‘w
conclusions that, im order toO obtain
reliable results, the following factors
should be considered in analyzing the
earthquake response of dams: dam—waterx
interaction, reservoir bottom absorption,
water compressibility, and dam—foundation

rock interaction.
Analysis procedures and computer pro-

grams have been developed for earthquake
analysis of concrete gravity dams
idealized as two—-dimensional systems

(Fenves and Chopra 1984a and 1984b) or
treated as three—dimensional systems (Fok
et al. 1986). The two—dimensional analy-
sis is recommended whenever it is appro-
priate for the dam to be analyzed because
it is computationally efficient and it
rigorously considers all the aforemen-
tioned factors known to be significant in
the earthquake response of dams, whereas
dam—foundation rock interaction and
earthquake excitation is usually treated
in an overly simplified manner in the
three—dimensional analysis.

At small vibration amplitudes a con-
crete gravity dam will behave as a solid
even though the construction joints
between the monoliths may slip (Rea et
al. 1975). However, during large-
amplitude motion, the behavior of a dam
depends on the extent to which the
inertia forces can be transmitted across
the joints. For dams with straight
joints, either grouted or ungrouted, the
inertia forces that develop during large-—
amplitude motion are much greater than
the shear forces that the joints can
transmit. Consequently, the joints would
slip and the monoliths wvibrate
independently, as evidenced by the
spalled concrete and water leakage at the
joints of the Koyna Dam during the Koyna
earthquake of December 11, 1967 (Chopra
and Chakrabarti 1973). A two-
dimensional, plane stress model of the
individual monoliths appears to be
appropriate for predicting the response
of such dams to moderate or intense
earthquake ground motion. On the other
hand, for dams with keyed construction
joints, it may be inappropriate to assume
that the monoliths vibrate independently.
For such a dam, a two-dimensional, plane

strain model may be better, especially if
it is located in a wide canyon.

On the other hand, roller-compacted-

concrete gravity dams which are built
without transverse joints may be ide-

alized as plane strain systems, a model
that is especially appropriate if the dam
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presented in the preceding section were
obtained from this computer program. The
selected monolith in generalized plane
stress or dam cross-section in plane
strain is idealized as a two-dimensional
finite-element system. The finite-
element idealization makes it possible to
model arbitrary geometry and elastic
material properties of the dam. Hence,
nonoverflow sections, overflow sections,
and appurtenant structures can be
modelled satisfactorily. However,
cértain restrictions are imposed on the
geometry of the dam to permit a continuum

determining hydrodynamic effects, and
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Over a long time, sediments may deposit
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some reservoirs., The thickness of the
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surface of the sediments, which
correspondingly reduces the depth of the
fluid domain. However, the computer
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to conveniently perform a com-—
ysis of the dynamic response of
the simultaneous action of the
porizontal and vertical ground motion
components. The dynamic stresses are
combined with the initial, static
<tresses in the dam due to the weight of
the dam and hydrostatic pressures. How-
ever, the user may perform a separate
static analysis including thermal, creep,
construction sequence, and other effects
and input the resulting initial stresses
in the computer program. The output from
the computer program includes the com-
plete time-history of (1) the horizontal
and vertical displacements at all nodal
points and (2) the three components of
the two-dimensional stress state in all
the finite elements. From these results,
the designer can plot the distribution of
ftresses in the dam at selected time
instants, and the distribution of enve-
lope values of maximum principal stress
;: the dam, as'shown in Figure 1 for
“z:‘l‘tnﬁl.(t?ns':lon i? p?sitive). Such
Pt th:tald in 1dent1f'y1ng areas of the
e may crack du-rulg an earthquake.
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convenient application in the preliminary
evaluation or design stage. In response
to this need, a simplified procedure Wwas
developed in 1978 in which the maximum
response due to the fundamental mode of
vibration was represented by equivalent
lateral forces, which were computed
directly from the earthquake design
spectrum without a response history
analysis (Chopra 1978). Recently, this
simplified analysis of the fundamental
mode response has been extended to
include the effects of dam—foundation
rock interaction and of reservoir bottom
materials (Fenves and Chopra 1986), in
addition to the effects of dam—water
interaction and water compressibility
considered in the earlier procedure.
Also included now in the simplified
procedure are the equivalent lateral
forces associated with the higher vi-
bration modes which are computed by a
"static correction” method which is based
on the assumptions that: (1) the dynamic
amplification of the modes is negligible;
(2) the interactions among the dam, im-
pounded water, and foundation rock are
not significant; and (3) the effects of
water compressibility can be neglected.
These approximations provide a practical
method for including the most important
factors that affect the earthquake
response of concrete gravity dams.

The simplified analysis procedure is
organized in three parts (Fenves and
Chopra 1986):

1. Computation of equivalent lateral
forces associated with the fundamental
vibration mode, considering the
aforementioned factors, and evaluation of
stresses due to these forces applied at
the upstream face of the dam. The
stresses are determined by static
analysis of the dam using elementary
formulas for stresses in beams or the
finite—element method.

2. Computation of equivalent lateral
forces associated with the higher
vibration modes by the "static
correction” method, and computation of
the resulting static stresses.

3. Combination of the initial, pre-
earthquake stresses and the earthgquake-
induced stresses associated with the
fundamental and higher vibration modes.

This response spectrum method is
available as a sequence of computational
steps, along with the standard data
necessary to implement the procedure.
The use of the simplified procedure is
illustrated by examples and is shown to
be sufficiently accurate for the
preliminary phase of design and safety



evaluation of gravity dams.

PART II: ARCH DAMS

S AND
6 EVALUATION OF TRADIT JONAL ANALYSI1
DESIGN PROCEDURES

6.1 Traditional analysis and design pro—

cedures

Traditionally, the dynamic responsde ?f
the system has not been considered 1n

defining the earthquake forces in'the
design of arch dams. For example, 1in :
1965 publication of the U.S. Bureau o0

Reclamation, it is stated:
"The occurrence of vibratory re-

sponse of the earthquake, dam and

water is not considered, since it is

believed to be a remote possibility.”
Thus, the forces associated with the
inertia of the dam were expressed as the
product of a seismic coefficient——which
is constant over the surface of the dam
with a typical value of 0.10--and the
weight of the dam. Water pressures, in
addition to the hydrodynamic pressure,
are specified in terms of the seismic
coefficient and a pressure coefficient
which is the same as that defined in
Part I of this paper for gravity dams.
This pressure coefficient is based on
assumptions of rigid dam, incompressible
water, and a straight dam. Finally, the
effects of foundation rock flexibility
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envelope values of the stresses on the
gpstream face of Morrow Point Dam due to
the upstream component of Taft ground
notion are presented for two conditions;
hydrodynamic effects were included in one
and neglected in the other. kt. 18
apparent that the tensile stresses in the
dam due to upstream ground motion are
more than doubled when hydrodynamic
effects are included; even larger
increases occur in the stresses caused by
the other two components of ground
motion. Therefore, it is obvious that
the hydrodynamic effects are grossly

underestimated in the traditional design
loadings.

1 EVALUATION OF THE STANDARD FINITE-
ELEMENT METHOD

E::C’gnizing 1‘:he aforementioned limita-
dl:ﬁdof traditional analysis procedures,
S ';isners started using dynamic
dyna:is s .procedures. For example, a
i i:1 fllni‘te—element analysis proce-
tion' ofc hndmg an added mass representa-—
M Eikan 1 ydrodynamic effects, is de-
P“blicat'n Section 4-56 of a 1977 USBR
o m:on- W¥hile this procedure over-—
t“ditionnyl of the deficiencies of the
erly con:id procedure, it does not prop-—
dam-nt“ ie’-' the dam-foundation rock or
ikasaml nteraction effects.
Usua] g On of the foundation rock is
-‘nllygg included in a finite—-element
ae.,” 218 of the earthquake response of
+ The principal decision re-—
efining the finite—element
n is the three—-dimensional
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extent and boundary conditions of the
foundation rock to be included in the
analysis. For arch dam sites where simi-

iar rocks typically extend toO

considerable distances, wave—transmitting
boundaries are necessary if the finite~-

Such transmitting boundaries have been
developed for two—dimensional analysis

(Lysmer and Waas 1972) with seemingly ad

hoc extensions proposed for three-
dimensional analyses. These transmitting
boundaries have not been employed in the

analysis of dams and instead an extremely
simple idealization for the foundation
rock is usually used (Clough 1980). Only
the foundation rock flexibility 1is
considered; i.e. the inertial and damping
effects of the foundation rock are
ignored in considering dam—foundation
interaction effects. Since there is no
wave propagation mechanism 1in the mass-—
less found ation rock, the design
earthquake motion can be specified
directly at the base of the finite—
element idealization of the dam-
foundation rock system.

In the standard finite—element analysis
the hydrodynamic effects are approximated
by an added mass of water moving with the
dam, computed from the analysis of hydro-
dynamic pressures due to upstream—
downstream vibration of a straight rigid
dam-—which obviously ignores the curva-
ture of the dam—-neglecting water
compressibility (Westergaard 1933). The
resulting added mass is taken to be valid
for both "symmetric” and "antisymmetric”
vibration modes of the dam, which 1s
obviously inappropriate.

Just as in the case of gravity dams,
water compressibility effects are
significant in the earthquake response of
arch dams with realistic values of Eg,
the elastic modulus for concrete, but
negligible if E¢ is small enough. This
is demonstrated in Figures 11 and 12
wherein is presented the earthquake
response of Morrow Point Dam, assuming
its elastic modulus Eg to be 4.0 million
psi—-—a typical value-—and 0.5 million
psi——an unrealistically small value—-
respectively. It is apparent that
neglecting water compressibility would be
inappropriate in the first case but would
be reasonable in the latter case in
determining the response of the dam to
upstream or cross—stream ground motions.
However, even for this unrealistically
small E;¢ value, water compressibility has
a significant influence on the response
of the dam to vertical ground motion.




CROSS-STREAM COMPONENT

PSTREAM COMPONENT VERTICAL COMPONENT
y EMPTY RESERVOIR
25 ——
DAL PT 54 T
e T PT 60 “*[ NODAL PT 60 A
e Rt o o
g MM o g i | M:EWMH
0 0101 |
: . -25 T e —
i Tt . 28— - N T 5 0 5 = =y
i bt 15 o 15
é 23, SR 5 10
g FULL RESERVOIR; INCOMPRESSIBLE WATER
: Nl ain ol
25 % :
.l-' 0 JUUUsY UVVVIEY Y il 0463 0381
Z | 56~ I ; . .25 2 AT i !: . . . : I:'..'l - . - - s -2'5{} = - - . é . . : ; ll{:l 3
g 28! ; T 5.9 S
&8
QO
% FULL RESERVOIR; COMPRESSIBLE WATER, a = 0.9
Q 25
< 0495 ]
< , |
E D_M“WMMWH
© B 10 5

TIME (SECONDS) TIME (SECONDS)

TIME (SECONDS)

Fig.11 Displacement response of Morrow Point Dam (Eg = 4 million psi) due to up-

stream, vertical and cross—stream components, separately, of Taft ground motion (Fok

and Chopra 1987)

UPSTREAM COMPONENT VERTICAL COMPONENT CROSS-STREAM COMPONENT
EMPTY RESERVOIR
[ NODAL PT 60 °[ NODAL PT 60 2 [ NODAL PT 54 7o |

{
2

O

5. -0 RS R T, TR G 5

O e
iLn
o

FULL RESERVOIR; INCOMPRESSIBLE WATER

* 1906 |
|
0 -—%—WW%MM 0 *'q:%e‘cﬁda‘b'ﬂv‘ﬁﬂav T TR ‘
[
| . 1820
WO 1 9310 J

o B = ‘|D - - - i i & " - i - & Z = -} - % 7. = | o . 2 a | i

2 10 150 5 10 R 5 10 e

FULL RESERVOIR; COMPRESSIBLE WATER, a = 0.9

o

]
|

:

|

1

RADIAL DISPLACEMENT AT DAM CREST (INCHES)

" AOSReNTe, Ph _ FE e e g = 10 10 .'
n. k. A , [ |
"“é‘“‘*‘“ e q;r f e AN s _mb S Sy SRR i::s | Bny oy Ifg - aaedaee) R R _.:
X s o 5 ae . mam 5 10 =

TIME (SECONDS) TIME (SECONDS) TIME (SECONDS)

Fig, -
Bt Displacement response of Morrow Point Dam (Eq =0.5million psi) due to UP

Stream, vertical, and ¢ & (Fok
and Chopra 1987) ross—stream components, separately, of Taft ground motion

52




For'ﬁarrow Point Dam and three of its
riations considered elsewhere (Fok and

i
g;opf‘ 1987), the effects of water
oomprusibility are significant for E; in

the range of values from 2 to 4 million
which is typical of mass concrete
nsed in arch dams. Thus, water
ompressibility effects should be
:onsidond in analyzing the earthquake
response of concrete arch dams. The
dded mass representation of hydrodynamic
:ffeoth whether the added mass is
d,termined from a two-dimensional

odynamic analysis assuming a straight
:Z:r(ﬂg. Bureau of Reclamation 1977) or

from & three—dimensional analysis of the
fluid domain (Kuo 1982), neglecting water

oomptessibility in both cases, will
genarally lead to erroneous results for

dam response.

8§ ANALYSIS PROCEDURES AND COMPUTER PRO-
GRAMS

Considering all the factors shown by
recent research (Fok and Chopra 1986b) to
be significant, a procedure has been
developed to analyze the earthquake re-
sponse of arch dams (Fok and Chopra
1986a). These include the effects of
dam-water interaction, water compressi-
bility, and reservoir boundary absorp-
tion., These hydrodynamic effects are
more significant in the earthquake re-
sponse of a slender arch dam than for a
massive gravity dam. Considering that an
arch dam resists the pressures of the
impounded water and other loads in part
by transmitting them through arch action
to the canyon walls, the effects of dam—
foundation rock interaction are like ly to

be significant in the earthquake response

of arch dams, perhaps more so than in the
case of gravity dams (see Part I). How-
éver, for reasons to be discussed subse-
quently in this section, the analysis
Procedure has, so far, not been deve loped
to properly account for these effects; it
only considers foundation rock flexibili-
;; :;th the inertia and damping effects
s ¢ foundation rock being ignored. By
o Procedure, it is possible to perform

ree-dimensional analysis of a con-

Crete arch dam supported by flexible

f
i“ndltion rock in a canyon and impound-
8 8 reservoir of

and foundation
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Fig.13 Arch dam-water—foundation rock
system (Fok and Chopra 1985)

joints of the dam during vibration is not
considered.

8.1 Arch dam

The dam is idealized as an assemblage of
finite elements with a major part of the
dam represented by thick shell finite
elements, and the part of the dam near
its junction with foundation rock repre-
sented by transition elements designed to
connect thick shell elements in the dam
to three—dimensional solid elements em-

ployed in idealizing the foundation rock
(Fok and Chopra 1985).

8.2 Foundation rock

Required in the substructure method for
analysis of earthquake response of dams
is the frequency—dependent stiffness (or
impedance) matrix for the foundation
rock, defined at the nodal points on the
dam-foundation rock interface. This
matrix for a viscoelastic half-plane was
determined for two-dimensional analysis
of concrete gravity dams supported on the
horizontal surface of foundation rock
(Figure 8)., However, such a foundation
model is inappropriate for analysis of
arch dams because they are usually built
in narrow canyons with the dam boundary
in contact with the foundation rock

extending over the height of the dam
(Figure 13).

An alternative approach is to idealize




he foundationm

ystem and toO
this

a finite-sized portion of t

idealization. +0
foundation rock would be ﬂquivalent

d
that in the direct finite—element ﬂ::fzd
for gravity dams with the 8ssoOC

limitations mentioned earlier. 3
For these reasons and, more important

ly, because at the present time it :f
virtually impossible to rationally spec :
fy the free-field earthquake motions a
an arch dam-rock interface, it has not
been possible to satisfactorily treat
dam-foundation rock interaction effects
in the earthquake analysis of arch dams.
Only the flexibility of the foundatfon
rock is considered, whereas its inertial
and damping effects are ignored. -An
appropriate portion of the foundation
rock region is idealized as an assemblage
of three—dimensional solid finite ele-
ments, with the finite element meshes of
the dam and foundation rock matching at
their interface. Recommendations for the
shape and size of the foundationm rock
region to be considered have been pre-—

sented in (Fok and Chopra 1985).

8.3 Impounded water

The reservoir behind a dam is of compli-
cated shape, as dictated by the natural
topography of the site. Typically, the
impounded water extends to great
distances, up to a few tens of miles, in
the upstream direction. Finite-element
idealizations necessary to properly rep-
résent the complicated geometry of the
impounded water would be éxorbitantly
expen?ive. to the point of becoming im-
Practical, if they extend to large dis—
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8.5 Ground motion

substructure
earthquake

gravity dams (Fenves angd Chopra 1984,
This approach of Specifying the sam:
motion over the entire dam-foundat i,
rock interface is not especiaii;
appr0priate for arch dams because the dﬁ
boundary in contact with the

Nonuniform boundary motions can
be included in finite element analysis of
Structures (Clough and Penzien 1975
The principal difficulty, however, is i
rationally defining the variations if
motions over height because 10
measurements of actual ground motio!
variations have been obtained in arch "?’
locations. Another possible approach X
to define the earthquake input 8§ ;
rigid-body translation of the basemer!
rock on which the finite element mode! A
the dam and foundation 1is supportﬂdt'
However, very little is knove abO“t
earthquake motion at depth becaus® mO;s
of the available strong motion racf’:ha
are from accelerographs located 8F of
Bround surface or in basement?
bnildin;:.

From the preceding discussiof i
Clear that it is difficult to d
Suitable earthquake input mechs
80 arch dam. Neither of ¢




‘Pprﬂlch#s can be justified rational ly.
Thus, the earthquake excitation has been

defined in an extremely simple, approxi-
nmate manner. As mentioned earlier, a

sufficient portion of the foundation rock
is im’l“‘hd to represent only the static
foundltion'flexibilityreffects. the foun-—
dation rock is assumed to be massless for
the dynamic analysis, and the earthquake
jnput 18 specified as spatially-uniform
RupaRs g baseme?t rock. Since there
is no wave propagation mechanism in the
~assless foundation rock, the specified
pasement rock motion is transmitted
without modification to the dam—founda-
tion rock interface. In the context of
the substructure method of analysis, the
above-mentioned approximation is equiva-
lent tO specifying the same free—field
ground motion throughout the dam—founda-
tjon rock interface sish fhe foaundation
cock assumed to be massless in computing
the foundation impedance matrix.

8.6 Computer program

The response analysis procedure has been
implemented in the computer program EACD-
3p: Earthquake Analysis of Concrete Dams
— Three-Dimensional, to numerically e-
valuate the earthquake response of arch
dams, idealized as described in the pre-
ceding sections. The computer program
and its nsage has been documented in (Fok
et al. 1986), wherein the development of
an appropriate finite element idealiza-
tion of the system is discussed, the
required input data to the computer pro-—
gram are described, the output is ex-
plained, and the response results from a
sample analysis are presented. The com-
puter program is available from NISEE,
Davis Hall, University of Califormnia,
Berkeley, California. With the computer
program, a complete dynamic analysis of
the response of an arch dam to the simul-
taneous action of upstream, vertical, and
cross-stream components of ground motion
can be performed. The dynamic stresses
are combined with the initial, static
stresses in the dam due to its weight and
hydrostatic pressures. However, the user
may perform a separate static analysis,
including thermal, creep, construction
Séquence, and other effects and input the
resulting initial stresses in the comput-
€T program. The output from the computer
Program includes the complete time histo-
ry of (1) the displacements at all nodal
Points, and (2) the stress state in all
the finite elements. From these results,
the stress distribution in the dam at

ggggg
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selected time instants, and the distribu-
tion of envelope values stresses
(e.g. Figure 10) may be plotted. Such
results aid in identifying areas in the
dam that may crack during an earthqguake
and are therefore useful in predicting
the earthquake performance of designs
proposed for new dams and in evaluating
the seismic safety of existing dams.

9 SIMPLIFIED ANALYSIS PROCEDURE

The substructure analysis procedure and
the EACD-3D computer program that imple-
ments the procedure should be useful in
the final stage of analyzing the seismic
safety of existing arch dams and in the
final stage of the design of new dams.
However, it is perhaps too complicated in
the preliminary evaluation or design
stage. At this early stage of an inves-

tigation, a simplified method would be
useful which can consider all the signif-

icant interaction effects and provide an
estimate of the maximum response directly
from the earthquake design spectrum.

As presented in Part I, such a simpli-
fied procedure has been developed for
concrete gravity dams. While many of the
basic concepts underlying the procedure
may be applicable to arch dams, the
extension of the method is likely to be
very difficult because of several factors
that distinguish arch dams from gravity
dams: arch dams must be treated as
three—dimensional systems; their geometry
varies considerably from omne site to
another, precluding the possibility of
defining "standard” values for vibration
properties and parameters; and their
response is generally not dominated by

the fundamental mode of vibration.

PART III: SEISMIC DESIGN
AND SAFETY EVALUATION

10 EARTHQUAKE-RESISTANT DESIGN OF NEW
DAMS

Concrete dams should be designed to elas—
tically resist the relatively frequent,
moderate intensity earthquakes. However,
some damage, which is limited. enough sz
that it is economically rep?,j.rable a:
does not impair the apility of the
structure to contain the impounded wather;
may be permitted in the -rare event tha
very intense ground shaking occurs.




10.1 Design earthquakes
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ry of
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cross—stream and vertica

ponents of ground motion are needff ;2
analysis of arch dams, w%areas e
nsually sufficient to define on.ly e
upstream and vertical component's in two
dimensional analysis of gravity damf.
For computation of earthquake .forces: in
the preliminary phase of elastic design,
response spectra for the horizontal com—
ponents of ground motion will be needed.
Instead of the response spectrum cOrré~—
sponding to the hypothesized ground
motion, a smooth spectrum (Newmark et al.
1973) with appropriate intemnsity is more
suitable, for it does not contain the
irregularities of individual respomnse
spectra.

upstream,

10.2 Elastic design

A two-stage procedure is appropriate for
the analysis phase of elastic design of
concrete dams: (1) simplified analysis
procedure in which the response is esti-
mated directly from the earthquake design
Spectrum, considering only those factors
that are most important in the earthquake
response of dams and yet simple enough so

88 not to require the use of elaborate
Computer programs;

response history
finite-element i
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davaloped.for arch dams_

earlier, computer programg
EACD-3D are available i

n
¥ 84 EZG
refined response hi“lﬁry Plogy, !

procedures for gravity, “rﬁh,ifnaly;T

buttress dams. 3 weyp 't
For purposes of prelimipg, Ay
ravity dams, the Y de

analysis procedure for ¢y,
earthquake design SPectrum f
ing, an appropriate valye B+

B © veassigan thEntfﬂm”E%
jated from the same simp]e fﬁrme Calg,
direct and bending Stresses;hlbulasf%
are employed in the tradition:lams they
procedures. The dam shoulg . e fiegign
dimensions established id r:1gn‘ed_‘h

concrete strength in tension and .
sion determined——for these 1ggg,
ering both upstream ang dm;nznnm“
directions for the earthquay, ft”ﬂm
The design should provide againStomes'
stressing 1n compression gapg ten‘;‘:’erﬁ.
.. : {h
i.e. the compressive and tensjij]e stre, 0,
should not exceed the compressiy, Sey
tensile strengths, respectively, Usu:?.l_
ly, the concrete strength Tequireney
will be controlled by the tensile gy,
ses because they will be simil,, i
magnitude to the compressive stregg,,
whereas the temsile strength of p,,,
concrete is an order of magnitude |,
than the compressive strength., The trs-
ditional overturning and sliding stabili-
ty criteria have little meaning in the
context of the oscillatory response of
dams during earthquakes; these should not
be used until realistic criteria have
been developed. The end result of this
phase of the design process is a prelinmi-
nary design of the dam.

It is apparent from the precedilng
discussion that the key property which
determines the capacity of concrete d'ams
to withstand earthquakes is the tensﬂi
strength of concrete. Tensile strenst

f
can be determined from three typeés 0

Selet

Or 5% a tf:d

amph.

. ittis
tests: direction tension, spllltttsloi
tension, and flexural tests. Rest; Sail)

these tests differ, and results © jffef
on cores takenm in the field thr)r
compared to tests onR l.abor:st is
specimens. The direct tensiof tfosslf
difficult to accomplish and: 8
underestimates the tensile S
concrete if the specimen is 8
surface dry. The flexural test
with its usual linearly d
of rupture, provides a pasis tO i
the tensile strength. The B9
rupture should be multiplied by‘n
which accounts for the nonlined’

s e B o sk e



crete and depends on the shape of
' imen (Raphael 1984). On the
e splitting tension test 1is
omplish and gives the most

However, tensile
splitting

arthquake motions

tha :facility to
L e recommended

of concrete for

b ]
y'1'h¢ tensile strength should obviously

=2 determined from appropriate tests on
specimens of copcrete for the particular
dap. However, 8 preliminary estimate of
the tensile strength can be obtained from
Figure 14 which presents four plots of
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Fig_14 D
(aatact ‘;‘9;!41; chart for tensile strength

tens
conpi::':t"’“lth as a function of
dependin Ve strength, to be used
fs = 1_7::3’: need. The lowest two plots,
Ion'..ti.: and f,; = Z.Sf:“. are for
otas “pra:r static loading. The lowest
o tl:mt. actual tensile strength,
€ second plot takes into

ey ¢ nonlinearity of concrete and

©
eolpttt:.;d to interpret the stresses
Yy linear finite—-element

o7/

The third and fourth plots,

/* and fs ==3.4fzf’. are the

tensile strengths

analysis.
£, = 268,
actual and "apparent”

ander seismic loading.
Permitting significant tensile stres—

ses, up to the tensile strength of
concrete, is of course 2 major departur®

from the standard design criteria wherein
1ittle tension 1is permitted. However,

evidence is available 1O support the
recommended design criteria that signifi-
cant dynamic stresses in tension can be
carried by sound concrete. In addition
to the data from laboratory tests men—

tensile strength of concrete was provided

by the performance
earthquakes. Dynamic analyses indicated
should have developed

maximum tensile stresses in the order of
750 psi during the San Fermnando
earthquake of 1971, yet no evidence of
cracking could be found on either face of
the dam (Swanson and Sharma 1979). As
mentioned earlier, elastic analyses of
Koyna Dam indicated tensile stresses
almost three times the tensile strength
of concrete, resulting im significant
cracking of the dam. However,
survived the earthquake without any
sudden release of water. Perhaps most
interesting is the lack of damage tO
Crystal Springs Dam——a curved concrete

gravity dam located approximately
1,000 ft from the San Andreas fswits
during the great San Francisco earthquake
of 1906 (Wulff and Van Orden 1979).

The adequacy of the preliminary design
of the dam should be checked with the aid
of a refined, accurate analysis proce~
dure. Using a computer program such as
EAGD-84 for gravity dams Or EACD-3D for
arch dams, the response of the
preliminary design of the dam to the
selected ground motion should be deter—
mined, resulting in more accurate values
for the stresses. Based on these re~
sults, the preliminary design of the dam
should be revised, if necessary, tO
satisfy the same design criteria men~
tioned earlier. Often, the design modi-
fication may involve increasing omly the
concrete strength.

However, as mentioned earlier in this
paper, the design stresses in gravity
dams can be significantly reduced by
modifying the usual designs to reduce the
weight near the crest of the dam.
Instead of the solid concrete block added
near the crest in typical designs of dams
to support the roadway and to resist the
impact of floating objects, lightweight
structural systems would be preferable.
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10.3 Designing for intense motions

in
Earthquakes of large magnitude ;:E:ugi
very intense ground shaking, Bd s fibei
rare, can occur in California an

d
highly seismic areas of the worldi. na:;f
they must be comsidered in the dfs gion
major dams. A conservative criter ;

which would perhaps result in uneconomi~
cal designs, is to require that the dam
remain elastic even during th.e: most
intense shaking that -may occur. With the
design spectrum and ground motion chosen
to be representative of such shaking, the

elastic design procedure presented in the

preceding section would apply. However,
as indicated by the earthquake

performance of Koyna Dam, concrete dams
can continue to contain the impounded
water even after they have undergone
significant cracking. In designing con-
crete dams for the very intense ground
shaking that may occur only rarely, it is
therefore reasonable to permit limited
cracking that is economically repairable
and does not impair the ability of the
structure to contain the impounded water.

However, as will be mentioned later in

tional procedures *hich,
earlier, are unrealistj,

there is considerable interest 1
B e vy vr theay struct-un ﬁwlun
the aid of the better analygj, : Teg vig
R " O tenayy, Chuyg
BN SRR oon s xd now availa':;rengt;
B " 98 and desijgy e ’ Th,
presented earlier for desisn of rlteria
are applicable as analysig Proce Ney
evaluation criteria for deterp;
safety of existing dams. 7, si
bt b °“1°“1ating eamplﬁied

,u]:re

forces and resulting streserth‘lﬂkﬂ
appropriate for a preliminary ev:f ”30

of the safety of an existing dan uatl'&n
results indicate the npegegy '
thorough evaluation, the refineg ca MOy,
analysis procedures mentiopeg Eompntp,r
should be emplovyed. 1¢ oy e&rlier
analyses for the most intensg.e ,

shaking indicate tensije Stres, Esmund
larger than the temnsile strengty . Wy}
Con~

crete, cracking of Concrete ,
expected. However, as méntioned e,
the extent of cracking ang its j

tions to the safety of the dam ¢
determined with g high 4.
confidence until the mechanicg
ties of concrete are better de :
and incorporated into a nonlineay prgc;
dure for analysis of earthquake respop,,

Concern for the safety of dams has
grown appreciably in recent years, As ,
result, various city, county, and stat.
offices in California and other seismic
states have embarked upon a progranm to
evaluate the earthquake resistance of
their existing dams and initiate remedisl
measures, if necessary. Several recest
investigations have utilized the proce-
dures presented in this paper.

1iEr’

12 NONLINEAR RESPONSE ANALYSIS

The current practice in the seismic amal-
ysis of concrete dams is to assume tl?lt
the structure as well as its interactios
mechanisms with the impounded water ‘,nd
foundation rock are linearly ,135“‘:
Ignored in such analyses, which have b?e.-
Presented in this paper, are the ml;fa
ar effects associated with the po”iuc'
OPening or slippage of vertical cons”;nd
tion joints, cracking of concreté
the local separation of water frovm gaf
Upstream face of the dam., Such lifti"
fnalysisg Procedures provide good : t0

b i 4 S D T response oOf d”h "
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pnot “iof of dams during 1intense

v
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earthd ced earlier, linear analysis

us
As diﬂ’Dam predicted locations in the

racking will be initiated
dam V¥ :+th the damage caused by
co sisEarthqu,k_e. However, such an anal-
not predict the extent of
~ In principle, nonlinear analy-
. .iuding possible cracking of
e——of gravity dams subjected to
ground motions can be

formed (Pal 1976). However, the
ot tions of the extent of cracking as
e from these analyses are quite
the assumed mechanical
of concrete. ihis -1s

ear

ﬁbtained

seasitive %0

i11ustrated in Figure 15 where the extent
|
CRACKED ZONE CRACKED ZONE
NO CRACKING
TENSILE FAILURE STRAIN
(i}=200-20% 4 in/m (ii) =200 win/in (iii) =200+ 20% . in/in

Fig.15 Cracking in Koyna Dam predicted
by nonlinear analyses for three values of
tensile failure strain (Pal 1976)

of cracking is seen to vary considerably
with the tensile failure strain assumed
for the concrete, a quantity that is not
known accurately. Obviously, the
::cl;anical pro?erties of concrete need to
c“c:ifter def1.ned before the extent of
e lngf and its implications on the
'ithygo “oncrete dams can be determined
vl onf1de-nce. A comprehensive

‘méntal investigation is therefore

Stregges r:"“"‘ible. cyclic strains and

conditop “Presentative of earthquake
Li Thereafter, these properties
ficorporated into a nonlinear

nalysis procedure.

29

narrow, badly fractured ridge adjacent toO
the dam, and accelerations were estimated

at the base of the dam in the range of
0,6, to 0.8 g. Analyses indicated that
the dam must have developed maximum ten-
sile stresses on the order of 750 psi in
the arch direction, which is in excess of
the tensile strength of concrete (Swanson
and Sharma 1979), yet no evidence of
cracking could be found on either face of
the dam——except for an opening of the
vertical, radial construction joint
between the arch and the left abutment
thrust block——suggesting that the tensile
arch stresses must have been relieved at
the radial construction joints. No
calculations have yet been made that
account for the nonlinear effects
associated with such joint openings in a
realistic fashion.

Linear analyses of dam response to
intense earthquake motions indicate the
possibility of cavitation, i.e. local
separation of water from the upstream
face of the dam. Results of recent non-
linear analyses suggest that the effects
of cavitation are not as significant as
they might have been presumed
(Zienkiewicz et al. 1983). Therefore,: it
may not be necessary to consider this
nonlinear:.-effect -in - prscktical

applications.

PART IV: CURRENT RESEARCH NEEDS

Federal and state agencies concerned with
the construction of dams have revised
their design standards and engineering
companies have updated their procedures
to acknowledge the research accomplish-
ments of the past decade, some of which
have been summarized in this paper.
Static force methods involving seismic
coefficients have given way to dynamic
analysis procedures. As shown in this
paper, these procedures should consider
the following factors: dam—water inter-
action, reservoir boundary absorption,
water compressibility, and dam—foundation
rock interaction. In order to produce
safe and economical designs of concrete
dams, the most reliable techniques con-

sidering the above-mentioned factors
should be used to evaluate proposed

design for new dams to be constructed;

furthermore, the reliability of present

design methods should be improved.

In response to growing public concern
for the safety of dams and reservoirs,

major federal dam building agencies and

states such as California and Utah have
adopted programs for evaluating the
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research needs to be done toho:t;l:rfor g
reliability of present met

: fet
seismic analysis, design, and sa y

meet
evaluation of concrete dams.. Totasks
this objective, the fol lowing

should be pursued: ;
1. Major dams in seismic areas of the

United States must be instrumented to
measure their responses duri'ﬂﬁ future
earthquakes. The instrumentationi should
be designed to provide adequate 1nf0rfrla—
tion on the characteristics and spatial
variation of the ground motion at the
site, the response of the dam, and the
hydrodynamic pressures exerted on the
dam. Because of the urgent need for such
data, dams in highly seismic regions of
other countries should also be considered
for instrumentation. This effort should
be coordinated with the plans for the
seismic drrays recently installed in
Taiwan, India, and the People's Republic
of China under Cooperative agreements
with the United States,

5 Forced-vibration tests should bpe

developodrinimplement‘tion Shoulgq 4
Cation j 2 form COnvenient fo .
4. The pe. ¥i00ering pryoe e, et
+ ‘he present methods ce,

rent proce-
L h safety

tions
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{evels have beol
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fos- Simplified analysis Proceqy,
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design of new arch dams and Safﬁtph&%
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7. Appropriate €quipmen A
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' y
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deformations of the type inducy”ic
earthquakes, and compreheﬂﬁve :

mental studies should pe unde,
define the stress—strain ""hal‘acte ‘
and strength of mass COncret, I‘lstics
From the results of such studijes |
tutive models must be develﬁped'tionstih
be incorporated into nonlineg, reat Cap
analysis procedures to Predict ty, zponse
in dams due to a specifieq ; Mmag,
seismic excitation.

not readily amenable to analysig
9. Analysis Procedures
developed that can account for tp, e f-
fects of concrete Cracking,
opening, and water cavitation, apg Dars-
metric response studies must be carrigg
out to evaluate their importance.
the results of these studies and of tpe

consideration in design, and appropriate

design guidelines must be developed.
10. Static tests to failure must be

conducted on large—scale models of danms,

Specially arch dams, to define their
behavior in the range approaching
failure,

11. The results of these studies should
be used to evolve rational and practicdl
methods for designing concrete dams to D¢
built in seismic regions and for evall”
ating the safety of existing dams.
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