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ABSTRACT

Many large dams exist for which the assumption of plane strain
conditions during dynamic loading constitutes only an approximation of
their true behavior. In these cases, a full three-dimensional dynamic
response analysis appears to be warranted. The purpose of the present
work has been to dewvelop numerical techniques for the three-dimensional
dynamic analysis of earth and rockfill dams and to compare the results
obtained from such analyses with those determined by two-dimensional

plane strain analyses.
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CHAPTER 1

INTRODUCTION

1.1 Seismic Stability of Earth Dams

Over the past two decades significant progress has been made in the
development of analytical procedures for evaluating the response and
stability of earth dams subjected to seismic loads. Methods of analysis
have evolved from the use of a seismic coefficient in a pseudo-static
stability analysis to much more involved procedures such as that pro-
posed by Seed et al. (1969, 1973) and which involves the following

steps:

1. Selection of the earthguake motions that are likely to affect the

dam.

2. Determination of the state of stresses existing throughout the dam

and the foundation before the earthquake.

3. Computation of the dynamic stresses induced in the embankment and

foundation by the selected earthquake motions.

4. Determination in the laboratory of the response ¢to the induced
dynamic stresses of representative samples of the embankment and

foundation materials.

5. Assessment of overall stability of the embankment dam and of the

deformations likely to develop.

Specific details on the procedures to conduct ezch of these steps



can be found elsewhere (Seed et al., 1973) and only the computation of
dynamic stresses will be discussed in greater depth in the paragraphs to

follow.

Among the techniques available to compute the dynamic response
induced in a dam by the earthquake motions are the vertical shear beam
analysis (Mononobe et al., 1936; Ambraseys 1960) and the finite element
method (Clough and Chopra, 1966; Idriss and Seed, 1967; Seed et al.,

1969, 1973).

Assumptions inherent to the formulation of the shear beam analysis
permit only the computation of an average response of the embankment and
therefore limit its applicabiliity to cases where a high degree of aeccu-
racy 1s not required. The finite element method on the other hand, is
perhaps the most flexible tool currently available to perform dynamic

response analysis of earth dams.

Limitations of computer speed and storage capacity have restricted
until recently the use of the finite element method to two-dimensional
problems. Although many earth dams fall within this category there are
also many cases in which the assumption of plane strain behavior gives
only approximate results and therefore a full three-dimensional analysis

is warranted.

1.2 Previous Work in Three-dimensional Analysis

Numerical procedures for the static and dynamic three--dimensional
anzalysis of linear elastic structures have been available for the past

several years (Wilson, 1971; Wilson et al., 1972; Bathe el al., 1973).



Lefebre et al. (1973) reported comparisons between three-
dimensional and two--dimensional static finite element analyses of dams
in triangular canyons. The results of this study showed that for ratios
of crest length to height of dam, L/H, as low as 6 (see Fig. 1-1(b}), a
plane strain anélysis of the maximum section of the dam predicts

stresses with a degrees of accuracy suitable in engineering practice.

Using the shear wedge method of analysis Hatanaka (1955) and
Ambraseys (1960) studied the dynamic response of dams in rectangular
canyons. It was found that for ratios of crest length to dam height,
L/H, greater than 4 (Fig. 1-1(a)), the difference in the fundamental
frequency of wvibration between the two-dimensional and the three-

dimensional representations of the dam was less than 10%.

Makdisi (1976) performed dynamic finite element analyses of dams in
triangular canyons subjected to harmonic and earthquake moticons. For a
100 foot high dam with a constant shear wave velocity of 500 fps the
analyses show that even for crest length to height ratios, L/H, as high
as 6 (Fig. 1-1(b)) there are significant differences in the crest
amplification functions computed from 3-D and 2-D models of the dam.
Differences as large as 200% were found in the 9omputed stresses and
accelerations when a dam with L/H equal to 3 was analyzed for earthquake

motions.

Two-dimensional and three-dimensional finite element dynamic ana-
lyses of the Llyn Brianne Dah-(United Kingdom) have been reported by
Severn et al. (1979). The results of these analyses were ccmpared with
prototype dynamic load test measurements of the natural frequencies of

vibration of the dam. Dynamic analyses for which statie shear moduli



z
(a) Damin rectangular canyon
Y
z
(b) Dam in trianguliar canyon
Fig. 1-1 Geometrical Models of Dams in Rectangular and Tri-

angular Canyons.



were used gave very low natural frequency values. However, the funda-
mental natural frequency of vibration computed from a two-dimensional
analysis wusing shear moduli indicated by shear wave velocity measure-
ments was in good agreement with the results of the prototype 1load
tests, In a 1later report Severn et al. (1980) include the computed
three-dimensional mode shapes of vibration of the dam but they note that
due to thé small number of elements (4) used in the cross-valley direc-
tion (z direction in Fig. 1-1), only an approximate definition -of the

true mode shapes is obtained.

Abdel-Ghaffar and Scott (1978) used the shear wedge method to
analyze the recorded response of Santaz Felicia Dam (Californial) tec the
1971 San Fernando and the 1676 Southern Caiifornia earthquakes. By
back-calculation from the abutment and crest acceleration records and
from shear wave velocity measurements the dynamic properties of the dam
and foundation materials were estimated over z wide range of strain lev-
els. As a supplement to this work; prototype load tests were performed
which yielded the natural frequencies and mode shapes of vibration of

the dam at low levels of strain (Abdel-Ghaffar and Scott, 1979).

1.3 Oroville Dam

An example of an earth dam for which the dynamic response to earth-
quake 1loading will be of three-dimensional nature is the Oroville Dam
(Fig. 1-3). Located about 150 miles northeast of San Francisco in the
western foothills of the Sierra Nevadaz where the mountain slope dips
under the tertiary and quaternary deposits of the Great Valley, the Oro-

ville Dam 1is the largest earthfill dam in the U.35.A. and an important






element of the State of California water supply system.

Designed and built for the State of California, Department of Water
Resources, the dam is a zoned and rolled gravel-fill that rises 770 feet
above the stream bed of the Feather River and has a crest length of 5600
feet. Its foundation and abutments are composed of a very competent
rock classified as an amphibolite schist from the pre-jurassie period.
The dam itself consists of three main zones and z 128 foot high concrete
core block (Fig. 1-3). The latter provides adequate foundation support
for the sloping clay core which consists of a well graded clayey sandy
gravel. The transition zone materials are classified as well graded to
poorly graded sandy gravels and the upstream and downstream shells were
constructed with a miiture of cobbles, gravel and sand, also c¢lassified
as well to poorly graded sandy gravels. Operation of the dam has been
successful singe the end of construction and its excellent performance

has been well documented (DWR, 1979).

For sevéral years the Lake Oroville area had been considered one of
low seismicity for which older geological maps showed little fault
activity, although, seismic stability was given due consideration in the
design of the dam. The conventional pseudo-static method of analygis
with a seismic coefficient of 0.1 g was used during the design stage to
investigate the seismic stability of the dam, and model studies with
simulated earthquake motions were used by Seed (1963) to show the abil-

ity of the embankment to withstand a major earthquake.

Occurrence of the August 1, 1975 Oroville "earthquake and several
aftershoecks disclosed the existence of a previously unidentified fault

in the vicinity of the dam. The presence of this fault and the seismic
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activity registered during the Oroville earthquake series of 1975 raised
the possibility of a 6.5 magnitude earthquake occurring at a hypocentral

distance of less than 5 miles from the dam.

In view of the limitations of the pseudo-static method of stability
analysis, the presence of a2 nearby fault, and the fact tﬁat the dam had
been designed believing it was located in a 1low seismicity area, the
Department of Water Resources decided to re-evaluate the seismic stabil-
ity of Oroville Dam using the present state-of-the-art procedures (DWR,
1979; Banerjee et al., 1973). Two-dimensional finite element procedures
were used to compute the dynamic stresses induced in the dam by the
earthquake and an approximate method was used to account for the three-

dimensional behavior of the dam.

The importance of Oroville Dam, the three-dimensionzl nature of its
dynamic response, the fact that extensive data on material properties as
well as records of the résponse of the dam to the August 1, 1875 Oro-
ville earthquake exist, make the dam an excellent example on which to

test the applicability of three-dimensional dynamic analysis procedures.

1.4 Objectives and Organization

The number éf earth dams built in narrow canyons 1in seismically
active areas is substantial and continues to increase with time. A lim-
ited amount of work has been done to date to study the dynamie response
of dams where three-dimensiconal behavior is predominant. It seems
desirable therefore, to develop numerical techniques for the three-
dimensional dynamic analysis of earth dams énd to study the response of

dams where 3-D effects are of impertance., This is the purpose of the
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work presented in this report, the cobjectives of which can be summarized

as follows:

T. Further development and implementation of existing finite 'element
analysis techniques to perform three-dimensional dynamic analysis

of earth dams.

2. Application of these techniques to the computation of the response
of the Oroville Dam to the August 1, 1975 Oroville earthquake in

order to back-calculate the dynamic material properties of the dam.

3. Study of the dynamic response characteristics of earth dams where
three-dimensional effects are of concern in order to gain further

understanding of their behavior.

4, Evaluation of the applicability of two-dimensional analysis to the

computation of dynamic response of three-dimensional structures.

5. Study of the influence of element size in the cross-valley direc-

tion on the computed dynamic 3-D response cf earth dams.

The work carried out to meet the above objectives is discussed in the

following chapters.

Chapter 2 contains a brief description of the numerical procedures
used during the course of this work. The components of threse-
dimensional finite element dynamic analysis procedures for earth dams as
well as the medifications introduced into existing computer programs to

perform such analysis are described.

The response of the Oroville Dam to the August 1, 1975 Oroville
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earthquake 1is investigated using a 3-D model in Chapter 3. An assess-
ment of the dynamic material properties of the dam is made by back-

calculation from recorded field behavior during the Oroville earthquake.

Chapter 4 describes in terms of certain dynamic response parameters
the results of three-dimensionél dynamic analyses of the Oroville Dam
and a fictitious dam with a ratio L/H equal to 2 (see Fig. 1-1(bd)). Two
earthquake records were used 1in these computations: The Oroville

Reanalysis earthquake and the August 1, 1975 Oroville earthquake.

An evaluation of the applicability of 2-D analysis to compute the
3-D response of earth dams is made in Chapter 5. Comparisons in terms
of computed accelerations and shear stresses between 2-D analysis of the
maximum sSection and the quarter section and 3-D analysis of the entire
structure are presented. The use of a modified stiffiess in a two-
dimensional analysis to simulate three-dimensional response is also stu-

died.

Chapter & describes an investigation of the effects on the computed
response of varying the number of elements in the eross-valley direction

in the three-dimensional analysis of earth dams.

Finally, a summary of conclusions as well as recommendaticns for

future research is presented in Chapter T.
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CHAPTER 2

METHODS OF ANALYSIS

2.1 Introduction

One of the first attempts fo model analyvtically the dynamic
response of earth dams was reported by Mononcbe et al.(1936) who used
the shear beam method of analysis to obtain analyticzl expressions for
the natural frequencies and mode shapes of vibration of a dam. The same
approach was later used by Ambraseys (1967) to find expressions for the

seismic coefficient used in the pseudo-static method of analysis.

Introduction of the finite element method by Turner et al.(1956)
led the way for the development of a tool with greater flexibility to
handle nonhomogeneities, irregular model boundaries and complex material
behavior. Chopra (1966) performed two-dimensional finite element ana-
lyses of earth dams and computed stress distributions, natural frequen-
cies and mode shapes of vibration. Modal analysis was used to solve the
equations of motion and a linear elastic material with viscous damping

was used to model the scil behavior.

Idriss and Seed (1967) introduced the equivalent linear method to
account for the strong nonlinear behavior of soils during earthquakes.
Using step by step integration procedures (Wilson and Clough, 1962), and
the equivalent linear method, Idriss et al.(1973) developed two-~
dimensional finite element procedures to evaluate the dynamic response
of soil structures. Nonhomogeneous damping arising from the presence of

different materials and different levels of induced strain was accounted



13

for by the use of Rayleigh damping. Although this form of damping tends
to damp out the higher frequencies it does not affect the frequency

range to which earth dams respond strongly.

Using a different type of approach, Lysmer et al.(1974%, 1975), used
the compléx response method of analysis to permit variations in modulus
and damping in different elements of a finite element model. The equa-
tions of motion were solved in the frequency domain. This numerical
procedure was extended partially to three dimensions by Kagawa (1977)
and later further extended by the author. It constitutes the subject of

the present chapter which is composed of two sections.

The first section briefly describes the assumptions inherent in the
analytical model, the equations of motion, the elements of the complex
response method, and the elements of the equivalent linear method.
Details of the finite element technique are not given since these can be

found in standard textbooks on the subject (Zienkiewicz,1977).

A summary of the assumptions made by Kagawa (1977), an evaluation
of these assumptions, and the modifications introduced by the author,

“are presented in the second section.

2.2 3-D Dynamic Finite Element Analysis.

The response of an earth dam to seismic loading is a complex
phenomenon which is difficult to model analytically. The first approxi-
mation that has to be made is that of modelling a continuum system with
a finite number of degrées of freedom. For open systems, such as earth

dams, difficulties are encountered in the definition of the model
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boundaries and in the characterization of the earthquake motions at
these boundaries. Interaction between the dam and itfs abutments and
between the dam and the reservoir is also difficult to assess. Although
a substantial amount of work has been done on the characterization of
material Ybehavior, general and practical expressions for constitutive
laws are also still lacking. In view of these difficulties, assump-

tions need to be made in order to simplify the problem.

Within the framework of the finite element techniques described in
this chapter a typical earth dam will be mcdeled by an assemblage of
elements as shown in Fig, 2-1, Eight node isoparametric brick elements
with three degrees of freedom per ncode and linear displacement interpo-

lation functions are used in the model.

It is assumed that the walls of the canyon are rigid and therefore
all points on these boundaries move in phase and with the same displace-
ment amplitudes. The validity of this assumption depends on several fac-
tors including: (1) the relative stiffness of the materials comprising
the canyon walls and the dam, (2) the geometry of the canyon, (3) the
size of the dam, and (4) the frequency range of interest in the

analysis.

Trifunae (1973) studied the scattering of plane SH waves by a
semi-cylindﬁical canyon and concluded that for wave-lengths shorter than
4 times the radius of the canyon significant differences in displacement
amplitude and phase angle can be found between different points on the
walls of the canyon. A similar study was éerformed by Bouchon (1973) who
investigated the effects of topographiec irregularities on surface

motions. In the case of triangular canyons subjected to a train of
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incident P,SV and 8H waves, differences in normalized maximum displace-
ments at different points on the canyons slopes were found to be as
large as 50%., These effects were also found to depend strongly on the

geometry of the canyons.

Considering the present state of knowledge concerning earthquake
ground motions and the computational difficulties involved in handling
large numbers of degrees of freedom, the assumption of z rigid boundary
seems to offer the most practical approach for the analysis of earth
dams of moderate size, subjected to strong motions, and founded in c¢com-

petent rock canyons.

Considerations of dynamic equilibrium of the model shown in Fig.

2-1 lead to the following equations of motion:

1]

MUY + [KI(U} = -IMI{r}¥(e) (2-1)
where:
{U} = the nodal point displacements relative to the rigid boun-
dary.
{U} = the corresponding accelerations.
[K]l = the compiex stiffness matrix.

{M] = the mass matrix.
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¥e)

the input rigid boundary acceleration.

fr}

the load vector that gives the direction of the input

motion.

The mass and stiffness matrices are assembled from the correspond-
ing element matrices following standard finite element procedures and
the direct stiffness methed (Zienkiewicz, 1977). Viscous damping is
introduced by the use of complex moduli in forming the element stiffness

matrices

G*¥ = G(1 - 2B2 + 2iB\I? - 52) (2-2)

where:

(9]
]

the element shear modulus.

w
"

the element fraction of e¢ritical damping.

and thus the stiffness matrix for the system will have complex coeffi-

cients,

Equation (2-1) is solved using fthe complex response method which
assumes that the system is linear and that the input motion is periodic

and can therefore be written as:

N/2_
$(t) = Re 2 Y exp(iwt) (2-3)
s=0 S S
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where:

N = the number of digitized points in the input motion.

w = IS (2-4)
s NAtj,

At = the time step of digitization.

?s = the complex Fourier amplitudes given by:

. , N

Y = - 3 ¥ exp(~-iurkat) for s=0, s=N/2 (2-5a)
s N k s

k=0

3 5 N-1

Y =2 3§ exp(-iwmkat) for 1 < s < N/2 (2-5b)
s N K=0 k s , -

. The complex Fourier amplitudes, ?s’ can be computed efficiently
using the Fast Fourier Transform algorithm devised by Cooley and Tukey
(1965) which requires that N be a power of 2. This requirement is usu-
ally not a drawback since trailing zeroes must also be added to let
damping in the system eliminate free vibrations that would otherwise

interfere with adjacent qycles of the periodiec motion.

Substitution of equation (2-3) into equation (2-1) leads to:

. N/2
(MI{U} + [KJ{U} = -[M){r} Re 3 ¥ exp(iwm t) (2-6)
S=O S 3
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the steady state solution of which can also be expressed as a sum of

harmonics:

N/2
{U} = Re 2 {U_lexpliwm t). (2-7)
S=O~S S

The complex amplitudes {Us} can be obtained by substituting the

above expression into equation (2-6) leading to:

2
([K] - u%[M]){US} = —[M]{r}Ys (2-8)

which i3 a system of linear algebraic equations with complex coeffi-

cients and can be solved by Gauss elimination.
Solution of equation (2-8) for each frequency uy is impractical

however, and therefore the following equation is solved instead:

(1K] - wjtmms} = —IM1{r}. (2-9)

After selecting a cut-off frequency, the above expression is solved
for a limited number of frequencies and a special interpolation tech-
nique is used to compute intermediate values of {As}. The displacement

amplitudes can then be obtained from:

{US} = {AS}YS. (2-10)
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Linear interpolation on the inverse of the amplification functions
has been used in the past (Lysmer et al., 1974, 1975) as the technigue
to obtain intermediate values of {As}. In the case of three-dimensional
systems where there is a closer spacing between natural frequencies than
in two-dimensional systems this interpolation scheme has not proven to

work reliably.

A more sophisticated technique developed by Tajirian (1981) makes
use of the transfer function for a two-degree-of-freedom system to
interpolate between the.amplification function values {AS} and is used
in the formulation described herein. The two-degree-of-freedom transfer
function typically has two frequency peaks (see Fig. 2-2), and is com-
pletely defined by five points as can be concluded by examining its
analytical expression:

C uﬁ + Cé;? + C

Aw) = — 3 (2-11)

w + Ca + C

4 5

where:
w = angular frequency.
CT’C2‘C3'CH’C5’ = complex constants.

The values of the amplification function {As} at five particular
frequencies spanning the range where interpolation is to be performed
are'necessary to determine the five constants that define the +transfer
function, which 1is tﬁen used to compute intermediate values of {As}.

This interpolation scheme works very well even in the case of two <close



10.0

] T | ] I |
KT
C
e 8.0} I my _
e ko
o c2
Q
2 6.0 ( -
g Y(t)
<t
)
3
_5 4.0”“ -‘j
>
@
=3
9
o 2.0 ]
<
N T
0 i ! ] } | 1
s 2.0 40 6.0 8.0

Fig., 2-2

Frequency — Hz

Transfer Function Characteristic of a Two Degree of Freedom System.

ie



22

frequency peaks and therefore is a more flexible tool than the inverse

linear technique.

Computation of thé nodal displacements {U} from equation (2-7) com-
pletely defines the response of the model. Other response parameters
like velocities, accelerations and strains can be directly éomputed in
the frequency domain from the displacement amplitudes {Us} and can then

be transformed into the time domain.

Due to the extensive use of superposition, the procedures previ-
ously outlined are strictly valid only for linear systems. It is well
known, however, that the response of solls to dynamic loading is highly
non-linear in nature and must be accounted for in order tc obtain mean-

ingful results from the dynamiec analysis of soil structures.

An approximate method that takes into account the non-linear
behavior of scils has been presented by Idriss and Seed (1967). Accord-
ing to this method the non-linear response, in terms of relative dis-
placements, of a s0il structure can be approximated by a linear analysis
for which the stiffness and damping are compatible with the induced

strains at every point of the systenm. ~

The hysteretical stress-strain behavior of soils 1is schematically
illustrated in Fig. 2-3 which also shows how to represent this behavior
by an equivalent linear modulus and an equivalent fraction of damping.
An extensive summary of data on strain compatible moduli and damping for
clays and sands was presented by Seed and Idriss (1970) from which the
curves in Fig. 2-8% were developed. Starting from selected initial

moduli an damping values for each element in the mocdel, these curves can



23

Stress
A
G,
G2
| c ’,l
f 1
rd 1
’ .
Fd
’ i
¢ f
/
’ {
/ |
4 1
A '
] i
t
o 18 0
| ' = ;
7, ¥, »Strain
% . = Area of Loop An
" 47 x Area OAB
j \ Areqg of Loop CC’
27 4mx Area OCD
Cl
Fig. 2-3 Hysteretic Stress-strain Behavior at Dif-

ferent Strain Amplitudes.



Oomping Rgtio, percent

(K 2)7/0(2)"10!

30 5 30
8

20f——— T g20 -
[%

10 ———— € 10} -~
a
E

o 8 5 /F/

.2 I | /2 3000

G=i000 K (o)

lO _K\ B

2000|—>™—

P2

© o
im
/
6/s,
//

\ 100 -
S AN

0 0O b

o w03 10?0t | 0% 102 102 0! |
Shear Stroin, y-percent Shear Strain, y-percent
(o) Cohesionless Soils (b) Soturated Clays

Fig. 2-4 Average Shear Moduli and Damping Characteristics of Soils.

I

10

i



25

be used iteratively to reach compatibility between the properties used

in the analysis and the computed strains.

The three-dimensional strain state at a point can be described by a
second order strain tensor with 6 independent terms which in a Cartesian

coordinate system can be written as:

e
XX Xy XZ
e = e e e 2-12
- yx Yy Yz ¢ )

e e e
A zy zZz

During the seismic response of a dam the strain state vafies with
time at each point and therefore the selection of a single value to
represent both the directional and time variation of strain Llevel is

difficult.

Soils are materials with complex constitutive behavior which,
strictly speaking, depends on all terms in expression (2-12). Howe;er,
the state of pre§ent knowledge on constitutive laws for soils does not
permit a complete characterization of material behavior. 3Seed and
Idriss (1970) used the maximum shear strain as indicative of strain
level., Griffin and Houston (1980} have presented data from coupled
eyclic torsional and triaxial tests on sands and have related the secant

shear modulus to octahedral strain.

In the procedures described herein the method proposed by Seed and
Idriss (1970) will be adopted and therefore the strain level will be

given by an effective shear strain defined as:
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yeff = 0.65 m:xIYmaxl. (2-13)

Time variation in the strain level is represented by the factor
0.65 which 1is purely empirical but is assumed to be indicative of an
average time value of the maximum shear strain. The value of this fac-
tor is not ecritical, since the computed motions are not very sensitive

to moderate variations in the estimate of the effective shear strain.

Two methods are available to compute the peak maximum shear strain
that enters in equation ({2-13). The first consists of obtaining the
maximum and minimum principal strains in the time domain from a solution
to the fellowing equation for each time step and then computing the peak

maximum shear strain.

®xx7¢  Sxy ®xz

e ~-e e = 0 (2-14)
yx  Syy vz

®2x 2y %zz7°

The second method makes use of the fact that the peak maximum shear
strain can be estimated from the root-mean-square value of the maximum

shear strain as follows:

maxly | I e<RMS(Y {2-15)
¢ max - max

where ¢ is a constant approximately given by:
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e = max]y|/RMS(y). (2-16)
t

The root-mean-square values of ymax and y can be conveniently evaluated
by making use of Parseval's identity which for an arbitrary function

f(t) is given by:

2 /
RMS™(f) = 5 2 |F_I (2-17)

where Fs, s=0,1,2...N/2 are the complex Fourier amplitudes of the fune-

tion f(t), that is:

N/2
f(t) = Re 2 F exp(iwt). (2-18)
az0 S s

This method is substantially faster than the first one since equa-
tion (2-14) can be solved in terms of the strain amplitudes for each
frequency and all computations are performed in the frequency domain

without the need for numerous Fourier transforms.

2.3 Program Development

The analytical techniques deseribed in the previous section are
analogous to those used by Lysmer (1974,1975) in the development of
two-dimensional finite element computer programs capable of analyzing
dynamiec soil-structure interaction problems as well as the dynamic
response of soil structures. Kagawa (1977) modified the computer program

LUSH (Lysmer, 1974) by replacing the plane strain Y-node iscparametric
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quadrilateral element by an 8-node isoparametric brick element and thus
gave it the capability of performing three~dimensional analyses of earth
dams. In order to reduce computational costs an important restriction
was imposed on the possible deformations of the dam by means of the fol--

lowing two assumptions:

1. The base motion was assumed to act within a plane parallel to

the axis of the valley as shown by the x-y plane in Fig. 2-1,

2. No particle motion or deformation was allowed in the cross-
valley direction of the dam. That is, all points in the dam
were constrained to move in the x-y plane in Fig. 2-1, reduc-
ing in this way the number of degrees of freedom from three to

two at each nodal point.

In order to evaluate the effects of these assumptions on the com-
puted dynamic response of earth dams the results of an analysis with
constrained degrees of freedom in the z direction (see Fig. 2-1) were
compared with the results of an analysis with three degrees of freedom
at each nodal point. A 100 foot high dam with 2:1 slopes, a constant
shear wave velocity of 500 fps and located in a triangular canyon was
selected for the above purpose. Crest length to height ratios, L/H, of
2,3, and 6 were examined using the finite element model shown in Fig.
2-5. The structural analysis program SAPIV (Bathe et al., 1973) was
used to obtain natural frequencies and mode shapes of vibration and to
compute maximum displacements and stresses induced in the dam models by
the first 15 séc. of the earthquake motions recorded at Taft during the

1952 Kern County earthquake.
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Table 2-1 summarizes the computed natural frequencies for the first
10 modes of vibration of the models studied. The values computed for
the free node case are compared with the values for the constrained node
case (z deformations suppressed) for the three L/H ratios chosen. It is
interesting to note the close spacing between natural frequencies and
how this spacing decreases with increasing frequency number. From this
observation it can be concluded that several modes of vibration will be
accounted for in a frequency domain analysis with a cut-off frequency as
low as 3 times the fundamental frequency of the dam, It can 2lso be seen
that a high order interpolation scheme is needed to interpolate on the
amplification functions given the close spacing between natural frequen-

cies.

The percent difference between computed natural frequencies for the
free node and constrained node models is shown in table 2-2, It can be
seen that constraining the z degrees of freedom (Fig. 2-5) increases the
natural frequencies of the system by an average value of about 10 per-
cent and that this difference shows an increasing ftrend with increasing
L/H ratio. Differences in the computed peak displacements and peak hor-
izontal shear stresses induced by the earthquake motions recorded at
Taft are of the same order of magnitude and are somewhat higher than the
differences in natural frequencies, as shown for the main section of the
dam in Figs., 2-6 and 2-7. The results do not show any appreciable trend
with varying L/H ratio and high differences, of the order of 50%, are

occasionally found at scattered points in the dams.

The dynamic displacements and in general the dynamic response of  a

dam will be given by superposition of the individual contributions of
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NATURAL FREQUENCIES OF VIBRATION FOR DAM MODELS WITH FREE NOQDES

AND CONSTRAINED NODES IN THE Z DIRECTION

Natural Frequencies of Vibration in Hz,

L/H =2 L/H = 3 L/H =6
Mode Free Constr. Free Constr. Free Constr.

Nede _Nede Node Node Node Node

1 3.03 3.14 2.60 2.7 2.18 2.28
2 4,66 4.72 4.19 431 3.02 3.27
3 5.16 5.26 4.30 4,57 ( 3.34 3.87
y 5.43 5.5 4,51 5.01 3.75 4.00
5 5.85 6.10 5.00 5.61 3.82 4,44
) 6.23 6.95 5.32 5.89 4,18 4.53
7 6. 44 7.09 5.58 6.06 4,26 4.59
8 6.98 7.40 5,69 6.57 4,34 5.70
9 7.08 7.76 5.89 6.84 4,55 b.a7
10 7.10 7.92 6.08 6.99 4,59 4.99
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TABLE 2-2

PERCENT DIFFERENCE BETWEEN COMPUTED NATURAL FREQUEN-

CIES OF FREE NODE AND Z-CONSTRAINED NODE MOQDELS

Mode L/H = 2 L/H =3 L/H =6
1 3.6 4.2 5.6
2 1.3 2.9 8.3
3 1.9 4.9 15.9
b 9.6 1.1 6.7
5 4.3 12.2 : 16.2
6 11.6 10.7 8.4
7 10,1 8.6 7.7
8 5.0 15,5 8.3
9 9.6 16.1 8.2

10 11.5 15.0 8.7



Fig. 2-6

Percent Differences Between Peak Horizontal Displace-
ments of Free Node and Z-Constrained Node Models at

Max imun Section.
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the natural mode shapes of vibration. The magnitude of the displace-
ments 1in the z direction and their relative importance compared to dis-
placements in other directions can therefore be assessed from an
analysis of the natural mode shapes of vibration. For this reason and
because the study of vibration modes will help to understand the 3-D
dynamic behavior of earth dams, the mode shapes for the model with an

L/H ratio of 3 have been computed.

The %,y and z displacements along the crest of the dam (see Fig.
2-5), along a line parallel to the z axis and with coordinates x=0 and
y=60"', and along a line parallel to the =z axis and with coordinates
x=80' and y=60', have been plotted for the first three modes of vibra-~
tion. Figures 2-8, 2-9 and 2-10 show these displacements for the first,
second and third modes respectively. All displacements have been normal-
ized by the maximum displacement in the x direction for each mode. It
can be seen that at the crest and along the line with coordinates x=0
and y=60' the displacements in the z direction are substantially smaller
than those in the x direction (the y displacements are zero for these
two lines) for the three modes studied. However, along the line with
coordinates x=80" and y=60' the z displacements are comparable in magni-
tude to the ¥ and y displacements especially in the second and third
modes. This behavior is not surprising in view of the fact that the z
displacements in the first few modes are due mostly to bending deforma-

tions of the dam.

The mid-section displacement patterns and the displacement patterns
of .a section located at a distance of 60 feet from the center of the

dam, corresponding to the first, second and third modes of vibration are
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Normalized Displacement
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Normalized Displacement
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shown in Figs. 2-11, 2-12 and 2-13 respectively.

From an analysis of the computed mode shapes the following observa-

tions can be made:

1. The displacements in the x, ¥y and z directions are described by
smooth curves on the z axis that generally show an increase in the

number of points of inflection with increasing mode number.

2. The abutment ends of the dam (a2bout 20% of the crest length) do not
seem to show appreciable displacements in the lower modes of vibra-

tion.

3. The displacements in the z direction can be as large as the dis-
placements in the x direction in the lower zones of the slopes of

the dam but are generally smaller near the crest.

y, The mid-section displacement patterns resemble those for an infin-
itely 1long dam and therefore might be approximated by a plane

strain analysis of the main section.

5. The variation of displacements in the z direction for the first few
modes can be reasonably well fitted with a few (5 to 8) elements in

the cross~valley direction.

On the basis of the preceding discussion and the results obtained
from the ccomparison between computed stresses and displacements, with
and without degrees of freedom in the z direction, it seems +that the
assumption of negligible z displacements might considerably affect the
computed response of a dam. In order to account for these displace-

ments, the computer program developed by Kagawa (1977) was modified by
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Fig. 2-13
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the authors and will be used in this updated form in the appiications %o

be described in the following Chapters.
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CHAPTER 3

RESPONSE ANALYSIS OF COROVILLE DAM FOR THE AUGUST 1, 1975
OROVILLE EARTHQUAKXE

3.1 Introduction

The August 1, 1975 Oroville earthquake surprised the engineering
profession due to the fact that it occurred in an ares considered to be
of low seismicity and disclesed the existence of a previously unidenti-
fied fault, The earthquake was3s assigned a magnitude of 5.7 on the
Richter scale and its epicenter was located 5 miles south of the city of
Oroville. From the trace at the surface and the coordinates of the
hypocenter it was possible to define the fault plane which generated the
earthquake and which appears to extend under the Oroville dam site.
Available evidence suggests that this fault, known as the Cleveland Hill
Fault, 1is capable of generating a magnitude 6.5 earthquake within the
lifetime of the Oroville dam facilities. Although the embankment had an
excellent performance during the 1975 Oroville earthquake series, the
disastrous consequences of a failure pointed out the need for a re-

evaluation of dynamic stability under the new seismic design conditions.

Construction of the dam took place between 1963 and 1967 and
numerous geotechnical investigations were carried out during the design,
construction and post-construction stages of the project. A substantial
amount of data has been collected on the properties that characterize
the static behavior of the shell materials and core materials (Marachi
et al., 1969, Becker et al., 1972, DWR, 1969). Large scale triaxial and

plane strain tests were used in order to test representative samples of
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the shell material at the confining pressures expected to develop in the
prototype. One of the significant results found during these investiga-
tions 1is that particle size does not have a strong influence on the
static strength of cohesionless materials. Therefore, the static
strength of coarse gravels and rockfi;l materials may be assessed in the

laboratory from model gradation tests.

The dynamic properties of the dam shell materials have also been
studied in recent years. Wong (1971) and Banerjee et al,, (1979) deter-
mined liquefaction, dynamic stiffness and damping characteristics of
model gradations of the Oroville gravels with the use of 12" diameter
cyclic triaxial tests. Howesver, as reported by Wong and indicated by
other studies (Seed and Idriss, 1970), the shear moduli of cohesionless
materials is strongly dependent on grain size. This means that in order
tc reliably assess the dynamic stiffness characteristics of the Oroville
dam shell materials, large scale (36" diameter) dynamic tests would be
necessary. Such tests are not feasible at the present time and would be

extremely impractical.

Alternétive approaches to determine the dynamic shear moduli neces-
sary 1in a dynamic analysis of the embankment are the measurement of in-
situ shear wave velocities and back-calculation from recorded field
behavior. In fact, this 1last approach offers the most reliable pro-
cedure for determining dynamic properties that can subsequently be used
in cdmputing the response of the embankment dam to other earthquake
motions. The procedure is basically one of trial and error in which
different sets of dynamic properties are used in computing the response

of the dam to earthquake motions for which the recorded response is
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available. Those properties that yield the best mateh between computed
and recorded response are representative of the in-situ dynamic proper-

ties of the dam materials.

The purpose of this chapter is’to present the results obtained when
using such a procedure to estimate the dynamic properties of Oroville
Dam. A three-dimensional model was used to compute the dynamic response
of the dam 'to the motions recorded during the August 1, 1975 Groville
earthquake for different sets of assumed dynamic properties. The com-

puted response was then compared with the recorded response.

The following section presents a brief account of the performance
of the dam during the 1975 Oroville earthquake. Previous studies to
determine the dynamic properties of the shell materials, the results of
static stress analyses of the dam and the results of the trial and error
procedure to determine the dynamic properties of the dam are included in

subsequent sections.

3.2 Performance of Oroville Dam During the August 1, 1975 OCroville

Earthquake

Oroville dam is perhaps one of the most heavily instrumented dams
in the U.S5.A., The dynamic instrumentation of the dam at the time of fhe
August 1, 1975 Oroville earthquake included 6 pore pressure cells, 4
strong motion accelerometers and 15 soil stress cells, as shown in Fig.
3-1. Additionally, the U.5.G.S. had installed accelerometers at the
erest of the dam (at the same location as the DWR instrument), in the
grout gallery and at the seismographic station, ORV, located at a dis-

tance of 1 mile from the dam. The instruments placed at the dam
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measured accelerations along three orthogeonal axes: vertical, upstream-
downstream (N46°E). and cross-canyon. The seismographic station instru-

ment was oriented with one of the horizontal axes at N37°E.

Performance of the dam was excellent throughout the Oroville earth-
quake series which started on June 28, 1975 and went on for several
months with scattered aftershocks that registered magnitudes as high as
5.1, Several foreshocks with Richter magnitudes up to 4.7 preceded the

main event of August 1, 1975.

The maximum settlement at the crest of the dam after the main shock
was 0.03 ft. Horizontal displzcements of the crest were in the upstream
direction and lower than 0.05 ft. Shaking produced an increase in pore
pressures in the core and in the upstream transition zone; the maximum
increase was 5% ft, of water. This value decreased with time rather
slowly indicating a low permeability of the transition materials and
giving support to the assumption of undrained soil behavior during an
earthquake. Seepage flow at the toe of the dam remained constant and
increased slightly from 8C gpm to 91 gpm at the grout gallery (Strop-

pini, 1976).

All of the strong motion accelerometers were operable throughout
the Oroville earthquake series except for the U,35,G.S instrument located
at the grout gallery. Records were obtained for the strongest shocks,
the most important of which were those on August 1, August 5 and Sep-

tember 27, 1§75.

The September 27 event, which registered a 4.7 magnitude and for

which the record at the toe of the dam had a predominant periocd of about
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0.15 seconds, did not induce a strong response in the embankment.
Unfortunately, gaps were present in the accelerograms recorded at the
dam during the August 1 and August 5 shocks. The accelerographs in the
dam had been triggered before the main shock of August 1 by a small
foreshock; arrival of the strong shaking set off other devices like pore
pressure cells and stress cells overloading the system and inducing a
power failure. Fig. 3-2 shows the accelerograms in the upstream-
downstream direction recorded during the August 1 main event at the
crest and toe of the dam by the IL[WR and U.S5.G.3. instruments. The
length of the gaps present in the records was determined by re-enacting

the power failure which was estimated tc have lasted about 6 seconds,

The first 3 1/2 to Y4 seconds of the U.S.G.S. crest record were lost
due to instrument malfunction. Agreement between this record and the
DWR record, where the traces of both are visible, 1is not surprising
given the fact that they were cobtained at the same location in the dam.
The bottom record shown in Fig. 3-2 corresponds to that obtained at the
U.S.G.S, seismograph station, ORV, located about 1 mile away from the
dam on bedrock. Although there is a difference of 90 in orientation of
the records and a difference'of 970 ft. in elevaticn of the recording
sites, the latter record shows some similarities with the available
traces of the record at the toe of the dam. Both of these accelerograms
suggest that the peak acceleration felt a2t the toe of the dam was on the
order of 0.1 g. The peak acceleration recorded at the crest was 0.13 g,
however, larger amplitudes might have cccurred during the few seconds

that are missing in the accelerograms,

The period of strong shaking lasted for about 3 seconds after which
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the dam continued to oscillate slmost in free vibration for another 3 or
4 seconds. These free oscillations have a predominant period of about
0.8 seconds, which can be measured directly from the record, and at
which the acceleration response spectra for these motions shows a pro-
nounced peak (Fig. 3-3). Since free vibrations of a structure are
strongly influenced by its fundamental period it can be concluded that
the above value of 0.8 seconds corresponds closely ;o the fundamental
period of Oroville dam for the level of shaking induced by the August 1,
1975 Oroville earthquake. This is an important finding since it can be
used to estimate the dynamic properties of the dam materials as was done
by the Department of Water Resources (DWR, 1979). A slightly different
criterion which consists of selecting appropriate meterial properties to
match the response spectra for the recorded crest motions can alsc be
used to determine the stiffness characteristics of the dam. Both of the

above mentioned criteria will be illustrated in subsequent secticns.

3.3 Previous Experimental Studies

The exact constitutive behavior of soils under dynamic loading con-
ditions is difficult to characterize analytically. In current practice,
the strong non-linear behavior of these materials is taken into account
by using equivalent linear elastic shear moduli and damping ratios com-
patible with the induced level of strain. The factors affecting the
shear moduli and damping of different types of soils have been studied
and summarized by Hardin and Drnevich (1970), and Seed and Idriss

(1970).

The shear modulus of clays depends primarily on strain level and
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the shear strength of the material in such a way that the ratio G/Su can
be expressed as a function of shear strain, The most significant fac-
tors affecting the shear moduli of sands are: shear strain, confining
pressure and relative density (Seed and Idriss, 1970). The following
expression for the mecdulus, which relates the above parameters is gen-~

erally accepted:

1/2
- i
G = 1000 KE(G m) (3-1)

where!
G = shear modulus in psf
G'm = mean effective confining pressure in psf
K2 = a function of strain level and relative density

Although little data has been presented on the shear moduli of gravels
their dynamie behavior has been found to be analogous to that of sands.
However, at comparable relative densities, confining pressures and lev-
els of strain, gravels exhibit higher moduli than sands indicating a
significant effect of grain size. Damping of cohesive and cohesionless

soils, on the other hand, is only influenced strongly by strain level.

One of the first studies to determine the dynamic properties of the
Oroville gravels was carried out by Wong (1971) who used model grada-
tions of the material and 12" diameter c¢yclic triaxial tests. As
reported by Wong, gradation and average grain size have an important

effect on the shear mceduli of gravels. At the same relative density,
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confining pressure and level of strain, the shear modulus of these
materials increased with increasing average grain size. However, the
average variation of the ratio K2/K2max with strain level (the modulus
reduction curve) was found to be the same as that for sands. As a
consequence the shear moduli of the Croville gravels will be completely
defined by the value of K2 at low strain levels, szax Fsee equation 3-
1}). Damping characteristics were found to be very similar tc those of
sands indicating that the effects of grain size on this factor can be

neglected for practical purposes.

Given the fact that the average grain size for the Oroville gravels
in-situ is about 6 times larger than the Oroville gravels tested by
Wong it can be concluded, on the basis of the above discussion, that
in-situ K2 values for these materials will be higher than the values

obtained in the mentioned tests. In-situ damping factors however, are

likely to be close to average values presented for sands,

Data at high strain levels reported by Banerjee (1979} agrees well
with the modulus-strain relationship computed by the IWR from field per-
formance of Oroville dam. Although Banerjee used similar gradations,
his values for shear modull of the Oroville gravels are higher than

those indicated by Wong's tests.

A summary of the above results is presented in Fig. 3-4 which

describes the variation of the K2 factor with strain for several soils.

Included in this figure is the Kz—strain relationship back-calculated

from field performance of the Croville dam. The computations that led

to this relationship will be described in the following section.
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3.4 Determination of Kgmax by the DWR

4s mentioned before, back-calculation from recorded field behavior
constitutes the best method for determining the in-situ dynamic stiff-
ness characteristics of O?oville dam, Since the procedures followed by
the DWR are similar to those used in the present investigation which
uses a 3-D model, they are included in this section for comparison pur-

poses.,

In the case of Oroville Dam two distinct zones can be identified as
far as dynamic behavior is COﬁcerned. The shells and transition zones
of the dam have very similar dynamic properties and can therefore be
treated as a single zone., The second zone contains the sloping core of
the dam and. the cofferdam core (see Fig. 1-3). In view of the fact that
the core constitutes a small portion of the embankment and its dynamic
stiffness is not very different from that of the shells, it can be con-
cluded that the influence of this zone on the dynamic response of the
dam will be small. For this reason, exact determination of the varia-
tion of the G/Su ratio with strzin and of the damping characteristics of
these materials is not critical, and the average relationships for

cohesive soils suggested by Seed and Idriss (1970) can be used.

As shown by the results presented by Wong (1971) the variation of
the G/Gmax ratio with strain, and the damping characteristics of the
shells of Oroville Dam, can be described by the average relaticnships

for sands presented by Seed and Idriss (1970). These relationships

along with those used for the core are illustrated in Fig. 3-5.

The dynamic behavior of soil structures is dependent on the state



57

1.0 , I
0.8 -
“ Stiff clays
S 0.6 . ~. Seed (Private comm.) —
<) N '
:3 N
0-4'— \\
0.2~
0 1 | 1 I
10~4 1073 1072 10" | 10
Shear Strain- percent
(a) Moduius reduction curves
T T T I
30 Sonds -
[« Pd
c --—-Cloys e
Q V4
€ [ Seed and Idriss (1970) .-
o /’
— /
8 20 J/ -
o a // -
6 y
€ Shelis PR
g 10 s -
|
a ,/”\Core
L - -
0-‘——— L L 1 1
10”4 1073 1072 Tl I 0
' Shear Strain - percent
(b) Damping ratios
Fig. 3-5 Strain Compatible Dynamic Properties for Oroville Dam

Soils.



58

of stress under static conditions as indicated by the c"m term in equa-
tion 3-1. In order to determine the static stress conditions in Oro-
ville Dam the L[WR performed suitable computations using plane strain
finite element procedures. These results will be presented in the next
section and will be used to determine the three-dimensional state of

stresses in the dam.

Determination of the shell’'s K2max value and the core'’s Gmax/su

ratio that yield the recorded natural period of the dam during £he
August 1, 1975 Oroville earthquake was done by a trial and error pro-
cedure. The computer program QUADY (Idriss et al., 1973) and the finite
ele@ent mesh shown in Fig. 3-6 were used to compute the fundamental

period of the dam for different values of K.max and Gmaxlsu' Fig. 2-7

2

shows the computed natural period as a function of K. max for different

2

Gmax/su ratios. It can be seen that for a particular value of K

Smax a
change in the Gmax/su ratio from 1100 to 4400 does not affect the com-
puted period by more than 10% and therefore an average value of
Gmax/su=2200 can be assumed to be satisfactory for engineering purposes.

It can also be seen from this figure that the value of szax that

corresponds to a period of 0.8 seconds is approximately 350.

Oroville Dam is located in a triangular canyon and has a crest
length of about 5100 feet and a maximum height of 733 feet. Since the
crest length to height ratio, L/H, is on the order of 7, the dam will
not exhibit plane strain behavior. Therefore, although a value of
szax=350 will yield the correct natural period of the embankment with a
plane strain analysis, it is not a true property of the Oroville gravels

and must be corrected to account for the three-dimensional behavior of
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the dam.

Recent studies by Makdisi (1976) have indicated that for a ratio
L/H=7, the natural period of an embankment in a triangular canyon com-
puted from a plane strain analysis is about 1.32 times higher than the
period computed from a 3-D analysis (see Fig. 5-1). That is:

(Tn)

ps .
—_— T 1.32 for L/H=7
(Tn)BD

This means that if the natural period of Oroville Dam were to be com-
‘puted with a plane strain analysis using the in-situ properties for the

shell materials the computed period should be:

(Tn)ps T 1,32 x 0,8 = 1.06 seconds
From Fig. 3-7 it can be seen that with a plane strain analysis this
value will be computed for a szax=170 and therefore this number

corresponds to the true properties of the shell materials,

Makdisi's studies involved a homogeneous, elastic dam, with 2:1
slopes and therefore their applicability in the case of Oroville Dam is
uncertain., On this basis it seems desirable to perform the above compu-

tations using a three=dimensional finite element model.
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3.5 Static Stress Analyses of QOroville Dam

Since the dynamic shear modulus of soil materials depends on the
mean effective stress (see equation 3-1), the static state of stresses
throughout Oroville Dam will be necessary in order to perform a three-

dimensional dynamiec analysis of the dam.

A number of studies have been carried out to determine the static
stress conditions in Oroville Dam using plane strain finite element pro-
cedures. Kulhéwy and Duncan (1970) performed static stress analyses
using incremental techniques f{o simulate construction of the dam. Com-
parison cf computed displacements and- stresses with measured values
indicated the ability of these procedures to predict field behavior.
Nobari and Duncan (1972) computed the effects of reservoir filling on
the embankment and presented results for the corresponding displacements

and stress changes.

During the re-evaluation of the stability of the Oroville Dam, the
Department of Water Resources (DWR, 1979), performed the static stress
computations necessary for the dynamic analysis of the dam and for the
assessment of the cyclic strength of the shell materials. The same fin-
ite element mesh as that used in the dynamic response analysis (Fig. 3-
&), and the computer program ISBILD (Ozawa and Duncan, 1973), were used
to compute the static stress conditions in the dam. This program uses
the techniques developed by Kulhawy et al., (1969) to simulate the con-
struction stages of the dam. The effects of water pressures and seepage
forces due toc reservoir filling were also taken into account. The same
S0il parameters used by Kulhawy and Duncan (1970), which were obtained

from static strength tests on the dam materials, were adopted (Table 3-
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1), As can be seen from this table the stress-strain parameters for the
transition and shell materials are very similar and therefore these two

zones Were treated as a single zone in the analyses.

Figs. 3-8a and 3-8b show the computed conteours of effective maximum
principal stress and effective minimum principal stress respectively.
These results agree fairly well both with Neobari and Duncan's results
and with the values measured by stress cells in the dam. It can be seen
that the stress contours are fairly paraliel to the slopes of the dam
and are evenly spaced throughout the main section of the dam except in
the core and near the concrete core block. An observation of practical
significqnce is that the minimum principal stresses are approximately
equal to 40% of the maximum principal stresses at almost all points in

the main section of the dam.

The above results have been obtained from plane strain analyses
which are not strietly applicable to Oroville Dam since this is a three-
dimensional structure in a triangular canyon with a c¢rest length to

height ratio, L/H, of about 7 (see Fig. 3-11).

Lefebvre et al., (1973) have presented comparisons between three-
dimensional and two-dimensional static finite element analyses of earth
dams in V-shaped canyons. The results from this study indicate that for
dams with a ratio L/H=6 a plane strain analysis of the maximum section,
gives values for the major and minor principal stresses that on the
average (scatter of about 10%) are within 5% of the values computed from
a 3-D analysis. For dams with a ratio L/H=2 the differences are 10% on

the a?erage. with a scatter of the order of 20%.



Table 3-1 Values of Stress-Strain Parameters for Pre-Earthquake Static Stress

Analysis of Oroville Dam.

—
Parameter 1 syubol Values employed in analyses
Soft
Shell Transition Core ~ Concrete
Clayd
Unit Weight (Ib/f?) Y 150 150 150 125 162
. » . 2 b C
Cohesjon (tons/ft*) c 0 0 1.32 0.3 216
Friction Angle (degrees) ¢ 43.5 43.5 25.1b 13.0 0
Modulus Number K 3780 3350 345 150 137,500
Modulus Exponent n 0,19 0.19 . 0.7 1.0 0
Failure Ratio Rf 0.76 0.7 0.88 0.90 1.0
Poisson's Ratio G 0.43 .43 0,30 0.49 0.15%
Parameters d 0.19 0.19 -0,05 0 4]
B 14.8 14.4 3.83 0 0

a. Zone of soft clay at upstream end of core block.
b. ¢ and ¢ for (01-+03} < 50 tons/ft2; c = 10,2 ton/ftz.
¢ = 4 degrees for (Ul-fu}) > 0 Lons/fL.

; Aft Kull dp 1970
c. Tensile strength of concrete x 14 tons/ftz (200 psi). ( er Bulhawy an unean, }

w9
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The contours of major and minor principal stresses for the longitu-
dinal sections of dams with crest length tc height ratios, L/H, of 2, 6
and 12, computed from three-dimensional analyses, are shown in Figs.
3-9a and 3-9b. It can be seen that for dams with a ratio L/H=6 the
principal stresses, at different sections in the dam, can be obtained
with a reasonable degree of accuracy by horizontal projection of the
values. computed for the main section. Although larger errors may be
incurred, this procedure will still give acceptable results for dams

with L/H=2.

On the basis of the preceding discussion the following two conclu-—
sions can be made!: a) the static stresses at the main section 5f Oro-
vitle Dam can be satisfactorily computed from a plane strain analysis of
this section, and b) the static stresses at other sections in the dam
gan be obtained with a reasonable degree of accuracy by projecting hor-

izontally the stresses computed at the main section.

3.6 Three-Dimensional Analysis of Oroville Dam for Different K max

Values

In long dams subjected to motions in the upstream-downstream direc-
ticn, where the restraining effects of the abutments on transverse
deformations is small, plane strain conditions will exist. In the case
of Oroville Dam, however, the abutments have a significant influence on
the dynamic behavior of the embankment. To take this into account, the
three-dimensional finite procedures described in Chapter 2 have been
used in the back-calculation of the shell material K_max factor from

2
field behavior of the dam.
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As mentioned earlier, the accelerogram record in the upstream-
downstream direction obtained by the U.S.G.S. instrument displayed the
fundamental period of vibration of Oroville Dam for the level of shaking
induced by the August 1, 1975 Oroville earthquake. A 3-D dynamic
analysis of the embankment for the moticns generated at the dam site by
this earthquake, s3should predict reasonably well the recorded response,

provided the in-situ K max value for the shell materials is used.

2

Relative coupling of transverse, vertical and longitudinal motions
at the midpoint of the dam c¢rest is likely to be small. Therefore, it
can be assumed that the motions in the upstream-downstream direction at
that point, were induced by the rock motions in the same direction. The
accelerograms reccorded at the toe of the dam were affectedA by a power
failure and could not be used to analyze the response of the dam. For-
tunately, records were obtained at the seismographic station, ORV,
situated about 1 mile away from the dam site on bedrock. It is reason-
able to assume that these motions are representative of the motions to
which the dam was subjected. Fig. 3-10 shows the accelerogram record
and the corresponding acceleration response spectra for the upstream-
downstream motions used in the dynamic analysis of the dam. No correc-
tion was made for the fact that there 1s a difference of 90 between the
orientation of the recording axis and the upstream-downstream direction
of the canyon. As can be seen from the acceleration response spectira,
the motions at the base of the dam had a high predominant frequency, on

the order of 6.7 Hz.

Oroville Dam is situated in a V-shaped «canyon with valley wall

slopes of about 3.5:1. Fig. 3-117 shows 1in a continucus trace, a
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vertical section along the dam axis and a plan view of the dam. 4s can
be seen, the embankment is almost geometrically symmetrical with respect
to its main section and therefore, for input moticons in the upstream-
downstream direction, it can be assumed to behave as a symmetric struc-
ture. This assumption will permit the use of a finer finite element
mesh than otherwise possible, in this way helping to keep computational
efforts within reasonable limits, The dotted lines in Fig. 3-11 illus-
trate the geometrical model adopted to represent the dam; plane boun-
daries have been assumed for simplicity. The corresponding 3-D finite
element model is shown in Fig., 3-12. This model has 591 elements, 543
free nodal points and 8 sections in the cross-valley direction. Nodal
points on the plane of symmetry, that is, the main section, will be con-
strained from moving in the z direction and ne horizontal or vertical
shear stresses will exist on this boundary. Given the fact that the
dynamic behavior of the transition zone materials is very similar to
that of the shell materials, these zones have been combined iﬁto a sin-
gle zone in the model (DWR, 1979). Other zones modeled in these ana-
lyses are: the sloping core, the cofferdam core and the concrete core

block.

The conecrete core block has been assumed to behave elastically and
the average Young's modulus, density and Poisson's fatio for concrete
have been used as the dynamic properties of +this zone. The results
obtained by the DWR, 1979 indicate that exact determination of the
-dynamic properties for the central core and the cofferdam core is not
eritical and therefore the average ratio Gmax/Su=2200 for cohééive soils
has been assumed. Shear stirengths, Su' necessary to compute the shear

modulus were obtained by using the measured strength envelope for the
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core materials and the corresponding consolidation stresses. The
medulus reduction and damping curves used for both the core and the
shell materials are the same as those used by the DWR, 1979 and are
shown in Fig. 3-5. On the basis of the results obtained by the IDWR, a
value of szax=170 for the shells of the dam was tried initially. In an
attempt to shift the peak in the response spectra for the computed crest
motions to higher periods (see Fig. 3-15), values for Kemax of 150 and
130 were also used in the analyses. Shear moduli for the shell materi-
als were computed from egquation (3-1). The mean effective stress that

enters into this equation can be computed from:

o' = 3 (3~2)

3

where 0”1.0”2, and o', are the major, intermediate and minor effective

3

principal stresses respectively.

On the basis of the results of the static stress analysis performed
by the Department of Water Resources the minimum effective principal
stress, 0”3, was éssumed 0 be equal to #40% of the maximum effective
principal stress 0“1. The intermediate effective principal stress, 0"2,

Wwas assumed to be equal Lo 55% of ¢! According to these assumptions

7

equation (3-2) reduces to:

o'm = 0.650"1 (3~3)

The major effective principal stresses, o' for the main section

.],

of the dam were obtained from Fig. 3-8a. At other sections in the dam
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the above stresses were obtained by projecting horizontally the
corresponding stresses for the main section. A summary of the material
properties used in the dynamic analyses presented in this section 1is
given in the Table 3-2., These analyses were preformed by iterations
until compatibility between shear moduli, damping and strain was
achieved., A cut-off frequency of 8 Hz was used in the response computa-

tions.

The computed amplification functions at the midpoint of the crest
of the dam for the selected shell szax values are shown in Fig. 3-13.
These amplification functions give, for the spectrum of frequencies of
harmonic excitation, the ratioco between the amplitude of absolute
acceleration at the crest midpoint and the amplitude of acceleration at
the rigid boundaries of the model. The first peak in the crest amplifi-
cation function occurs at the fundamental frequency of vibration of ghe
dam. It can be ccncluded that for the level of strain induced by the
Croville earthguake the natural periods of vibration of <the dam
corresponding %o Kgmax values of 170, 150 and 130 are: 0.83, 0.93, 1.02
seconds respectively. In all cases a small response of the dam for fre-

quencies greater than about 6 Hz and a close spacing between frequency

peaks were gbserved,

The computed acceleration time histories at the crest of the dam
are shown in Fig. 3-14, Also shown in this figure is the acceleration
record obtazined at the crest of the dam by the U.3.G.S. instrument, from
which the first 3 to 4 seconds of motion were missing. The starting
time for this record has been shown in the figure so that the best match

with the computed time histories is obtained. It can be seen that the



TABLE 3-2

DYNAMIC PROPERTIES FOR 3-D ANALYSES OF OROVILLE DAM

Parameter

Shell

Core Core Block
170
K2max 150 G=200000 Ksf
130
Gmax/su - 2200

Modulus reduction

Seed and Idriss

Seed and Idriss

Linear Elastic

Damping

Seed and Idriss Seed and Idriss B=4¢%
Su From strength env.
Upstream 0,4
Poissont's ratio 0.45 0.15
Downstream 0.3
: Upstream 153
Density {pcf) 153 160

Downstream 150

9L
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time history computed with a szax for the shell materials of 170 gives

the best approximation to the recorded motions.

An easier comparison between computed and recorded response of the
dam can be made in terms of the acceleration response spectra for the
erest motions. The response spectra of the computed acceleration time
histories have not been obtained for the entire length of these records.
A comparison with the acceleration response spectrum for the recorded
motions 1is only meaningful if ﬁhe Spectra for the computed time his-
tories are obtained for accelerations starting at points in time,
corresponding to the point where the recorded motions are assumed to
start. Fig. 3-15 shows the acceleration response spectra for the com-
puted time histories, cbtained in accordance with the above reasoning,
along with the spectrum for the recorded crest motions. It can be seen
that although the di}ferences between the spectra for the computed
motions are not large, the best overall match to the spectrum for the
recorded motions is provided by the response spectrum for the motions

computed with a szax=170.

Considering that the natural period of the dam and the response at
the c¢rest, for the levels of strain induced by the Oroville earthquake,

computed with a K.max=170 offer the best match to the analogous recorded

2
parameters, it can be concluded that the above value of szax is
representative of the in-situ dynamic properties of the Oroville grave~
els. Given the number of approximations and assumptions made, the
agreement between computed and recorded acceleration time histories and

response spectra 1s considered reasonable. It is also noted that the

results obtained in this section with the use of 3-D analyses agree very
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well with the results obtained by the Department of Water Resources.

There are many parameters of significance in the dynamic response
of Oroville Dam to the August 1, 1975 Oroville earthquake. However,
they are not presented in this section due to the fact that they cannot
be compared against field performance. Additional resultis of the
dynamic analysis of the dam for the Oroville earthquake are included in

the next chapter of this report.
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CHAPTER 4

THREE DIMENSIONAL DYNAMIC RESPONSE OF EARTH DAMS

4.1 Introduction

Assessment of the performance and stability of an earth dam during
an earthquake often requires a dynamic response analysis of the strue-
ture. Several methods for assessing stability have been oproposed and
different parameters of dynamic response are required by the different
methods. The selection of a critical sliding mass, and computation of a
yield acceleration and a time history of average acceleration for this
mass, are required in the method proposed by Newmark (19665) and success-~
fully applied to cohesionless so0il slopes by Goodman and Seed (1966), A
simplified procedure based on this method has been presented by Makdisi
and Seed (1977).' This procedure can be used to determine approximately
the permanent displacements of a sliding mass 1in .a dam provided the
yvield acceleration for the sliding mass and the peak acceleration at the
erest of the dam are known. The method proposed by Seed et al. (1973)
involves the determination of the dynamic stresses induced in the dam by
the earthquake motions and the determinaticon, in the laboratory, of th;
behavigr of representative samples of the dam materials when subjected
to the computed stresses. The observed laboratory behavior can then be

used in the assessment of the permanent deformations of the dam by using

the procedures presented by Serff et al. (1976).

" In conjunction with two-dimensional finite eiement dynamic analysis
procedures Lhe above methods are widely used in current engineering

practice to determine the seismic stability of earth dams. Given the
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lack of appropriate dynamic zanalysis procedures, three~dimensional
structures have been analyzed using the same methods, and judgement has
been vused to estimate the effects of 3-D behavior. A very limited
amount of work has been performed to study the dynamic response parame-
ters necessary for the stability analysis of three-dimensional struc-
tures (Makdisi, 1976; Severn et al., 1980). In view of this faect it
seems desirable to investigate the nature of such dynamic response
parameters. In particular, it would be desirable to study the nature of
acceleration and stress time histories at points of interest in a dam,
the relative importance of the different components of the stress tensor

and the distribution of peak accelerations and stresses within a dam.

The purpose of this chapter is to present results, in terms of ﬁhe
above parameters, from the analyses of two dams where three-dimensional
dynamic behavior is of importance. A description of the dams and earth-
quakes alcng with the finite element models and other computational
details used in the study is presented in the next section. The results
of the analyses are included in subsequent sections and a summary of

conclusions is presented in the last section.

4.2 Analyses Performed

The dynamic behavior of earth dams under earthquake loading 1is
-dependent on many factors which interact in a complex manner. Analyti-
cal procedures for the three-dimensional dynamic analysis of earth dams
have been presented in Chapter 2. In accordance with the assumpticns
made and the model used in those procedures, the most important facters

that will influence the dynamic response of an earth dam te seismic
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loading are: (1)the geometry of the dam, (2)the dynamic properties of

the materials comprising the dam and (3)the nature of the input motions.

Although main section geometries (slopes and zoning) might be
somewhat standardized depending on the type of dam, canyon geometries
vary widely in practice and are an important factor in determining the
three-dimensional behavior of earth dams. In this regard, previous stu-
dies (Hatanaka, 1955; Ambraseys, 1960; Makdisi, 1976) have shown that
the importance of 3-D effects in rectangular and triangular canyons

depends on the crest length to height ratio, L/H (see Fig. 1-1).

In view of the importance of Oroville Dam and the fact that the
statiec and dynamic properties of the dam materials are available, this
structure has been selected as one of the dams for which the 3-D dynamic
response under seismic loading is studied. Oroville Dam is situated in
a triangular canyon and has a crest length to height ratic, L/H, of
about 7 (see Fig. 3-11); it is therefore representative of dams with

moderate valley wall slopes.

In order to study the effects of canyon geometry on the 3-D dynamic
response of earth dams, a dam with a crest length to height ratio, L/H,
of 2, has also hsen analyzed. This structure is representative of dams
with steep valley wall slopes. 3Since there are very few large daﬁs with
these characteristics for which the data necessary for a dynamic
analysis 1is available, and since the cross section of Oroville Dam is
representative of cross sections for large earthfills in narrow canyons,
the dam with valley wall slopes of 1:1 (L/H=2) has been assumed to have
the same cross section and material properties as Oroville Dam. This

choice of model has the added advantage of facilitating the comparison
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of results obtained for the two dams.

Although two might seem a small number of cases to be studied, it
is considered that the structures chosen span a range of geometries
representative of many existing dams and possible dam sites, and that
the results presented will give insight and help to understand the

dynamie response of dams where 3-D effects are of concern.

As mentioned before, the finite element dynamic procedures
presented in Chapter 2 were used in the analyses of the two structures
chosen, It must be noted that the assumption of a rigid boundary
deserves special consideration since it would appear that interaction
with the abutments and wave propagation effects might be of importance
given the size of the dams. Considering the excellent gquality of the
rocks composing the canyon walls the above assumption seems reasonable
in the case of Oroville Dam. Assuming that the foundation rocks for the
dam with steep canyon walls are comparable to those for Orovilile Dam the
afore-mentioned assumption would Seem to be appropriate for strong
motions during which the dam materials degrade significantly, and

perhaps less so for low amplitude motions.

The static stress computations, material properties and finite ele-
ment model for Oroville Dam have been presented in Chapter 3. The szax
factor of 170 back-calculated from fi?ld behavior has been adopted as

representative of the in-situ value for the shell materials.

In order to facilitate comparison of results and reduce manual
effort the finite element model for the dam with valley wall slopes of

1:1 was chosen to be geometrically similar to that used for Oroville Dam
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(Fig. 3-12). The z coordinates of all nodal points in the latter model
were scaled down by a factor of T33/2460 so that a crest 1length to
height ratio, L/H, of 2 was obtained. The material properties for this
model were assumed to be the same as those used for Oroville Dam. The
static stress distribution computed for the main section of Oroville Dam
Wwas assumed applicable and static stresses at the other sections of the
model were computed using the same procedure as that adopted for Oro-
ville Dam (Figs. 3-8 and 3-9). Using the same analysis parameters as
those used for Oroville Dam has the advantage that the effects of canyon

geometry on the three-dimensional behavior of dams are isclated.

The amplitude, frequency content and duration of input motions are
important factors in determining the dynamic response of earth dams. In
particular, these factors determine the amount of degrading in stiffness
and the amount of damping in the dam materials as well as the predom-

inant modes in the response of the structure.

Two earthquake motions of very different characteristics were used
in the analyses in order to study the effects of the nature of the input
motions on the dynamic response of the selected models. One of these
earthquake motions 1is given by the strong motion record recommended by
the Consulting Board convened by the DWR as the design accelerogram for
the Oroville Dam facilities. This record is assumed to be representa-
tive of the motions which could be generated at the dam site by a magni-
tude 6.5 earthquake occurring very near the dam and from .this point on
will be referred to as the Reanalysis earthquake. As can be seen in Fig.
4.1 this accelerogram is composed of modified porticons of the records

obtained at Pacoima Dam during the 1971 San Fernandoc earthquake and at
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Taft during the 1952 Kern County earthquake. The record has a peak
acceleration of 0.6 g and a predominant frequency of 2.5 Hz. The strong
pulse at about 3.0 seconds has a predominant frequency of about 0.9 Hz
and corresponds to the arrival of the shear wave phase. The total dura-
tion of the record is 20 seconds and the duration of strong shaking (a >
0.05 g) is on the order of 18 seconds. The acceleration response spec-

trum for this accelercgram is shown in Fig. 4-2.

The second accelerogram used in the analyses corresponds to the
motions recorded at the seismographic station, ORV, during the August 1,
1975 Oroville earthquake. These motions are representative of a 5.7
magnitude earthquake occurring on the Cleveland Hill fault and have low
amplitude (Amax = 0,09 g), a predominant frequency of 6.5 Hz and a dura-
tion of strong shaking of about 3 seconds. The acceleration time his-
tory and the corresponding acceleration response spectrum are shown in

Fig. 3-10,

The input motions were assumed to act in the upsiream-downstreanm
direction of the dam. This is a common assumption since it constitutes
the most severe condition of shaking. Vertical motions do not induce as
large shear stresses as horizontal motions and therefore do not affect
the stability of earth dams to the same degree as the horizontal
motions. For the models considered in this study it is also safe to
assume that lengitudinal motions are less eritical than motions in the

direction of the canyon axis.

The results of the analyses of the two dam models selected, for the
two earthquake motions previously described, are presented in the fol-

lowing sections. A cut-off frequency of 8 Hz was found adequate for the
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4 analyses performed,

4.3 Analysis of Oroville Dam for the Reanalysis Earthquake

The dynamie stability of earth dams is assessed in current
ehgineering practice in terms of permanent displacements. Methods
available, compute these displacements indirectly from the accelerations
and stresses induced in the dam by the earthquake motions. For this
reason the results of the dynamic analyses herein described will be

presented in terms of these parameters.

The acceleration amplification function for the midpoint of the
crest of Oroville Dam, for the level of strain induced by the Reanalysis
earthquake is shown in Fig. #-3. This function gives the ratio of
amplitude of .absolute acceleration at the crest midpoint to the ampli-
tude of acceleration at the rigid boundaries for each frequency of har-
moniec excitation. It can be seen that the maximum amplification has a
value of 8.9, that this peak occurs at a frequency of 0.71 Hz, and that
there is very 1little response at the‘crest midpeint for frequencies
higher than 2.5 Hz. From the peak frequency it can be concluded that
the natureal peried of Orqville Dam for the level of strain induced by
the Reanalysis earthquaké is on the order of 1.41 seconds. The follow-
ing reasons are responsible for the small response beyond 2.5 Hz: a) low
shear moduli produced by degradation of the materials reduce natural
frequencies of vibration, b) high damping produced by degradation of the
materials ( 7 15%) damps out the higher modes of vibration and ¢) even
for low damping the response at the point considered is not large in the

higher modes of vibration,
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Fig. 4-4 shows the finite element model used in the dynamic ana-
lyses and the nodal points for which acceleration time histories are
presented. The time histories corresponding to the points along the
contact between the core and the downstream shell of the dam are shown
in Fig. 4-5. It is interesting to note the progressive amplification of
the motions and the filtering of high frequency peaks with increasing
elevation within the dam. The high frequency peak of 0.6 g present in
the motions at the rigid boundary (Fig. 4-1) has disappeared at the
level of nodal point 287 and the peak acceleration at this point is on
the order of 0.33 g. The acceleration pulse present in the input
motions at about 3.5 seconds is amplified at the crest midpoint about
3.3 times to give a peak acceleration at this location on the order of
1.0 g. This high amplification is not surprising in view of the fact
that the period of this pulse is very close toc the natural period of the
dam. Stability of the crest under these high accelerations is of con-
cern. It must be noted that due to the fact that the analytical model
uses the equivalent linear method to take into account the non-linear
behavior of soils, all computed displacements are elastic and the model
cannot simulate permanent deformations arising from the true non-linear

characteristics of the material.

The computed acceleration time histories for nodal peints along the
crest of the dam are shown 1in Fig. 4-6. It can be seen that high
accelerations are obtained along the entire length of the crest. Except
for points near the abutments where peak accelerations result from
amplification of high frequency motions, peak accelerations along the
crest come from the amplification of the strong pulse present in the

input motions at 3.5 seconds.
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A summary of peak accelerations for diverse points in the dam is
shown in Fig, 4-7. The profile along the contact between the core and
the downstream shell shows a decrease in peak acceleration from 0.6 g at
the base tc 0.33 g at midheight and then an increase to 1.05 g at the
crest. Alsc shown is the variation of peak accelerations along the
downstream slope and along two vertical lines in the downstream shell of
the dam. Up to elevation 550 feet on the downstream slope peak
accelerations are due to the amplification of high frequency amplitudes
and beyond this point they are the result of the amplification of the
3.5 second pulse in the input motions. A similar discontinuity is

observed in the profile of accelerations along the crest of the dam.

Although accelerations are of importance induced stresses in the
dam are equally impertant if not more. This is especially true for dams
built with materials susceptible to generation of pore pressures,
strength loss and development of high strains under cyelic loading (Mak-

disi and Seed, 1977; Seed et. al, 1977).

Time histories of stress were computed for several elements in the
dam. However, due to lack of space only those corresponding te the ele-
ments shown in Fig. 4-4 are presented here. Fig. U-8 shows time his-
tories of shear stress on horizontal planes in the x direction, t&x
(same as t&y), for elements numbers T4, 183, 186, and 445. Element 186
does not appear in Fig. 4-4 since it is located near the quarter section
of the dam at the same x and y coordinates as element 183. All stress
time histories computed exhibited a common pattern. As can be seen in
Fig. 4-8 the peak stress at all points examined occurs nearly at the

same time (approximately 4.0 seconds) as a result of the strong pulse
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present at the beginning of strong shaking in the input motions. Due to
the similarity in pattern the number of equivalent cycles (Seed et al.,
1975) for all the computed stress time histories is approximately the
same. The time histories for the components of the stress tensor at the
centroid of element 151 are shown in Fig. 4-9. It can be seen that all
components of stress except for the normal stress on the horizontal
plane, a&. are considerably smaller than the shear stress on the hor-
izontal plane t}y (same as t&x)' It may be noted that although this
observation might hold for points near the main section of the dam it is
not necessarily true for pocints at other sections in the dam where sig-
nifieant horizontal shear stresses on the z plane, tix‘ (see Figs. 4.4

and 4-12) might be present.

Assessment of the seismic stability of earth dams following the
method first proposed by Seed, 1966 and further developed by Seed et
al., 1969 and Seed et al., 1973 requires a comparison of the induced
dynamic shear stresses with the cyelic strength of the material. It is
customary to use the shear stress on horizontal planes in the x direc-
tion, t&x, in these comparisons, and to represent the time history of
this stress component by an average value of about 65% of the peak
stress and an equivalent number of c¢ycles (Seed et al., 1975). There-
fore, it is of 1interest to study the distribution of peak shear
stresses, t}x’ within the dam. For this reason the contours of equal
shear stresses, t&x’ have been computed and plotted for the sections of
Oroville Dam shown in Fig. 4-10. As can be seen in this figure four
sections evenly spaced along the longitudinal axis of the dam have been
selected. The largest section, section A&, is very close (Within 130 ft)

to the main section of the dam and section C is located near {(within 70



100

. 202 - STRESS COMPONENT SIG X
w
-
. 0.0¢ 4&40‘Nﬁﬂhﬂ4ﬂ AN A A fﬂéﬁﬁﬁ,qﬂ
o . v \/ \! IVASAs ARV a vv-' WAVEAAR AR VAR
£
« -2.908 -
1 1 ! L 1 1 A 1 i
.00 }
STRESS COMPONENT S1G Y i
4.00 -
& 2.0¢ - /\ /\
. A
P N S AR - m /L g
: 7 DN AGE: v Nl
( -,J
-g.ge e \
!
| |
-4.22 ~ !
-g.0¢ 1 L S ) i | ] ! i
.ee - ' STRESS CONPONENI SiG Z 1
% \ I
- N Ny :
' 2.9 —— Vf\\ . [\\\ s ;(\u“' A D /\ AT ,f\| N
e R R A VYA NN Y, ;r ja v ooy
£ Y \/ o Voo Vo
Z -2.60 - :
1 { ! ' t J
&.00
STRESS COMPORENT TAU XY I
4.00 = 1
¢ z.00 - /\ E
' i
é 9.ee . '—'/\ 1 \! fl \jp\ PI‘ JU(\‘V\WVZV\ Y j = )/./\ - /\‘ I’_\, avy ’!\‘r‘ r/‘\\ L0
g I 7 VIR A R ASE
; IRV NAWEVAEAEE
-2.00 {- / / V
~4.02 ~
-g.08 i 1 ! L I ! i
2.00
i STRESS COMPOMENT TAY YZ
[uig
| 0.00 f'\v/\v. — -
@
E .2.00 1 1 ! 1 L ! A | :
g0 |
Lan STRESS COMFOMENT TAL Zk |
- a.a2 JAN Yol |
L; ! TN i
¢ : |
& .o.00 | \ L ! 1 ol 1 : ; } ]
[z}
0.2 2.22 a0 ¢.0¢ .22 1e.e2 12.0¢ 14,20 16.20 is.20  22.%
TIME - SECONDS
Fig. 4-9 Time Histories for Components of Stress at the Cen-

troid of Element 151 of Oroville Dam.






102

ft) the quarter point of the crest.

The contours of equal peak shear stresses on horizontal planes,
t}x’ induced in Oroville Dam at the selected sections by the Reanalysis
earthquake are shown in Fig. 4-11. In general it can be observed that
the stress distributions at all sections show an increase in stress with
increasing depth and a decrease in stress with increasing distance from
the center of the dam. An exception to this observation ocecurs near the
base of section A for which the maximum stresses occur in a small zone
overlying the concrete core block. The stresses near the base of sec-
tion A are smaller than in the overlying 2zones due to the three-
dimensional effects caused by the vertex of the triangular canyon and
due to the presence of the core block. The contours of stress bend
downwards in the core given the fact that shear moduli for these materi-
als are lower than those for the shell materials. A similar cause is in
part responsible for the fact that the stresses in the downstream shell
are higher than those in the upstream shell. A general decrease in

shear stresses with increasing distance from the main section of the dam

can alsc be noticed.

As mentioned before it is commonly assumed that the permanent
deformations and general stability of earth dams are mainly dependent on
the horizontal shear stresses, t&x' Given the fact that mean normal
stresses do not induce significant strains in the material and that the
t}x stresses are very close to the maximum shear stresses, the above
assumption 1s adequate in the case of dams where plane strain conditions

are predominant. This however, is not necessarily true for dams which

exhibit considerable three~dimensional dynamic behavior and for which
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other components of the stress tensor might &affect the deformational
behavior of the materials. Therefore, it is desirable to investigate
the relative importance of the different stress components, in particu-
lar the horizontal and vertical shear stresses on the z plane, t%x and

tzy {see Fig 4-4).

Computation of the téy stresses was performed at the centreoid of
all elements in the model and it was found that this component of stress
exhibits very small values throughout the dam. This is not surprising
in view of the fact that the input motions have been assumed to act in

the upstream-downstream direction, that is, the x direction.

Fig. U4-12 shows the distribution of peak horizontal shear stresses
on the =z plane, tﬁx for the four sections shown in Fig. 4-10, In gen-
eral it can be noticed that the magnitudes of these sStresses are much
lower than those of the t}x stresses and that they increase with depth.
The stresses at section C are highest and they are lowest for section A
{at comparable X and y coordinates). The fact that section A is near
the main section of the dam which is a plane of symmetry is in part

responsible for the low tﬁx stresses at the former.

A measure of the relative importance of the t}x stresses in regard
to the development of strains and deformations of the dam materials can
be obtained by computing the ratioc of peak values, t&x / thax' Fig. u-
13 shows the contours of equal valueé of this ratio for the previously
selécted sections of the dam. It can be seen that this ratio is greater
than 85% everywhere in the dam and is greater than 95% in large portions

of the dam. On the basis of this observation it can be concluded that

in the case of Oroville Dam subjected to the Reanalysis earthquake
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motions, in the upstream-downstream direction, the shear stresses on
horizontal planes, t}y. are representative of the stress levels respon-
sible for material deformations. Therefore, they are an adequate param-

eter to use in determining the stability and deformations of the dam.

4.4 Analysis of Oroville Dam for the Oroville Earthquake

Comparison of the results from the analysis of the Oroville Dam for
the Oroville earthquake with those presented in the previous section
will serve to illustrate several effects on the dynamic response of

earth dams due to the nature of the input motions.

The amplification function at the midpoint of the crest of the dam
for this analysis was shown in Fig. 3-13 (szax = 170), The computed
natural period of the dam for the levels of strain induced by ¢the Oro-
ville earthquake was 0.83 seconds, a value that was found to to be very
close to the observed natural pericd in the field. The large difference
between this wvalue and that computed in the previous secftion is due to
the difference in strain levels induced by the two earthquakes. It can
also be noticed that due to the much smaller level of damping present in
this analysis a high amplification value (30.7) and several frequency

peaks are observed in the crest amplification function.

The acceleration time history at the crest midpoint was presented
in Fig. 3-14 (szax = 170). No particular section of the input motions
record was amplified significantly. The acceleration time histories for
points along the contact between the core and the downstream shell
showed the same amplification and filtering effects with increasing

height as those observed in the previcus section. Similar observations
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could be made for the motions along the crest of the dam.

The profiles of peak accelerations along the contact between the
core and downstream shell, along the downstream slope of the dam and
along the crest are shown in Fig. 4-14., The motions at the rigid boun-
dary which have a peak acceleration of 0.09 g, are amplified to give a
peak value of 0.23 g at the crest,. It can be seen that the peak
accelerations decrease gradually with depth with the lowest value
corresponding to that of the input motions. The peak accelerations on
the downstream slope vary erratically with a very high value of 0.39 g
observed at elevation 75 ft. Peak values along the crest also vary
erratically and, again, a high value of 0.37 g is observed. This varia-
tion in acceleration denotes a large influence of the higher modes of
vibration of the dam, low damping, and small filtering of high frequency

amplitudes.

The stress time histories at the same points studied in the previ-
ous section were computed. A similarity in pattern was observed and the
number of equivalent cycles was approximately the same for the majority
of elements in the dam. Fig. #-15 shows the contours of shear stress on
horizontal planes, tiy’ for the sections shown in Fig. 4-10, It is
noticed that the stress distribution is quite different from that
obtained for the Reanalysis earthquake, Therefore, one cannot be
obtained from the other by scaling by the average ratio between stresses
in the two analyses. This ratio seems to be on the order of 6. As 1in
the analysis of Oroville Dam for the Reanalysis earthquake, effects of
the vertex of the canyon and of the concrete core plock on the computed

t&y stresses can be observed. The peak vertical and horizontal shear
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stresses on the 2 plane, t}y and tﬁx’ Were computed but given their

small magnitudes, they were not plotted.

4.5 Analysis of Dam with Valley Wall Slopes of 1:1 for the Reanalysis

Earthquake

Results from the analysis of the dam with canyon wall slopes of 1:1
for the Heanalysis earthquake are presented in this section. Comparison
of these results with those obtained from the analysis of Oroville Dan

for the same earthquake will illustrate the effects of canyon geometry.

The acceleration amplification function computed in this analysis
for the midpoint of the crest of the dam is shown in Fig. 4-16, The
fundamental natural frequency of vibration of the dam is on the order of
0.93 Hz which corresponds to a period of about 1.08 seconds. This
period is 23% lower than the natural period of Oroville Dam for the same
earthquake., The average level of strain induced in the dam was examined
and it was found to be very similar to that induced in Oroville Dam by
the same earthqguake. Therefore, it can be concluded that the difference
in natural periods for the two dams reflects the stiffening effect of
the canycn geometry. The amplification function has a peak value of
10.2 which is 15% higher than the corresponding value for Oroville Dam.
This slightly higher amplification coupled with the fact that it affects
a broad band of frequencies in the vicinity of the predominant frequency
of the strong pulse in the input motions, is responsible for the high
accelerations obtained in this analysis. Fig., 4=17 shows the accelera-
tion time histories for the nodal points along the contact between the

core and the downstream shell shown in Fig. u4-4, Again, amplification
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of motions and filtering of high frequency amplitudes with increasing
elevation can be observed. The time histories are quite similar in pat-
tern to those computed for Oroville Dam at the same points. Considering
the fact that for harmonic motions the amplitude of displacement is
equal to the amplitude of acceleration divided by the square of the
angular frequency, it can be concluded that the higher accelerations
obtained 1in this analysis do not necessarily imply higher elastic dis-
placements than in the case of Oroville Dam. An analogous statement can
be made for permanent displacements. Nevertheless, stability of the

crest of the dam under these high accelerations is of concern.

The variation of peak accelerations with depth, along the down-
stream slope and along the crest of the dam are shown in Fig. 4-18, It
is interesting to note that a constant value of peak acceleration of
about 0.6 g 1is observed up to elevation 500 feet and that there is a
sharp increase to a value of 1.4 g in the last 230 feet indicating that
most of the amplification effect takes place near the crest of the dam.
Very high peak accelerations, on the order of 1.0 g, were computed all
along the downstream slope. The variation of peak accelerations along
the crest shows that the maximum occurs at the midsection of the dam and
that there is a gradual decrease in peak accelerations towards the abut-

ments.

Stress time histories were computed at several points in the dam
and since they are gquite similar %to those computed for Croville Dam they

have not been included.

Peak stresses have been computed throughout the dam, and sections

of the model, analogous in position to those selected for Oroville Dam
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(Fig. 4-10), will be used for showing the stress distributions. of
interest are the contours of equal values of shear stress on horizontal
planes, t}y, which are shown in Fig. 4-19., If can be ssen that for sec-
tion A the contours are closed, indicating that the highest stresses are
not obtained at the base of the dam as is usually the case for plane
strain conditions, but instead occur near the center of the dam at
midheight. A similar observation can be made for sectioh B. This dis-
tribution of stresses is a consequehce of the geometry of the dam which
is not suited for the development of high t%y stresses near the vertex
of the canyon. A decrease in stresses with increasing distance from the
main section is also observed. Comparison of these contours with those
computed for Orovilie Dam indicates that on the average, for analogous
points in the two dams, lower t}y stresses are obtained in the dam with

steep canyon walls.

As shown by Fig. 4-20 higher horizontal shear stresses on the 2
plane, t&x. than in Oroville Dam are obtained in this case. This fact
is not surprising given the difference in geometries of the two canyons.
For section A which is located at a short distance from the main section
of the dam the t%x stresses are still significantly lower than the t&y
stresses, However, at other sections of the dam they are of the same
order of magnitude. An important conclusion arising from this fact 1is
that t}y stresses are not a dominant component of the stress state
throughout the dam and might not be an adequate parameter to use in com-

puting the stability and permanent deformations of the dam.

In this respect it is of interest to examine the distribution of

peak maximum shear stresses which is shown in Fig. 4-21. For section A&
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this distribution is similar to that of the t&y stresses with the
highest stresses ocecurring near the center of the section. However, for
section B these contours have a different appearance than the contours
of equal values of t&y stresses. Depending on the elevation being
examined the highest maximum shear stresses can occur at sections other

than section A indicating that the main section of the dam may not be

the most c¢ritical from a stability point of view.

That the t&y stresses are not the only dominant component of the
state of stresses in the dam with valley wall slopes of 1:1 can alsoc be
seen by examining the values of the ratio t}y/thax' Contours of equal
values of this ratioc have been computed and are plotted in Fig. 4-22.
It can be seen in this figure that except for a zone comprising 20% of
the height of the section, near the base, the agbove ratio is greater
than 95% throughout most of section A. However, for other sections of
the dam this ratic is well below 1.0, with an average value on the order
of 70%. It can be concluded that for the dam with a crest 1length to
height ratio, L/H, of 2 the t&y stresses do not approximate the maximum

shear stresses and therefore, they might not be an appropriate parameter

indicative of the behavior of the dam materials.

E,Q Analysis of Dam with Valley Wall Slopes of 1:1 for the Oroville

Earthquake

The results from the analysis of the dam with a crest length to
height ratio, L/H, of 2 for the Oroville earthquake are presented in
this section. The acceleration amplification function for the midpoint

of the crest of the dam is shown in Fig. 4-23. From this figure it may
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be seen that the computed natural period of vibration of the dam is
about 0.68 seconds. This value is 37% lower than the value obtained in
the previous section for the Reanalysis earthquake and is 18% lower than
the value obtained for the Oroville Dam when analyzed for the Oroville
earthquake, The peak amplification has a value of 33.8 and the average
level of damping throughout +the dam is on the order of 8%, It is
interesting to compare the shape of the amplification functions at the
crest of the dam for the Reanalysis earthquake and for the Oroville
earthquake. It can be seen that the amplification function for the
latter presents a much higher number of frequency peaks indicating a
significant contribution of the higher modes of vibration to the

response at the crest of the dam.

The variation of peak accelerations along the contact between the
core and the downstiream shell, along the downstream slope and along the
crest of the dam is shown if Fig. 4-24. The peak acceleration at the
crest is on the order of 0.33 g. It is interesting to note that for the
two earthquakes used in the analyses, the profiles of peak acceleration
for the dam with steep valley walls result in higher values on the aver-
age than those for the Oroville Dam. As shown in Fig. 4-24 the peak
accelerations on the downstiream slope vary quite erratically and a very
high value of 0.38 g is computed at elevation 175 feet., Peak accelera-
tions along the crest also vary erratically near the abutments of the

dam.

The contours of peak shear stresses on horizontal planes in the x

direction, t}x‘ are shown in Fig. u4-25, As in the case of the

Reanalysis earthquake the highest stresses in the dam for section A are
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computed in the shells near the core at midheight. There is a decrease
in stresses with increasing distance from the maximum section. It is
also observed that the stresses are lower than those computed for Oro-
ville Dam for the same earthquake (Fig. 4-15) znd that on the average
they are about 6 or 7 times lower than those computed for the Reanalysis
earthquake (Fig., 4-19), Once again the T, stresses were found to be of
comparable magnitude to the t}y stresses. Therefore, it is of interest
to examine the distribution of pgak maximum shear stresses which is
shown in Fig. 4-26, As in the analysis presented in the previous sec-
tion it can be observed from this figure that the main section of the

dam may not be the most critical from a stability peint of view.

4.7 Conclusions

Three-dimensional finite element procedures have been used to
analyze the dynamic response of two dam models to two different input
motions and the results of these analyses have been presented. In order
to study the effects of the canyon geometry on the dynamic response, the
models were assumed to have the same main section and material proper-
ties but were situated in triangular canyons with different wall slopes.
The two earthquakes used had different amplitude, duration and frequency
characteristices s¢0 that the effects of the nature of the input motions
on the response could be studied. Although the number of analyses was

limited, several conclusions of importance can be made:

(1) High amplitude motions induce high levels of strain, high levels of
damping and 1low modulus values in the dam materials. As a conse-

gquence, lower natural frequencies of vibration and a small
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(2)

(3)

(4)

(5)

contribution of the higher modes of vibration to the response, are

observed.

Very high accelerations were observed at the crest of both models
when analyzed for the Reanalysis earthquake. These were the result
of the amplification of a strong pulse occurring near the beginning
of the input motions record; this pulse had a period close to the
natural pericd of vibration of the dams. Under these conditions
stability of the c¢rest is uncertain. The higher accelerations
obtained for the dam with valley wall slopes of 1:1 do not neces-

sarily imply higher elastic or permanent displacements.

For both dams and for both input motions the computed stress time
histories exhibited a very similar pattern; approximately the same

number of equivalent cycles was observed at all points examined.

For Oroville Dam it was found that the horizontal shear stresses on
the z plane, tix’ were substantially smaller in magnitude than the
shear stresses on the horizontal plane in the x direction, t&x. As
a consequence the ratio t}x/thax was very close to 1.0 throughout
the dam. tlhe t&x stresses were highest for the main section and
decreased with inecreasing distance from that section. The stresses

were highest near the center of the dam in the bottom third of the

maximum seetion above the core block.

For the dam in the canyon with wall slopes of 1:1 the tﬁx Stresses
were of the same order of magnitude as the t&x stresses. The ratio
t}x/thax had an average value of about 0.7 and values as low as 0.5

were computed. Therefore, the t}x stresses might not be
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representative of the state of stresses that determines the
behavior of the dam materials. The peak maximum shear stresses
ware computed for four secticns of the dam. At the maximum sec-
tion, they were found to be highest near the core of the dam, at
midheight. However this section may not be the most critical sec-

tion of the dam.
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CHAPTER 5

TWO DIMENSIONAL ANALYSIS OF THREE DIMENSIONAL DAMS

5.1 Introduction

Dynamic response analysis of two dams where three-~dimensional
behavior 1is of concern have been performed for two earthquake motions
and the results have been presented in the preceding Chapter. The
effects of the nature of the input motions and of canyon geometry on the
response have been studied, and the latter have been shown to be quite
significant for dams in steep walled canyons (L/H=2). These effects ecan
be further studied by comparing the response computed for two-
dimensional and three-dimensional models of the dams. Accordingly,
plane strain analysis of the maximum section of the same dams have been
made and the results compared with those obtained from three-~dimensional

analyses,

It is common practice in the evaluation of the stability of earth
dams in triangular canyons to analyze different sections in addition to
the main section of the dam, assuming plane strain conditions. A con-
venient way to investigate the validity of this procedure is to perform
comparisons between the results of plane strain analyses of the quarter

section and those obtained from 3-D analyses of the corresponding dam.

Comparisons of the types described in the above paragraphs will
glso help to establish some of the criteria on whieh to base the selec—
tion of the numerical prcocedure to use in the analysis of a particular

earth danm. Although recent advances in computer technology have
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permitted the development of 3-D finite element procedures the computa-
tional and engineering efforts required for their use are substantially
larger than those needed to perform 2-D analyses and therefore the
development of eriteria to determine when 3-D analyses are required is

desirable.

Few comparisons between two-dimensional and three-dimensional ana-
lyses of earth dams have been reported. Hatanaka (1955) and Ambraseys
(1960) studied the dynamic response of dams in rectangular canyons and
found that for crest length to height ratios, L/H, greater than 4, the
fundamental period of a dam computed from a plane strain analysis was
within 10% of that computed with a 3-D model. Makdisi (1976) performed
comparisons between the results obtained with 2-D and 3-D models of dams
in triangular canyons. He used 100 foot hiéh dams with a constant shear
wave velocity of 500 fps and a damping ratio of 0.1, and presented com-
parisons between the computed natural frequencies for different crest
length to height ratios, L/H. For a dam with L/H=3 subjected to the
motions recorded at Taft during the 1952 Kern County earthquake he also
found considerable differences between accelerations and stresses com-
puted with 2-D and 3-D models of the dam. Severn et al. (1979) computed
natural frequencies of vibration for the Llyn Brianne Dam using shear

moduli from static strength data and 2-D and 3-D models of the dam.

A summary of the comparisons between natural frequencies made in
the above mentioned studies is presented in Fig 5-1. This figure shows
the ratio between natural frequencies computed from 3-D and 2-D models
of dams in triangular and rectangular canyons as a function of the crest

length to height ratio. Also shown are the corresponding values for
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Oroville Dam and the dam with valley wall slopes of 1:1 computed during
this study for both the Oroville and the Reanalysis earthquakes. Addi~
tionally, <the 3-D shear wedge methed of analysis has been used to com-
pute the natural frequencies of vibration of dams in triangular canyons
and these results have been combined with those obtained from a 2-D
shear beam analysis of the main section to give the dashed 1line.
Derivation of the equation of motion for a dam in a triangular canyon
using the shear wedge method and an approximate eigen-value solution of
this equation for the first natural frequency of vibration are presented
in Appendix A. It may be seen that for dams in triangular canyons with
crest length to height ratios, L/H, lower than 2, the ratio between fun-
damental natural frequencies computed by 3-D and 2-D models of the dams,
is greater than 1.6, As the ratic L/H increases, the ratio between
natural frequencies decreases so that at a value of L/H of 6, it has a
magnitude of about 1.3. For dams in rectangular canyons the ratios
between 3-D and 2-D natural frequencies are substantially lower than

those for dams in triangular canyons.

The comparisons illustrated in Fig. 5-1 are indicative of only one
aspect of the three-dimensional behavior of earth dams. Close agreement
in the natural frequencies of vibration of the 2-D and 3-D models of a
dam does not imply close agreement in the computed response to earth-
quake motions. Therefore it seems desirable to study the effects of 3-D
behavior on the parameters of dynamic response used in the assessment of
deformations and stability of earth dams. The purpose of this chapter
is to present the results, in terms of these parameters, of the plane
strain analyses of the maximum sectfion and the quarter section of the

dams previously analyzed in three dimensions, for the Reanalysis and
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Oroville earthquakes, and to compare the results of the 2-D and 3-D com-
putations, The wvalidity of an approximate methods used by DWR (1979)
and Banerjee et al.(1979) to take into account the three-dimensional
behavior of Oroville Dam during the re-evaluation of its seismic stabil-

ity will also be investigated.

The next section of this chapter has been subdivided into five sub-
sections. A description of the dam sections analyzed and other details
of the analyses are included in the first subsection. The following
subsections present the results of the plane strain analyses of the max-
imum and quarter sections of the dams previously analyzed in three
dimensicns and a comparison with these results. The results from plane
strain analyses of the maximum section of Oroville Dam using a modified
stiffness, for the Oroville and Reanalysis earthquakes, and a comparison
with the results from 3-D analyses are presented in the following sec-
tion. Finally, a summary of conclusions is included in the last sec-

tion.

5.2 Comparisons Between Two-Dimensional and Three-Dimensional Analyses

5.2.1 Sections Anaiyzed

In the absence of numerical procedures for three-dimensional
analysis it is general practice to carry out the dynamic analysis of a
dam in a triangular canyon by performing plane strain analyses of
several sections of the dam. Only two sections, as shown in Fig 5-2(a),
have been selected for the analyses and comparisons presented herein.

These sections correspond to the maximum and quarter sections of
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Oroville Dam and the dam with valley wall slopes of 1:1 which were pre-
viously analyzed in three dimensions for the Reanalysis and Oroville
earthquakes. These two dams have similar shapes since the geometry for
the dam with canyon wall slopes of 1:1 was obtained by scaling down the
dimensions of Oroville Dam in the longitudinal direction and therefore,
they have identical maximum and quarter sections. These sections do not
correspond exactly to sections A and C of Fig 4-10 which were used to
illustrate the stress distributions computed from 3-D analyses. How-
ever, the differences in location are sufficiently small that the

stresses can be compared directly.

The static stress distribution and the material properties for
these two sections have been assumed to be the same as those for the
corresponding sections in the 3-D models of the dams. The two-
dimensional finite element computer program FLUSH (Lysmer et 2l., 1975)
was used in the analysis of both sections with a cut-off frequency of 8
Hz. The finite element meshes for the two dam sections, which are shown
in Figs. 5-2(b) and 5-2(¢), correspond to the cross sections at the mid-
point and quarter point of the longitudinal axes of the 3-D finite ele-

ment meshes of both dams.

The ground motions used correspond to the records previously shown
for the Reanalysis and Oroville earthquakes. They are assumed to be
input through a rigid base and to act in the upstream-downstream direc-

tion.
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5.2.2 Dynamic Response of Maximum Section to the Reanalysis Earthquake

As mentioned in Chapter 4 the dynamic response parameters generally
used in the assessment of stability and deformations of an earth dam are
the accelerations and stresses induced by the earthquake motions. The
results of the 2-D analysis of the maximum section for the Reanalysis
earthquake will be presented here in terms of these parameters and a
comparison with analcegous parameters computed from the 3-D analyses of

Oroville Dam and the dam with canyon wall slcpes of 1:1 will be made.

Using a 2-D analysis, the natural periced of the maximum section for
the level of strain induced by the Reanalysis earthquake was computed
from the amplification function for the crest point and was found to be
1.58 seconds. It is noted that this value is 12% and 46% higher (see
Fig. 5-1) than the values computed for the Oroville Dam and the dam with
steep canyon walls respectively. The average levels of modulus degrada-
tion and of damping were about the same for these three analyses and
therefore the lower periods obtained with the 3-D models are mostly the
result of a stiffening effect of canyon geometry. The plane strain
amplification function showed only one significant peak and very little

response bevond 2.5 Hz,

The acceleration time histories computed at points along the con~
tact between the core and the doWwnstream shell are shown in Fig. 5-3.
Amplification of low frequency and filtering of high frequency motions
with 1increasing elevation in the section can be observed. Very high
long period accelerations, with a peak value of 1.08 g, were obtained at
the crest of the 2-D model. These are the result of the amplification of

the strong pulse present at the beginning of the input motions (see Fig.
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4-1), In general, the time histories computed from a plane strain
analysis of the maximum section for the Reanalysis earthquake are very
similar to those computed with a 3-D model of Oroville Dam but differ
significantly from those computed in the 3-D analysis of the dam with

valley wall slopes of 1:1 (see Figs. U4-5 and 4-17),

A Dbetter comparison between acceleration time histories is
presented in Fig. 5-4, Fig. 5-4(a) shows a comparison between the
acceleration time histories at the crest of the maximum section computed
from a plane strain analysis and by a 3-D analysis of Oroville Dam.
Except for a small difference in phase caused by the slightly higher
period of the 2-D model these time histories are very similar. This
similarity in motions along the core-shell contact is due to the predom-
inance of the first mode in the response and the fact that the cross
sections and the natural frequencies of vibration for this mode are very
close for both the 2-P and 3-D mecdels of the dam (see Fig. 2-11). Fig.
5-4({b) shows an analogous comparison between the crest acceleration time
histories for the dam with valliey wall slcpes of 1:1 computed using the
2-D and 3-D models. In this case & significant discrepancy between time
histories is observed. The predominant frequency is higher and the
acceleration amplitudes are larger for the 3-D model than for the 2-D

model.

The variation of peak accelerations along the contact between the
core and the downstream shell and along the downstream slope for the
plane strain analysis of the maximum section is shown in Fig. 5-5. As
in the case of the three-dimensional analyses for the Reanalysis earth-

quake of the two dams sftudied, the stability of the crest seems to be
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uncertain under the high accelerations computed at the crest. A
decrease in peak acceleration from 0.6 g at the base to 0.3 g at eleva-
tion 350 feet and a rapid increase to 1.08 g at the crest are observed.
Very high peak accelerations were also computed along the downstream
slope. Up to elevation 500 feet peak accelerations result from the
amplification of high frequency motions and above this point they are
the result of the amplification of the long period pulse present in the

input motions at about 3.5 seconds.

A remarkable similarity between the profiles of peak accelerations
for the 2-D and 3-D models of Oroville Dam is noticed when comparing
Fig. 5-5 with Fig. 4-7. On the other hand, comparison of Fig. 5-5 with
Fig. 4-18 indicates that a plane strain analysis of the maximum section
does not give a good prediction of the accelerations computed from a 3-D
analysis of a dam with valley wall slopes of 1:1. The poor agreement in
results is due to the large difference in predominant period (46%) and

differences in mode shapes of vibration.

Under plane strain conditions the state of stress at a point 1is
given by three independent components. In a Cartesian coordinate system
these components gre o _,o and ©_ . The o¢ther shear stress com-

Xx'Tyy Xy
ponents, and +  are nil, and o is dependent on oo and o (see
Xz yz 2Z XX vy
Fig, 4-14). In view of the fact that the mean normal stress does not
have a significant influence on the deformational behavior of soils
under undrained conditions, it is common practice in the evaluation of
seismic stability of earth dams to use the shear stress on horizontal

planes, t}y, as the parameter that controls the generation of pore pres-

sures and deformations of dam materials. The variation with time of
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this parameter is taken into account by using an average shear stress
equal to about 2/3 of the peak shear stress and an equivalent number of
cycles. Therefore, it is of interest to study the distribution of peak
values of t}y computed from the plane strain analysis of the maximum
section of Oroville Dam and the dam with valley wall slopes of 1:1.
Fig. ©5-6(a) shows contours of equal values of t&y stresses computed in
this section for the Reanalysis earthquake. Except within a small zone
at the base of the section, in the vicinity of the core block, there is
a general increase in stresses with depth and towards the center line of
the section. The maximum stresses are observed immediately above the
core block although at higher elevations, the core exhibits smaller

stresses than the nearby zones of the shells.,

The ratio between the shear stresses on horizontal planes and the

maX imum shear stresses, t

e /T , can be considered to be an approximate
yx' max

measure of the degree to which the t&x stresses are representative of
the stress 1level responsible for the deformational behavicr of the dam
materials. Fig 5-6(b) shows the distribution of this ratic computed
from the plane strain analysis of the maximum section. It can be seen
that this ratio is greater than 85% everywhere in the section and that
it is greater than 95% over large portions of the section. Accordingly,
it can be concluded that for the 2-D model of the dams studied herein,
subjected to earthquake motions in the upstream-downstream direction,
the t}x stresses are representative of the stress levels responsible for

the deformational behavior of the dam materials.

An evaluation of: a) the applicability of 2-D dynamie analysis pro-~

cedures to predict the response of three-dimensional dams and b) the
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effects of three-dimensional behavior on the dynamic response of earth
dams, requires a comparison between the dynamic stresses obtained by the
use of 2-D and 3-D dam models. This comparison however, is not
straightforward since the nature of the stress state is very different

in two and three-dimensions.

It has been shown by several case studies (Seed et al., 1969; Seed
et al., 1973; Makdisi et al., 1978) that where two-dimensional condi-
tions prevail, the use of the shear stress on horizontal planes, t}x’ as
an indicative parameter of material behavior, results in a satisfactory
assessment of the seismic stability of earth dams. However, the same
cannot be said for cases where the effects of 3-D behavior on the
dynamic response of earth dams are significant. The behavior of soils
under complex dynamic stress states is not well known and under these
conditions the t}x stresses may not be representative of the stress lev-

els responsible for material behavior.

In spite of the uncertainties discussed above the comparison
between dynamic stresses obtained with the 2-D and 3-D models of the
dams studied herein has been made in terms of the t}y stresses for the

following reasons:

1. For the dams previously analyzed in three dimensions the peak
values of t}x were found to be very close to the peak values of
tﬁax at the maximum section and therefore the former are a dominant

component of the 3-D stress state at points in that section.
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2. A comparison between stresses acting on different planes is less

meaningful than one between stresses on the same plane.

3. The t}x stresses are commonly used in engineering practice as the

parameters that indicate material behavior.
4, Practical convenience in performing the corresponding computations.

The ratio between the peak t}y stresses obtained using 2-D and 3-D
models, t}yED/tky3D’ was computed for the maximum section of the two
dams previously analyzed for the BReanalysis earthquake. Fig. 5-7(a)
shows the distribution of this ratio for the maximum section of COroville
Dam. It can be seen that for this section +the plane strain analysis
gives higher stresses than the three-dimensionazl analysis of the dam.
However, the stresses obtained from the 2-D analysis are within 5% of
the 3-D stresses in the upper 3/4 of the section. Small differences of
about 15% in the upstream shell and of about 20% in the downstream shell
can be observed near the base of the section showing some constraining
effects of the canyon vertex. On the basis of these results it can be
concluded that for strong motions a plane strain analysis of the maximum
section gives slightly higher stresses than a 3-D analysis at the base

of a dam with similar characteristies to Oroville Dam.

The distribution of the ratio t}yQD/t}y3D for the dam with valley
wall slopes of 1:1 is shown in Fig., 5-T(b). It is observed again that
except for a small 2one near the crest where this ratio falls beiow 1,0
the plane strain analysis of the main section gives higher stresses than

the 3-D analysis of the dam. The differences in stresses increase

towards the base of the section and they are larger than 10% for the
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bottom half of the section and larger than 40% for the bottom third.
Near +the base the stresses can differ by a factor of 4. These differ-
ences reflect the constraining effects of the narrow triangular shape of

the canyon.

In view of the fact that for the dam with valley wall slopes of 1:1
the t}y stresses may not be an indicative parameter of material
behavior, a comparison of results from the 2-D and 3-D models of the
dam, in terms of maximum shear stresses, has also been performed. The
ratioc between maximum shear stresses from the plane strain analysis and
3-D analysis of the dam, thaxZD/thaxBD’has been computed. The distribu-
tion of this ratio throughout the maximum section is shown in Fig. 5-
7(e) which can be seen to have a similar appearance to Fig. 5-7(b).
/

thaxBD

they are still well above 1.0 throughout

Although the values of the ratio are somewhat lower than

max2D
those of the ratio t}y2D/tky3D’
most of the section. On the basis of these results it can be concluded
that a plane strain analysis of the maximum section gives significantly

higher stresses than a 3-D analysis in the bottom third of a dam in a

triangular canyon with valley wall slopes of 1:1.

2.3.2 Dynamic Response of Maximum Section to the Oroville Earthquake

The results from the plane strain analysis of the maximum section
of Oroville Dam and of the dam with valley wall slopes of 1:1 for the
Oroville earthquake are presented in this section. Additionally, com-
parisons with the results from three-dimensional analysis of these dams
for the same earthquake are included. These results will serve to

illustrate the effects of the nature of the input accelerations since
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the Oroville earthquake motions have low amplitudes and a high frequency
content and will therefore induce small embankment response and signifi-

cant contributions to the response from the higher modes of vibration.

The natural period of the maximum section for the level of strain
induced by the Oroville earthquake was computed to be 1.02 seconds.
This value is 23% higher than that computed for the 3-D model of Oro-
ville Dam and 50% higher than the value computed for the 3-D model of
the dam with valley wall slopes of 1:1 (see Fig. 5-1). ©Since the level
of strain induced in the 2-D and 3-D models is about the same, the above
differences are mostly the result of the stiffening effect of canyen
geometry. It may be noted that these differences are of the same order
of magnitude as those computed for the Reanalysis earthquake indicating

that the effects of the nature of input motions are small.

Acceleration time histories were computed at several points in the
section. Fig 5-8(a) shows a comparison between acceleration time his-
tories at the crest for the 2-D and 3-D models of Oroville Dam. The
continucus trace corresponds to the time history computed from the plane
strain analysis of the maximum section and the dashed 1line <corresponds
to the time history computed from the three-dimensional analysis of the
dam. It is interesting to note that the time history for the 3-D model
displays the predominant pericd of the dam while the time history for
the 2-D model does not. The latter shows a higher predominant frequency
than the former even though the natural frequency of vibration for the
2-D model of the dam is lower than the corresponding value for the 3-D
nodel, This fact indicates the predominance of higher modes of vibra-

tion in the response of the 2-D mcdel.
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Fig. 5-8(bk) shows an analogous comparison between the computed
acceleration time histories at the c¢rest of the dam with valley wall
slopes of 1:1. The differences in this case are larger than those
observed for the Croville Dam. On the basis of the preceding results it
can be concluded that for the Oroville earthquake motions a plane strain
analysis of the maximum section does not give a reasonable prediction of
the acceleration time history computed at the c¢rest of the ifwo dams

analyzed in three dimensions.

Fig. 5-9 shows the profile of peak horizontal accelerations along
the contact between the core and the downstream shell and along the
downstream slope of the maximum section. It can be seen that along the
core-~shell contact the peak acceleration decreases from 0.09 g to 0.06 ¢
at an elevation of 350 feet and increases to 0.18 g at the orest. The
variation of peak accelerations along the surface of the downstream
slope is more erratic, There is some similarity between these accelera-
tion profiles and the corresponding profiles in Fig. 4-14, However,
comparison of Fig. 5-9 with Fig. 4-24 indicates that the peak accelera-
tions computed from a plane strain analysis of the maximum section are
not in good agreement with the values computed from a 3-D analysis of

the dam with valley wall slopes of 1:1.

The distribution of peak values of t&y computed from a plane strain
analysis of the maximum section for the Oroville earthquake is shown in
Fig. 5-16. As in the case of the Reanalysis earthquake a considerable
reduction in stresses due to the presence of the core block is noticed
at the base of the section. Comparison of these stresses with the

corresponding t&y Stresses obtained from the 3-D analyses of the two
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q tudi . . . ]
ams studied is shown by computing the ratio t}yau/t&y3n Contours of
equal values of this ratio are shown in Figs. 5-11(a) and 5-11(b) for
the Oroville Dam and the dam with valley wall slopes of 1:1 respec-

tively.

/tkyBD

quite erratic. However, the stresses computed from the plane strain

The distribution of the ratio t& shown in Fig. 5-11(a) is

y2D
analysis of the maximum section are within 20% of the stresses computed

from a three-dimensional analysis of Oroville Dam.

For the dam with valley wall slopes of 1:1 the ratio t}yZD/t}y3D
increases from a value of 0.5 near the crest to a value of about 1.0 at
midheight and to a value of 4,0 near the base, As for +the Reanalysis
earthquake, the contours of this ratio are close to horizontal. This
distribution of the ratio between 2-D and 3-D stresses reflects the con-

straining effects on the dam of the narrow triangular shape of the

canyon.

On the basis of the above results, it can be concluded that for low
amplitude motions a 2-D analysis of the maximum section of a dam with
the characteristics of Oroville Dam yields shear stresses within 20% of
those computed from a 3-D analysis. However, for a dam with steeper
canyon walls large differences will exist between the stresses computed

from 2-D analysis of the main section and 3-D analysis of the dam.
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5.2.4 Dynamic Response of Quarter Secticn to the Reanalysis Earthquake

It is common practice in the dynamic analysis of earth dams in tri-
angular canyons to study, in addition to the main section, the response
of other sections using plane strain analysis procedures. In order to
investigate the validity of this method and to further study the effects
of three-dimensional behavior, plane strain analyses of the gquarter sec-
tion of the Oroville Dam and of the dam with valley wall slopes of 1:1
have been performed, and the results have been compared with the results
from 3-D analyses of these dams. Results for the Reznalysis earthquake
are presented in this subsection and those for the Oroville earthquake

are presented in the next subsection.

The acceleration time history at the crest of the quarter section
has been compared in Fig. 5-12(a) with that cobtained from a 3-D analysis
of Oroville Dam. It can be observed that there 1s considerable similar-
ity between the two time histories. The analogous comparison for the
dam with valley wall slopes of 1:1 is less favorable as shown in Fig.

5-12(b).

The top part of Fig. 5-13 shows the variation of peak acceleration
along the contact core-shell and along the downstream slope computed
from the plane strain analysis of the quarter section. The continuous
trace shows a decrease in peak acceleration from 0.6 g at the base to
0.45 g at a point 75 ft above the base and an increase to 0.85 g at the
crest. These profiles resemble those computed from the plane strain
analysis of the maximum section (see Fig. 5-5) the shape of which is due
tc the amplification and filtering phenomena previously described. The

bottom part of the figure shows the corresponding profiles computed from
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the three-dimensional analyses of the two dams treated in this study. A
comparison between acceleration profiles for the Oroville Dam shows good
agreement in pattern and amplitudes of acceleration, However, the lev-
els of acceleration obtained from the 3-D analysis of the dam with val-
ley wall slopes of 1:1 are lower than those computed from a plane strain

analysis of the quarter section.

The distributicn of peak values of the t&y stresses within the
quarter section is shown in Fig. 5-14. As before, an increase in stress
with depth and proximity to the center of the section is noticed. The
lower shear moduli for the core materials cause the shear stresses in
the core to be lower than those in the shell. Higher stresses in the
downstream shell than in the upstream shell are obtained for the same

reason.

In order to compare the stresses computed from the plane strain
analysis of the quarter section with those computed from a 3-D analysis
of the dams, the ratio tEyZD/tky3D Has been computed. Fig. 5-15(a)
shows the distributicon of this ratio for the quarter section of Orovilie
Dam. It can be seen that the stresses computed from a plane strain
analysis of the section are on the average 20% higher than those com-
puted with a 3-D model of the dam. Near the rigid boundary they are
only higher by about 10%, The contours of equal values of the same
ratio for the quarter section of the dam with valley wall slopes of 1:1
are shown in Fig. 5-15(b). It can be seen that for this dam the t}y
stresses obtained from a 2-D analysis of the quarter section are sub-

stantially higher than those computed with a 3-D model of the dam.

Except for a small zone near the base of the dam the differences are
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larger than 40% and they get to be as high as 100% near the crest of the

section.

It was shown in Chapter 4 by the results from the 3-D analysis of
the dam with valley wall slopes of 1:1 that the t}y stresses are not a
dominant component of the stress tensor and that significant horizontal
shear Stresses exist on the vertical plane at the quarter section of the
dam. In particular, the ratio t&y/tﬁax which -has been adopted as a
measure of the degree to which the t}y stresses determine material
behavicr, is well below 1.0 for this section. 1In spite of this fact,
other comparisons different than the one given by the ratic t}yED/t§y3D

have not been performed since it is not well known what their meaning

would be.

On the basis of the results presented and in 1light of the above
discussion, it <can be concluded that for strong motions, a two-
dimensional analysis of the quarter section yields stresses within 20%
of those computed from a 3-D analysis of dams with similar characteris-
tics to Oroville Dam. However, for dams with steeper valley wall slopes
a plane strain analysis of the gquarter section yields a response that
differs significantly from that computed from =a three-dimensional

analysis.

5.2.5 Dynamic Response of Quarter Section to the Oroville Earthquake

The results from the plane strain analysis of the quarter section
for the Oroville earthguake and 2 comparison with the results computed
for the same section from 3-D analyses of the Oroville Dam and of the

dam with valley wall slopes of 1:1 are presented in this subsection.
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The acceleration time history at the crest computed with the 2-D
analysis of the quarter section showed poor agreement with the time his-
tories computed from a 3-D analysis of the dams. The top part of Fig.
5-16 shows the profile of peak horizontal accelerations along the core-
shell contact and along the downstream slope of the section. The com-
puted peak horizontal acceleration at the crest is 0.24 g. The bottom
of the figure shows analogous profiles computed from the 3-D analysis of
the two dams studied. The acceleration profiles for Oroville Dam shown
in Fig. 5-16 show very irregular patterns. Overall it can be observed
that for the Oroville earthquake a plane strain analysis of the quarter
section does not give a good estimate of the peak accelerations computed
with 3-D models of Oroville Dam and the dam with valley wall slopes of

1:1.

The distribution of peak values of the t}y Stresses computed from a
plane strain analysis of the quarter section is shown in Fig. 5-17. The
magnitude of these stresses is on the average 6 or 7 times lower than
the magnitude of the stresses computed for the Reanalysis earthquake.
The contours of equal values of the ratio t}y2D/t%y3D are shown in Figs,
5~-18(a) and 5-18(b) for the quarter section of Oroville Dam and the dam
with valley wall slopes of 1:1 respectively. As in the case of the
Reanalysis earthquake a 2-D analysis of the quarter section of Oroville
Dam gives t}y stresses which are on the average 20% higher than those
computed from a 3-D analysis of the dam. Very small differences are
observed near the base of the section. For the dam with valley wall
slopes of 1:1 the differences between stresses are on the order of 30%.

It is interesting tc note that much larger differences were observed in

similar comparisons for the Reanalysis earthquake. The distribution of



Y-ft,
400

Core - shell
contact
Downstreom
200t ‘-./ slope
‘o
p— —-..‘:»
0 4 Tl S N
0 0.1 0.2 Apgx- 9
(o) Plane strain onalysis of quarter section
Y1) orovilte Dam Y1} bam with valley slopes of I:I
400}~ 400
- "
200 200t
- -"~:* o
0 TPt Cteial M Lo o | -

(b) Three dimensional onalysis

Fig. 5-16 Peak Horizontal Accelerations Computed at Quarter Section for the Oroville Earthquake.

<9T



D /\ N

Fig. 5-17 Distribution of Peak Shear Stress txy in Tsf Computed from Plane
Strain Analysis of Quarter Section for the Oroville Earthquake.

991



(T;cy) Plane Strain

Fig. 5-1Ba Distribution of the Ratio tkyED/t}yBD Computed for the Quarter
Section of Oroville Dam - Oroville Earthquake.

(Txy) Plane Stroin
(T,(y) 3-D

- |.4\

Fig. 5-18b Distribution of the Ratio 'b'xy2D/'txyBD Computed for the Quarter
Section of Dam with Valley Slopes of 1:1 - Oroville Earthquake.

LoT



168

t&yzn/tky3n' shown in Fig. 5-18(b), does not show any regular pattern
and there is a small zeone in which this ratio gets to be on the order of

1.6.

On the basis of the preceding results it can be concluded that a
plane strain analysls of the quarter section of a dam with similar
characteristics to Oroville Dam yields horizontal shear stresses which
are up to 20% higher than the stresses computed from a 3-D analysis of
the dam. For dams in canyons with steeper walls the differences in
stresses will be larger and will depend on the geometry of the canyon.
Accelerations are more sensitive than stresses to the higher modes ofr
vibration of the dams studied and therefore a plane strain analysis of
the qQuarter section does not yield values which are in good agreement

with those computed from three-dimensional analyses of the dams.

5.3 Evaluation of Two-Dimensional Analyses Using Modified Soil Stiff-

ness Characteristics

5.3.1 General Consideraticns

The three-dimensional dynamic response of earth dams has been stu-
died in previous sections of this Chapter and in Chapter 4. The most
important effect of 3-D behavior has been shown to be a stiffening of
the dam due to the restraint imposed by the canyon geometry. Other
important effects are thg reduction in shear stresses near the becttom of
the canyon, the overall change in stress distribution, and the existence

of significant horizontal shear stresses on vertical planes.
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As shown in Chapter 2 there exists some similarity between the
first natural three-dimensional mode shape of vibration of a dam in a
triangular canyon and the first natural 2-D mode shape of the maximum
section of the dam.  Assuming that the response of the dam to ground
motions depends mainly on the first natural mode of vibration it is rea-
sonable to think that the response of the dam can be simulated approxi-
mately by a 2-D model of the dam that has the same predominant period of

vibration as the 3-D model of the dam.

The above assumption is the basis of the approximate procedure used
to account for the 3-D behavior of Oroville Dam during the re-evaluation
of its stability for a 6.5 magnitude earthquake (DWR, 1979; Banerjee et
al., 1679). A plane strain analysis of the maximum section of the dam
with a K max value of 350 for the shell materials, was one of the
methods used to compute the dynamic response of the dam to the

Reanalysis earthquake. Although as shown in Chapter 3 the in-situ K_max

2
value for the shell materials is approximately 170, the above value gave
the correct natural period of the dam with a 2-D analysis of the maximum
section for the Oroville earthquake (see Fig. 3-7) and therefore it was
considered reasonable to assume, in accordance with the above discus-
sion, that it would give the correct dynamic response of the dam for the
design earthquake. It was assumed that the correct accelerations and
strains would be obtained but that due to the fact that the moduli in
the finite element mecdel were twice as high as the in-situ moduli for
the dam, the stresses would be over-predicted by a factor of two. For

this reason half of the computed stresses were used in the assessment of

the deformations and stability of the dam.



The above procedure would be a means of simplifying the dynamic
analysis of three-dimensional earth dams and therefore it seems desir-
able to investigate its validity. For this reason 2-D analyses of the
main section of Croville Dam, using a szax value of 350 for the shell
materials, have been performed for the Oroville and Reanalysis earth-
quakes and the results have been compared with the results obtained from

three-dimensional analyses of the dam for the same earthquakes.

5.3.2 Plane Strain Apalysis of the Maximum Section with K,max=350 for

the Oroville Earthquake.

The results from the plane strain analysis of the maximum section
of Oroville Dam for the Croville earthquake, using a szax value of 350
for the shell materials, are presented in this subsection. Additionally
these results are compared with those obtained from a three-dimensional

analysis of the dam.

The natural period of the maximum section with K_max=350 computed

2
from a plane strain analysis for the Oroville earthquake is 0.73
seconds. This value is 9% lower than the expected value of 0.8 seconds.
However, the difference 1is sufficiently small to have no significant
effects on the dynamic response. It is of interest to examine the time
history of horizontal acceleration computed at the crest of the maximum
section. It can be seen from Fig. 5-19 that this time history displays
approximately the natural period of vibration of the section (0.73
seconds). The lower part of Fig. 5-19 shows the acceleration time his-

tery at the crest computed from a three-dimensional analysis of the dam

for the same earthquake. An easier comparison between the computed



171

-G

2.2e [ NODAL POINT 72

ACCELERAT [ON
L.*]
[--3
5]
e
e

=
i ——
c:::;E;::::>
ez”:35>
—+—
=]
=
Sa
BN
2,
2,
»
>
[y
M
iL
b

-.28 =~

-.30 A kR 1 H il h

2.0¢ g.09 4.00 6.2 8.a8 ig.2¢ 12.9@ i4.0C
TIME - SECONTS

(a) Plane strain analysis of maximum section with K2m3x=350

e.2e — NODAL POINT 2080

G
<
®
T
p——
=
T
o

ACCELERATION
' = b
: ]
| —

-.28
3e i . ] - i L
é.00 2.e9 4.8¢ €.22 g.ge 18.08 12.02 14.32
TIME - SECONDS
(b) Three~dimensional analysis
Fig. 5-19 Crest Acceleration Time Histories Computed from Ana-

lyses of Oroville Dam for the Oroville Earthquake.



172

response at the crest of the two models can be made in terms of the
acceleration response spectra for the above time histories, These
acceleration spectra are shown in Fig. 5-20 from which it can be seen
that a significant difference exists at a period value of 0.15 seconds.

However, at other frequencies, the spectra are quite similar.

Fig. 5-21 shows the variation of peak horizontal accelerations
along the contact between the core and the downstream shell and along
the downstream slope of the section. The peak acceleration at the crest
is about 0.25 g. It is of interest to compare these profiles of peak
acceleration with those computed from a 3-D analysis of the dam (see
Fig. &=14). Little agreement, especially on the downstream slope, is

observed between the results of the two analyses.

The distribution of peak values of the t}y stresses computed for
the section is shown in Fig. 5-22(a). A general increase in stress
level with depth and with proximity to the core is observed. However,
at the base of the section, there is a decrease in stress in the vicin-
ity of the core block due to the presence of this rigid member. The
contours of stress bend sharply at the contacts between the core and the
shells due to the much lower shear moduli of the core materials
(G/Su=2200). Fig. 5-22(b) shows the contours of equal values of the
ratio t}y2D/t§y3D' If the assumptions on which the previously proposed
method of accounting for 3-D behavior were completely valid, with the
exception of the core, this ratio should have a value of about 2.0
throughout the section. It can be seen that values clese to 2.0 are

obtained in the upstream shell except near the base of the section.

However, 1in the downstream shell this ratio is significantly lower than
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2.0. The low values obtained in the core (about 1.0) are due to the
fact that the shear moduli for the core materials are approximately the

same in the twc analyses compared (G/Su=2200).

From the above results it can be concluded that the assumptions on
which the method is based are not quite correct and therefore the
stresses in the main secticn can only be predicted within 25%., It fol-
lows that the fact that a plane strain analysis of the maximum section

with k.max=350 gives the correct natural period of vibration for Oro-

2

ville Dam does not imply that other response parameters are correctly

predicted.

5.3.3 Plane Strain Analysis of the Maximum Section with K max=350 for

the Reanalysis Earthquake.

As mentioned before an attempt to account for the 3-D behavior of
Oroville Dam was made by Banerjee et al.(1979) and by the Department of
Water Resources during the analysis of the dam for the design earthquake
motions. It was assumed that if a plane strain analysis using a Qalue
of szax=350 for the shell materials gave the correct natural period of
the embankment for the Oroville earthquake the same analysis should give
the correct dynamic response for the Reanalysis earthguake. Ihe results

from a plane strain analysis of the dam using a K. max value of 350 for

2

this last earthquake are presented in this section.

Following this approach, the computed period of this 2-D model of
the dam for the level of strain induced by the Reanalysis earthquake is
1.05 seconds. This value is 25% lower than the value computed with a

3-0 model of the dam for the same earthquake. The above difference is



N

somewhat larger than that computed in the analogous case for the Oro-
ville earthquake. This observation indicates that there is a moderate
non-linear effect caused by the difference in level of shaking between

the two earthquakes.

The acceleratiqn time history computed at the crest of the section
is shown in the upper part of Fig. 5-23. The bottom part of this figure
shows the time history computed using a 3-D model of the dam. Even
though the time histories present some common features the overall
agreement is not very good. Better results were obtained {from a 2-D
analysis of the dam using the in-situ material properties as shown in
Fig. 5-4(a). Some high frequency (5 Hz) low amplitude oscillaticns are
present in the time history computed from the 2-D analysis with
K.max=350 which are the result of defective interpoclation on the amplif-

2

ication function for the crest.

The variation of peak horizontal accelerations along the contact
between the core and the downstream shell and along the downstream slope
of the section are shown in Fig. 5-24. At the core-shell contact the
peak acceleration decreases from 0.6 g to 0.4 g at elevation of 200 feet
and increases gradually to 1.05 g at the crest. A comparison of +this
figure with Fig. U4-7 shows that this 2-D model gives accelerations about
40% higher than the 3-D model through considerable portions of the

core=shell contact and of the downstream slope of the dam.

The distribution of t}y stresses computed from the plane strain
analysis of the maximum section with K2m3x=350 is shown in Fig. 5-
25(a). A comparison of these stresses with those computed with a 3-D

model of the Oroville Dam has been performed by computing the ratio
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t&yZD/t}y3D' Fig. 5-25(b) shows the contours of equal values of this
ratio for the main section of the dam. It can be seen that except for
small zones adjacent to the core and near the base of the section,
values of this ratio are lower than 2.0 throughout the maximum section.
They decrease from a value of 2.25 in a zone near the base and adjacent
to the core block to a value of 1.25 in the upper fourth of the section.
In large portions of the upstream shell an average value of 1.5 pre-
vails, Values of about 1.0 are obtained in the core dus to the fact

that the same G/Su ratio was used in both the 2-D and 3-D analyses of

the dam.

In view of the above results it can be concluded that the assump-
tions on which the proposed approximate method to take 3-D behavior into
account is based, are not entirely valid. The nature of the 3-D mode
shapes of vibration of the dam is completely different than that of the
mode shapes for the 2-D model of the dam. In particular, the 2-D model
cannot simulate the constraining effects of the vertex of the canyon.
Additionally, a significant contribution of the higher modes of vibra-

tion and some non-linear effects seem to exist.

5.4. Conclusions

An attempt to show the effects of three-dimensional behavior on the
dynamic response of earth dams, to establish criteria for the use of
two-dimensional or three-dimensional analysis to compute the dynamic
response of earth dams, and to evaluate the capability of two-
dimensional analysis procedures to predict the three-dimensional

response of earth dams has been made.
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It was found that a plane strain analysis of the maximum section of
Oroville Dam gave values for ithe shear stresses that were within 20% of
those computed from a three-dimensional analysis of the dam. Slight
effects of canyon geometry were cobserved, particularly near the vertex
of the canyon. Accelerations were found to be more sensitive to the
boundary conditions and therefore less accurately computed from a two-
dimensional analysis than stresses. 3Similar conclusions were made in

regard to the plane strain analysis of the quarter section of the dam.

For dams in steeper canyons than that of Oroville Dam the results
seem to 1indicate that plane strain analyses of the maximum section and
the quarter section of the dam cannot simulate correctly the behavior of

the embankment.

In all cases the effects of the nature of the input motions were

found to be considerably smaller than the effects of canyon gecmetry.

Finally, it was found that a plane strain analysis with modified
shear moduli did not approximate the dynamic response of a three-
dimensional earth dam any better than a conventional two-dimensional

analysis.
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CHAPTER 6

MESH SIZE REQUIREMENTS FOR THREE DIMENSIONAL ANALYSIS

6.1 Introguction

The use of the finite element method for the dynamic response
analysis of an earth dam requires the discretization of the structure by
subdivision into a particular number of elements of finite size. This
representation of a continuous system with a2 finite number cof degrees of
freedom intreduces some approximation in the computed response. The
accuracy of the éolution depends on the number and the Ltype of degrees
of freedom selected to represent the structure, and in general it
increases as the degree of discretization beccmes finer. FHowever, the
computational and engineering efforts required to carry out the analysis
also increase as the number of degrees of freedom used to represent the
structure increases. Therefore, the selection of the finite element
model to be wused in the dynamic response analysis of an embankment
requires a trade-off between the degree of accuracy obtained in the
solution and the cost of the analysis. Accordingly it is desirable to
investigate the degree of discretization required to achieve an accept-

able level of accuracy.

Elaborate mathematical anzlyses have been carried out to determine
the order of convergence and error bounds applicable tc the finite ele-
ment analysis of a variety of problems (Johnsen and Mclay, 1668; Strang
and Fix, 1973). The order of convergence of the finite slement method
depends on the type of function used for interpolation of the solution.

For plane static elasticity problems, where linear interpolation is used
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on the displacement field, the order of convergence is proportional to
the square of the element size {(Zienkiewicz, 1977). However, in the
case of the dynamic analysis of earth dams, mathematical determination

of the accuracy of a solution would be extremely difficult.

Two criteria are usually used to determine an appropriate mesh size
for the 2~D dynamic finite element analysis of soil structures. The
first criterion requires that the element size be sufficiently small
that a good approximation of the predeminant mode shapes of vibration of
the system can be obtained. The second criterion requires that the ele-
ment size should not be larger than a certain fraction (generally 1/5)
of the shortest wavelengths to be transmitted through the finite element
mesh (Lysmer, 1974). In the case of the 3-D analysis of earth dams the
same criteria should be applicable to the determination of a suitable
element size in the direction of the dam axis. However, few 3-D ana-
lyses of earth dams have been carried out and little is known about the
predominant mode shapes of vibration of three-dimensional earth dams or

the cut-off frequencies to be used in their analysis.

The purpose of this chapter is to present the results of 3-D ana-
lyses of the Croville Dam and the dam with valley wall slopes of 1:1 for
the Oroville Dam Reanalysis earthquake using a finite element mesh witﬁ
fewer elements in the direction of the dam axis than the mesh used for
the analyses described in Chapter 4. Comparison of the results
presented in this chapter with those presented in Chapter 4 will enable
conclusions to be drawn concerning: a) the accuracy of the results
obtained with the two finite element meshes and b) the appropriate

number of elements to use in the direction of the dam axis in order to
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obtain a good representation of the predominant modes of vibration of

the structure.

6.2 Finite Element Model

The most straightfoward method of determining the accuracy of the
results obtained from the dynamic response analysis of an earth dam
using a particular finite element model is to compare these results with
those obtained from a similar analysis using a finite element model with
a different degree of discretization. This comparison will also serve
to define the c¢riterion for selecting the degree of discretization of a
model in order to obtain a particular level of accuracy in the computed
response of a structure. In the case of earth dams it will help to
illustrate the level of refinement needed in a finite element model in
order to correctly represent the vibration characteristics of an embank-

ment.

The above mentioned approach was used to evaluate the accuracy of
the results, presented in Chapter 4, obtained from the three-dimensional
analyses of Oroville Dam and the dam with valley wall slopes of 1:1,
The finite element model used in these computations was shown in Fig.
3-12 and from now on it will be referred to as the refined model. By
evaluating the accuracy of the results obtained with this model it was
possible to determine whether the finite element discretization used in
the direction of the longitudinal axis was appropriate for the correct
representation of the natural transverse modes of vibration of the

embankments.
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The three-dimensional dynamic analysis of the Oroville Dam and the
dam with valley wall slopes of 1:1 for the Reanalysis earthquake was
repeated using the finite element model shown in Fig. 6-1 which from now
on will be referred to as the coarse model. Since the geometries of
these two dams differ only on the slopes of the <¢anhyon walls, their
corresponding models differ only in the element size in the cross-valley

direction.

Except for the number of elements in the direction of the longitu-
dinal axis of the dam the coarse model shown in Fig. 6-1 is the same as
the refined model shown in Fig. 3-12. Thus, only the degree of discret-
ization in the cross~valley direction has been changed and therefore,
only the effects of varying the element size in this direction on the
accuracy of the results can be studied. However, the degree of discret-
ization in the other two directions (x . and y), that is the mesh size in
the plane of the transverse sections of the dams, has been chosen so
that an appropriate representation of the cross sections of the predom-
inant modes of vibration of the structures is obtained. Therefore, the
degree of discretization in these directions is adequate for obtaining a

degree of accuracy satisfactory for engineering purposes.

The material properties, static stress distribution and ofther
characteristics of the analyses presented herein are the same as those

for the analyses presented in Chapter 4.

Comparison between the results obtained with the two finite element
models of the Oroville Dam and the dam with valley wall slopes of 1:1
will be done in terms of horizontal accelerations and shear stresses on

horizontal planes in the upstream-downstream direction. The comparison
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between accelerations at analogous points in the two models is straight-
forward. On the other hand, since the stresses are computed at the cen-
troid points of the elements they are not available at the same points
for the two models. Fortunately, as can be seen from a comparison
between Figs. 6-1 and 3-12, the points at which shear stresses will be
computed lie on planes of the models that are sufficiently close to each

other, to permit a direct comparison between sitress values to be made.

6.3 Analysis of Oroville Dam for the Reanalysis Earthquake

The results from the analysis of Oroville Dam for the Reanalysis
earthquake using the coarse model shown in Fig. 6-1, are presented in
this section and are compared with those obtained from a similar

analysis using the refined model shown in Fig. 3-12.

The computed acceleration amplification function at the crest mid-
pocint of the dam is shown with a continuous trace in Fig. 6-2. It can
be seen that for the level of strain induced by the Reanalysis earth-
quake a predominant frequency of 0.71 Hz is obtained with the coarse
model of the dam. This frequency corresponds to a natural period of
vibration of 1.41 seconds. Also shown in the same figure with a dashed
line is the amplification function at the same point computed with the
refined model of the dam, Agreement between the two curves is very
good. Both models of the dam give the exact same fundamental natural
period of the dam. Since the level of strain induced by the input
motions in the two analyses is approximately the same, this agreement
indicates that the two models give a good representation of the first

mode of vibration of the dam and that the accuracy of the computed
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period is excellent. A lower degree of agreement is observed at the
higher frequencies indicating a lower capability of the coarse model to
fit the higher mode shapes of vibration of the dam. However, the
discrepancies are moderate and will not have a large influence on the
results since the contribution of these modes to the response of the dam
is small. That this is so, can be verified from a comparison between

other response parameters like accelerations and stresses.

Fig. 6-3 shows the time histories of horizontal acceleration com-
puted at the nodal points shown in Fig. 6-1 which correspond to the same
nodal points of the refined model of the dam for which time histories
were computed in Chapter 4 (see Fig. U4-4). The progressive amplifica-
tion of low frequency motions and filtering of high frequency meticons
with 1increasing elevation, previously observed in Fig. #-5, is again
observed in this case. A better comparison beiween acceleration time
histories at the crest midpeint of the two models is shown in Fig. 6-4.
The good agreement between these two time histories is noteworthy and
corroborates the fact previously stated about the relative contribution
of the different mode shapes of vibration of the dam. The ¢oarse model
of the dam yields a peak acceleration at the crest 9.5% lower than that

computed with the refined model of the dam.

The variations of peak horizontal accelerations along the contact
between the core and the downstream shell, along the downstream slope
and along the crest of the dam, computed using the coarse model shown in
Fig. 6-1 are shown 1in Fig. 6-5. Good agreement is observed between
these profiles of peak accelerations and the profiles shown in Fig. 4-7

except for those corresponding to the crest. Along the crest of the dam



NDDAL POINT

b
o
«

5 ! ®
o
=

B |7

e LA

N mA

iR

185

ub

ACCELERATION - G
& w
[+ W
™o <
b

w
&
L)

R

. .
w m
~ [S]
YT
<

w‘f{\
YU

-1.22 1 1 1 1 1 ) . i
2.9e 2.9e 4.00 €.00 8.0 i@.90 12.00 14,020 16.8¢ 18,08 2e.ee
TIME - SECONDS
2.5@
© @.6¢ ~ NDOAL POINT 167
g o /\ /\
- A \
= . WANANAW! AW
[+ g.ec - 1 4 — — e Y ‘i 'ﬁf
£ ! \.\ ],/jﬂ\jr"\] \/\,\T\]\f\j VAR
E ! \ \N/ V
< -.38 —
| \
i
- .BR - Y] !
|
-.8e ! : 1 . L L L ! 4 d
@.9¢ 2.@d 4.2 6.82 B.22 12,23 12.e2 14.82 16.e2 t6.02 20.37
TIME - SECONTS
2.69 -
. T
s RODAL PCINT iee
P 2.32 - /\\
ey t
= 0.00 | /\ f\w o P AN A an D
g | T\j W ' Vo YN VT
[T
o -.32 =
b |
..e2 i { L ! L ! L
Q.00 2.98 4.00 6.8¢ 8.0 ie.ae 12.8Q 14.@2 16.02 18.@0 2a.ee
TIME - SECONDC
2.82
: |
' NCCAL POINT 172
=
g
=
«f
&
&
-
(=3
-
2.20 2.82 4.0 6.80 §.0¢ 1e.2e 12.02 14.30 16.,08@ 8.2 22.0a
TIME - SECDNWTS
Fig. 6-3 Acceleration Time Histories for Points Along Core-

shell Contact of Oroville Dam (Coarse Model).

191



192

.99 - MOCAL POINT 165

G
]
o
&

T

ACCELERATION
[~
3
f
D
[——
T
=
N
-
=
>
—
T
[~
E——
B ey
=

v'sa_
.98 =
Zi.o0 | ] ! ! 1 ! | 1 L -
2.0 2.a0 4.a¢ 6.82 8.2 1@.9¢ 12.82 14.29 1e.ee 18.0¢ 201,03
TIME - SECONDS
(a) Coarse model
1.20
g.8¢ - NOOAL POINT 298¢
@ 8.6¢ - \
' 1
: | f f
- [k .
b i/ Vi
: o-02 m\ H f\ Vpkf\ T - T%gk = f%;%
o 4 i : '
ARSI A
-.80 ~ l V U \'/\ N Y
8¢ ~
-,9¢ —
-1.00 | L 1 i | 1 1 |
g.o2 z.90e 4.2¢ £.2¢ 8.20 19,00 12. 8¢ 14,00 16.8¢ 18.0¢ 2.0
TIME - SECDONDS
(b) Refined model
Fig. 6-4 Crest Acceleration Time Histories Computed from 3-D

Analyses of Oroville Dam for the Reanalysis Earth-

quake.



Fig. 6-5

y-ft 4
00"
400}
y! 200k
> !
O [ |

1 £ L
O 04 08 12 Apgd
(a) Profiles along core-shetl contact and along downstream slope

JMmox“g
1.2
{0.4
-t oo oy ) | O
z-ft 2000 000 0

(b) Profile along crest

Peak Horizontal Accelerations Computed From 3-D Analysis of Oroville Dam for
Reanalysis Earthquake (Coarse Model).

the

€67



19k

the coarse modél does not give a distribution oé peak accelerations that
matches the sharp variations observed in the peak accelerations computed
with the refined model of the dam. However, on the average the degree
of agreement is good. Along the core~shell contact and along the down-
stream slope of the dam, the coarse model of <the dam predicts peak
accelerations within 10% of those computed with the fine mesh of the

dam.

The distribution of peak shear stresses on horizontal planes com-
puted with the coarse mcdel of the dam is shown in Fig. 6-6. This dis-
tribution of peak tky stresses is generally similar to that computed
with the refined model 6f the dam (see Fig. 4-11). In order to facili-
tate the comparison between the stresses computed from these two ana-
lyses, the ratio between the peak horizontal shear stresses obtained
with the coarse mesh and the peak horizontal shear stresses obtained

has been computed for four sections of

with the fine mesh, t /

XyCM t}yFM’

the dam. Contours of equal values of this ratio are shown in Fig. 6-7
from which it can be seen that the t}y stresses computed with the coarse
model are within 10% of those computed with the refined model of the

dam.

On the basis of the preceding results it can be conecluded that for
ﬁhe strong shaking induced by the Reanalysis earthquake, the model of
Oroville Dam shown in Fig. 6-1 yields parameters of response that are
within 10% of those computed with the model shown in Fig. 3-12. Thus,
the former model is able to appropriately represent the modes of vibra-
tion of the dam predominant during strong shaking and can be satisfac-

torily used to computed the response of the dam in these cases.
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Additiconally it can be concluded that the accuracy of the results

obtained with the refined model ¢f the dam is very good.

6.4 Analysis of Dam With Valley Wall Slopes of 1:1 for the Reanalysis

Earthquake

The results from the dynamic analysis of the dam with valley wall
slopes of 1:1 for the Reanalysis earthquake using the coarse model shown
in Fig. 6-1, and a comparison of these results with the results obtained

using the refined model of the dam will be presented in this section.

The acceleration amplification function at the c¢rest midpoint of
the dam computed from the analysis with the coarse mesh of the dam is
shown with a solid line in Fig. 6.8. Also shown in this figure with a
dashed 1line 1is the amplification function for the same point computed
with the fine mesh of the dam. It is apparent that the degree of agree-
ment between the two curves is quite good. The fundamental natural fre-
quency computed with the coarse model of the dam is about 0,90 Hz which
corresponds to natural a period of vibration of 1.10 seconds. This
value is slightly higher (2%) than the value computed with the refined
model of the dam (1.08 seconds). The degree of agreement between the
peak amplitudes of the amplification functions is also very good (2.5%
difference). As in the case of Oroville Dam a moderate discrepancy
between the two curves is observed at higher fregquencies. However, the
effects of those differences on the computed parameters of response are
very small as will be shown by the subsequent comparisons between

accelerations and stresses.
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Acceleration time histories were computed for the nodal points
along the contact between the core and the downstream shell shown in
Fig. 6-1. These time histories are shown in Fig. 6-G. Very high
accelerations at the crest of the dam are observed. A comparison with
Fig. H4-17 indicates very gocd agreement between time histories of
acceleration computed with the two models of the dam. A specific exam-
ple of this comparison is shown in Fig. 6-10. The top part of this fig-
ure shows <the crest acceleration time history computed with the ccarse
model of the dam and the bottom part shocws the time history computed
with the refined model of the dam, The agreement between the two curves

in noteworthy,

The variation of peak horizontal acceleration, computed with the
coarse model, along the contact between the core and the downstream
shell, along the downstream slope and along the crest of the dam, is
shown in Fig. 6-11. The peak acceleration computed with the coarse
model at the crest of the dam was 1.36 g, a value which is 2% lower than
that computed with the refined model of the dam. In fact, comparison of
the profiles shown in Fig. 6-11 with those shown in Fig. 4-18 indicates
that the peak accelerations computed with the coarse model at several
points of the dam are in very good agreement with those computed with
the refined model of the dam. Thus, it can be concluded that a finite
element model with the degree of discretization corresponding to the
model of Fig. 6-1 can be used to compute the acceleration response of
three=dimensional dams with a sufficient degree of accuracy for practi-

cal purposes.

The distribution of peak horizontal shear stresses, t}y' at U
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sections of the dam computed using the coarse model of Fig. 6-1 is shown
in Fig. 6-12. The contours shown in this figure reflect the strong
influence of the canyon geometiry on the dynamic behavior of the dam and
are similar to.those shown in Fig. 4-19. The ratio between the horizon-
tal shear stresses computed with the coarse mesh and those computed with

the fine mesh of the dam, t /

Xy CM t&yFM’ has been computed for points on

the four sections previcusly shown. Contours of equal values of this
ratio are shown in Fig, 6-13 from which it can be seen that this ratic
varies, throughout most of the dam, between values of 0.9 and 1.1. That
is, the stresses computed with the coarse model shown in Fig. 6-1 are
within 10% of the stresses computed with the refined model of the dam

shown in Fig. 3-12.

On the basis of the results previously shown in this section, it
can be concluded that the accuracy of the response parameters obtained
from the dynamic analysis of the dam with valley wall slopes of 1:1 for
the Reanalysis earthquake using the refined model ¢f the dam is excel-
lent. Additionally, it can be concluded that the finite element model
shown in Fig. 6-1 can be used to compute the dynamic response of dams
in steep canyons subjected to strong shaking with a degree of accuracy

satisfactory for engineering purposes.

6.5 Conclusions

A qualitative evaluation of the degree of accuracy of the response
computed from the three-dimensional analyses of the Oroville Dam and the
dam with valley wall slopes of 1:1 has been presented. Additionally, an

attempt to empirically determine the degree of discretization necessary
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in a 3-D finite element model to obtain the dynamic response of earth
dams with a satisfactory degree of accuracy for engineering purposes has
been made. Specifically, the degree of discretization in the cross-

valley directicn has been studied.

The three-dimensional dynamic analyses of the Oroville dam and the
dam with wvalley wall slopes of 1:1 for the Reanalysis earthquake were
repeated using a finite element mesh with fewer elements in the cross-
valley direction than the mesh wused for the analyses presented in
Chapter 4. Comparisons between the results of these four analyses were

also included.

On the basis of the results presented and the comparisons made, it
can be concluded that a2 model with the degree of discretization of that
used in the analyses is appropriate for the computation of the dynamic
response of 3-D dams subjected to strong shaking. It appears therefore
that a finite element model with about 10 elements in the cross-valley
direction of a dam and an appropriate degree of discretization in the
other two directions, is able to represent correctly the modes of vibra-
tion predominant during strong shaking of dams in triangular canyons
with different geometries and therefore, will yield results with an

accuracy satisfactory from an engineering point of view.

In view of the fact that at lower 1levels of shaking the higher
modes of vibration of a dam may play an important role in the response,
the above conclusions may not be applicable to dynamic analyses of dams
for low amplitude input motions, In the case of the dams previously
analyzed in Chapter 4 it was shown that the effects on the response of

the nature of the input motions and the influence of the higher modes of
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vibration were small. Therefore, in these cases it would appear that
the conclusion previously stated in the above paragraph would be appli-

cable.

The small reducticn in the degree of accuracy would seem to be
acceptable for engineering studies in view of the fact that the cost of
the analyses with the coarse finite element model of Fig. 6-1 was only
about 16% of that of the analyses with the finer finite element model of

Fig. 3-12.
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CHAPTER 7

CONCLUSIONS

The most powerful tool presently available for performing a dynamic
response analysis of an earth dam iIs probably the finite element method.
Due mainly to limitations of computer storage capacity and to computa-
tional costs, only two-dimensional finite element analysis procedures
have been used until now for seismic stability analyses of earth dams.
Recent developments in computer technology however, have provided the
necessary storage and speed requirements to make the three~dimensional

analysis of embankment dams feasible.

In the preceding chapters, numerical techniques for the three-
dimensional dynamie response analysis of earth and rockfill dams have
been developed and an attempt to study the dynamic behavier of embank-
ment dams in three dimensions has been made. Existing two-dimensional
finite element programs have been modified and further developed to pro-
duce a finite element program suitable for the three-dimensional dynamic
response analysis of earth dams. This program has been used to back-
calculate the dynamiec material properties of Oroville Dam from the
recorded response of the dam to the August 1, 1975 Oroville earthquake.
An attempt to study the dynamic response characteristics of earth dams
which exhibit considerable three-dimensional behavior and to evaluate
the applicability of two-dimensional analyses to the computation of the
dynamic response of such structures, has been made. Additionally, the
effects that the degree of diseretization in the cross-valley direction
has on thé computed three-dimensional dynamic response of earth dams,

have been studied.
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The two-dimensional finite element techniques presented by Lysmer
et al., (1974, 1975) which use the concepts of a complex shear modulus,
and equivalent linear dynamic material properties and which solve the
equations of moticn in the frequency domain, were partially extended to
three dimensions by Kagawa (1977). During the course of the work
presented herein these changes were further improved so that each nodal
point in the system would have three degrees of freedom. Additional
modifications were made in the element stiffness matrix generating rou-
tines, in the equation solver, and s sophisticated interpolation scheme

was implemented.

Comparisons between the results of analyses with three degrees of
freedom per node and the results of analyses with two degrees of freedom
per node (z direction constrained) were made. A 100 feet high 1linear
elastic dam with a shear wave velocity of 500 fps and with varying crest.
length tq height ratic was used in the analyses. A close spacing
between natural frequencies of vibration was observed. Differences
between the computed natural frequencies from the two types of analyses
were on the order of 10% and differences between computed maximum dis-—
placements and stresses were as large as 50%. Additionally, the natural
mode shapes of vibraticn for the dam with a crest length to height
ratio, L/H, of 3 were computed. It was observed that: a) the abutment
ends of the dam do not seem to show appreciable displacements in the
lower modes of vibration, b) the displacements in the z direction can be
as large as those in the x direction in the lower parts of the dam and
¢) the variation of displacements in the z direction could be well fit-
ted with 5 or 6 elements. The above results and observations led to the

conclusion that the z displacements can not be neglected and have to be
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taken into account in the three-dimensional analysis of an earth dam

unless a high degree of accuracy is not required.

The thfee-dimensional finite element techniques developed were used
to compute the dynamic response of Oroville Dam to the August 1, 1975
Oroville earthquake. 1In view of the fact that the dynamie properties
for the dam materials were not available these computations served to
back-calculate such properties. On the basis of previous experimental
studies it was concluded that it was necessary to determine only the
value of szax for the shell gravels in order to completely define the
dynamic behavior of the dam materials. Therefore, three~dimensional
dynamic finite element analyses were performed for three different
values of szax, using appropriate input motions for the August 1, 1975
Oroville earthquake. The results of these computations were compared
with the response at the ‘crest of the dam recorded during the same
earthquake. Comparisons were made between acceleration time histories
and acceleration response spectra of the computed and recorded motions
at the crest of the dam. Additionally, the computed natural period of
the dam was compared to the value displayed by the recorded free vibra-
tions at the crest. On the basis of these compariscns it was concluded
that a szax value of 170 1is representative of the in-situ dynamic
characteristics of the Oroville gravels and therefore, can be used in

the dynamic response analysis ¢f the dam to earthquake motions.

In order to study the dynamic response of dams for which three-
dimensional behavior is of concern, dynamic analyses in three dimensions
of two dams were performed for two earthquake motions. The two dams

selected were the Oroville Dam, which has a c¢rest length to height
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ratio, L/H, of 7, and a fictiticus dam with the same section as Oroville
Dam &and with a crest length to height ratio, L/H, of 2. The two earth—‘
quakes for which these dams were analyzed were the Oroville Dam design
earthquake or Reanalysis earthquake and the August 1, 1975 Oroville

earthquake.

In the analysis of the two dams to the Reanalysis earthquake, vwvery
high accelerations at the crest of the embankments were observed., 1In
all cases, the computed stress time histories exhibited patterns from
which it could be conecluded that, for practical purposes, a unique
number of equivalent cycles could be taken as representative of the time

variation of stresses throughout the dam.

Canyon geometry was found to be an important factor affecting the
distribution of peak shear stresses within a dam. In the case of Oro-
ville Dam, which is representative of dams with a crest length to height
ratio, L/H, of about 7, shear stresses on the horizontal plane in the
upstream-downstream direction, t}y’ were found to be the dominant com-
ponent of the stress tensor. Thus, they were very close in magnitude to
the maximum shear stress at each point. Also, they were highest at the
maximum section and a moderate reduction in their azbsolute values was
observed near the vertex of the canyon. This effect was found to be
very pronounced in the case of a dam with a crest length to height
ratio, L/H, of 2, Additionally, shear stresses on the vertical plane in
the upstream-downstream direction, of comparable magnitude to the t&

y

stresses, were computed. As a conseguence, the ratio between peak t&y

stresses and peak maximum shear stresses had values much lower than 1.0

at most points beyond a short distance from the maximum section of the
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dam. Peak maximum shear stresses were highest near the quarter section.
On the basis of these results it could be concluded that the maximum
section of the dam might not be the most critical from a stability point
of view and that the t}y Stresses are not necessarily the parameter most

indicative of the deformational behavior of the dam materials.

After comparing the results of analyses for the two earthquakes
used it was concluded that the nature of the input motions has signifi-
cant effects on the relative importance of the higher modes of vibration

of the dam.

Plane strain analyses of the maximum section and the quarter sec-
tion of Oroville Dam were performed for the Croville and Reanalysis
earthquakes and the results of these analyses were compared with the
dynamic response computed with 2 three-~dimensional model of the dam.
Since they are also applicable to the maximum section and gquarter sec-~
tion of the dam with valley wall slopes of 1:1, the results of the two-
dimensional analyses were also compared with those obtained with a 3-D
model of this dam. These comparisons served to evaluate the applicabil-
ity of two-dimensional analysis to the computation of the dynamic

response of three-dimensionzl structures.

The plane strain analyses of the maximum section and quarter sec-
tion of Croville Dam for the Reanalysis earthquake vyielded peak
accelerations and acceleration time histories which were in excellent
agreement with those obtained from the three-dimensional analysis of the
dam. The peak shear stresses on horizontal planes, t}y.‘ computed from
the 2-D analyses were within 20% of the peak t&y stresses computed with

the 3-D model. A lower degree of agreement wWas obtained in the
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parameters of response corresponding to the Oroville earthquake due to a

greater contribution of the higher modes of vibration.

On the other hand, comparisons of the three-dimensional dynamic
response of the dam with valley wall slopes of 1:1 with the results from
the two-dimensional analyses showed that these analyses cannot simulate
correctly the dynamic behavior of embankments in narrow canycns. No
agreement was observed in the computed peak accelerations and accelera-
tion time histories, and the 2-D t}y stresses were larger than the 3-D

+xy stresses by factors as high as 4.0,

On the basis of the above results it can be c¢oncluded that the
dynamic response of earth dams in triangular canyons with crest length
to height ratiocs, L/H, greater than 7, subjected to strong motions, can
be approximated within engineering accuracy with plane strain analyses
of some sections of the dams. However, it can alsc be concluded that
two-dimensicnal analyses are not appropriate for computing the dynamic
response of dams in steeper canyons and therefore, these dams need to be
analyzed in three-dimensions with the exercise of adequate judgement in

the interpretation of the results,.

An alternative approach which consists in performing 2-D analysis
of the maximum section of a dam using material properties such that the
fundamental period of vibration of the three-dimensional model is
obtained, was also studied. However, the results obtained by means of
this procedure showed a lower degree of agreement with the three-
dimensional results than that obtained with the results from conven-
tional two-dimensional analyses. For example, for the Reanalysis earth-

quake, the computed peak shear stresses, t}y' were 20% lower on the
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average than the peak t}y stresses obtained from a three-dimensional
analysis. On the other hand, the t&y stresses computed with a plane
strain analysis using the "true" material properties, were 5% higher on

the average than the 3-D stresses.

In order to study the effects that the degree of discretization 1in
the cross-valley direction has on the computed three-dimensional
response of earth dams, the dynamic analyses of Crovillie Dam and of the
dam with valley wall slopes of 1:1 were repeated using a 3-D medel with
a smaller number of elements in the direction of the longitudinal axes
of the dams. The results of these analyses were compared with those
obtained initially with a finer degree of discretization. Very good
agreement was observed between the amplification functions and the
acceleration time histories at the crest of the dams, computed with the
two finite elemént models. Additionally, the peak accelerations and
peak shear stresses computed with the coarse finite element model of the
dams were within 10% of those computed with the refined model of the
dams. On the basis of these results, it was concluded that a finite
element model with about 10 elements in the cross-valley direction of a
dam, is appropriate for the computation of its three-dimensional dynamic
response with an accuracy satisfactory from an engineering point of
view. It was alsoc concluded that the accuracy of the results obtained

from the analyses performed with both models of the dams is very good.

The results obtained as well as some of the difficulties encoun-
tered during the c¢ourse of the investigation have served not only to
develop an improved wunderstanding o¢f the three-dimensional dynamic

response of earth dams but also to point out a few of the needs for
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future research. Most of these concern some of the assumptions ini-
tially made to develop the methods of analysis. It is evident that
there is a need for a more realistic picture of the ground motions
affecting a dam during an earthquake +than the one implicit in the
analytical model used in this work. In this regard it 1s particularly
important to determine the effects on the computed three-dimensional
response of a dam of assuming that the walls of the canyon behave &as a
rigid unit. That 1is, the effects of the differential motions in the
valley walls and of the interaction between the dam and its abutments on
the seismic response of the dam, Just as important, and perhaps more,
is the need for developing practical constitutive relationships that can
adequately simulate the three-dimensional dynamic behavior of scils. It
is necessary to determine how to relate scil deformations to a complex
stress state that varies with time. The high accelerations obtained in
some of the zanalyses previously described suggest the need to evaluate
the stability of the crest of dams under these conditions; that is, dams
subjected to strong ground motions that will induce high crest accelera-

tions.

In spite of some of the shortcomings of the method of analysis men-
tioned above, it is considered that the present study has thrown consid-
erable light on the dynamic response of earth dams in three dimensions.
In fact, the great majority of the conclusions derived from this inves-
tigation are not likely to be affected significantly by the assumptions
used in the method of analysis. Therefore, it seems worthwhile to sum-

marize the main conclusions of this work as follows:
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Numerical techniques based on state-of-the-art procedures, are now
available for the three-dimensional dynamic response analysis of

earth dams.

If the displacements in the direction of the longitudinal axis of a
dam subjected to upstream-downstream earthquake motions are
neglected, errors in the computed peak stresses in the dam can be
as large as 20% and those in the computed peak horizontal displace-

ments can be as large as 50% of the correct values.

The recorded response of the Oroville Dam to the August 1, 1975
Oroville earthquake has Dbeen simulated reasonably well using a

three-dimensional dynamic analysis of the dam.

A szax value of 170 seems to be representative of the in-situ

dynamic characteristics of the Oroville gravels.

For dams in triangular canyons with a c¢rest length to height ratio,
L/H, of about 7, the t&y stresses are a dominant component of the
stress state at each point and the three-~dimensional effects of

canyon geometry on the dynamic response of the dam are small.

For dams with a ratio L/H of about 2, the 't'xz stresses are of the
same order of magnitude as the t}y stresses and the effects of

canyon geometry on the response of the dam are very pronounced.

The dynamic response of ¢arth dams in triangular canyons with crest
length to height ratios, L/H, grater than 7 can be computed within
engineering accuracy with plane strain analyses of different sec-

tions of the dams.
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Two~-dimensional analyses cannot simulate correctly the dynamic
response of dams in steep triangular canyons (L/H < 6) and there-
fore, a three-dimensional analysis and the exercise of adequate

judgement are needed to assess the seismic response of these dams.

A plane strain analysis using modified soil stiffness characteris-
tics does not approximate the dynamic response of a three-
dimensional earth dam any better than a conventional two-

dimensional analysis.

A finite element model with about 10 elements in the cross-valley
direction 1is adequate for the computation of the three-dimensional
dynamic response of an earth dam with a degree of accuracy satis-

factory for engineering purposes.
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APPENDIX A

SHEAR WEDGE ANALYSIS OF DAMS IN TRIANGULAR CANYQONS

A-1 Equation of Motion

Formulation of the equation of motion for a symmetrical earth dam
in a triangular c¢anyon by means of a shear wedge analyzis will be
presented in this appendix. Also included is an approximate eigenvalue
soluticn of this equation for the fundamental natural frequency of

vibration of the dam.

The assumptions inherent to a shear wedge analysis of a symmetrical

earth dam are the following:

1. The canyon walls are perfectly rigid.

2. The direction of the ground motion is horizontal and parallel to
the canyon walls and there are no displacements in other direc-

tions.

3. The dam is homogenecus and the dam materials are linearly elastic,

4. Interaction between water in the reservoir and the dam is negligi-

ble.

5. Shear stresses are uniformly distributed along lines parallel +to

the canyon walls.
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6. Only shear deformations are considered.

On the basis of these assumptions a symmetrical earth‘dam in a tri-
angular canyon can be represented by the model shown in Fig. A-1. As
shown in this figure, under undamped conditions, four shear forces and
one inertia force act on each one-dimensional transverse slice of the

dam. Dynamic equilibrium of each slice requires that:

.+ F + F -F -F = 0 (A-1)
i sSy+dy sz sy sz+dz

where:
Fi = inertia force on the slice.
Fsy = shear force on the y plane.
Fsz = shear force on the z plane.
If:
U = the displacement in the x direction relative to the rigid
boundary.
Ut = the total displacement in the x direction.
Ug = the rigid boundary displacement in the x direction.

Then we have:
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Fig. A-1 Analytical Model of Dam in Triangular Canyon
Shear Wedge Analysis.

for
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U =U + U (A-2)

and:
F, = -p(l + %%-Sl;dy)dydz Ut
sy = 1G g%dz
Foyady = a% . :igdy) (1 + :g—;dy)dz (2-3)
FSZ = =G g%(l + %-%%dy)dy
F iy -G(%% . g%dz) 1+ %%%dy)dy
wheret

density of the material.

IO:
G = shear modulus of the material.
1 = length of the slice.

Substituting equations (A-3) into equation (A-1) and simplifying

the following equation is obtained:
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BU 1
— - U, = -
Sy o 0 (A-8)

From geometrical considerations it follows that:

21

= SH (A-5)

=
010/
|

Substituting equation (A-5) into equation (A-4) and simplifying the

equation of motion of the dam under undamped conditions is obtained:

2

2 2 y
vi——f’ngvi%-%Jf—i%g_Ut:o (A-6)
dy dz° YT oY

where:

VS = \iG/p = shear wave velocity of the materizl.

jan
1]

height of the dam (Fig. A-1).

For free vibration we have:

Therefore:

2
2 ¥y 2 ¥y Vs b AU
vs 2t Vs L2 yHI " Lz2° © (A=T)
By oz y Yoo
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This is the differential equation of moticn for

undamped free

vibration of a dam. The following boundary conditions are applicable

for the case of a symmetrical dam in a triangular canyon:

o N at -H
. Fy— y_
2. %% =0 at z=0
3 U=290 at y = %?z

where L = length of dam crest.

A-2 Solution for First Natural Frequency

The solution to equation (A-7) is of the form:

where:

R = a function of y and z only.

=3
n

a funection of t only

Therefore:

dy oy
2 ¥R

Qo
<
n
)
o
<
)]

(A-9)

(A-10)
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Substituting equations (A-10) into equation (A-7) and simplifying

the following is obtained:

2
Vs %R ¥R, 1 3R, 13
R By? .(\322 y-H oy T th

It follows that the two sides of equation (A-11) are equal to

stant. That is:

1Y e
T6t2
or:
¥r o 2
'—2+UJT-O
a3t
Therefore:

T = A1cosu£ + Aesinut

(A-11)

a <con~-

(4-12)

(A-13)

(A-14)
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where: w = angular frequency.

Substituting equation (A-12) into equation (A-11) the following is

alsc obtained:

¥R ¥R 1 3 ul
2+\2+y_HE§-+-—2R=O (A-15)
by oz Vs

Since the boundary conditions given by equations (A-§) have to be
satisfied at all times, the following boundary conditions can be imposed

on the function R:

OR
1. B; =0 at =H
3R
= = -1
2. 3z 0 at z=0 (A-16)
Z2H
3 R =20 at y = 'I:—Z

Solution in closed form of equation (A-15), such that the boundary
conditions given by equations (A-16) are satisfied, 1s difficult and
will not be attempted here. However, an approximate eigenvalue solution
of equation (A-15) can easily be used to obtain a rather accurate value

for the first natural frequency of vibration of the systenm.

According to the Bubnov-Galerkin method (Mikhlin, 1864), if a func-
tion R which satisfies the boundary conditions given by equations (A-16)

can be found, the following integral:

J F(R)-R dY = 0 (A-17)
y
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where:

F(R)

the differential equation.

~
"

solution domain.

yields an algebraic equation from which the frequency of the system can
be determined. In the particular case examined here, equation {(A-17)

takes the form:

H y/ec 2 2 \ 2
JJ (fg+3’g+ 98 W RIR dzay = O (A-18)
07 0 ¥y° ¥~ YH ve
where ¢ has been defined as:
2H
¢ = (A-19)

It can easily be shown that the function:

R = (y+ez)(y-cz)(y-2H-cz) (y-2H+c2z) (A-20)

satisfies the boundary conditions given by equations (A-18),

After substituting equation (A-20) into equation (A-18) and per-

forming the integration the following algebraic equation is obtained:

2 .2
Eizegu_;_i__g__g’gc:o (A-21)
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Sclving equation (A-21) for w we obtain:

w = = 1? + 5S¢ (A-22)

This expression gives the first natural frequency of a symmetrical
dam in a triangular canyon as a funection of the shear wave velocity of
the dam material VS, the height of the dam H, and the ratio 2H/L, where
L is the 1length of ¢the crest of the dam. However, it only yields
acceptable values of the natural frequency for crest length to height
ratios, L/H, lower than about 6. For ratios higher than this value the
computed natural frequencies are too high since the assumption for the
function R is not a good approximation of the first mode shape of vibra-

tion of dams in canyons with gentle side slopes.

It is interesting to compare this expressicon with that correspond-
ing to the two-dimensional case., The first natural frequency of vibra-
tion of an infinitely long dam, obtained from a shear beam analysis, is

given by:

Wy = 2,404 VS/H (A-23)

where VS and H are the shear wave velocity of the material and the

height of the dam, respectively.

The ratio between the first natural frequency computed with a 3-D
model and that computed with a 2-D model of a dam in a triangular canyon

is given by:
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T+ 5¢ (A-24)

I

The variation of the above ratio as a function of the crest 1length

to height ratio L/H is shown in table A-1 and in Fig. 5-1.
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TABLE 4A-1

RATIO BETWEEN FUNDAMENTAL FREQUENCIES COMPUTED WITH

2-D AND 3-D MODELS OF DAMS IN TRIANGULAR CANYONS

L/H ¢ u@D/uﬁb
1 2 2.33
2 1 | 1.68
3 0.667 1.53
i 0.5 1.47
5 0.4 1.44
6 0.333 1. 43

7 0.286 1.42
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