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Abstract

A finite element method for calculating the earthquake induced
deformations of an ecarth dam has been developed and applied to a study of
the deformations induced in the upper San Fernando Dam during the earthquake
of February 9, 1971.

The calculated deformations are in reasonable agreement with the
displacements measured after the earthquake, and the calculated stresses and
strains explain some of the observed effects of the earthquake on the dam,
such as cracking in the outlet conduit and the development of slide
scarps on the upstream slope.

The method complements the existing procedure for the dynamic
analysis of earth dams proposed by Seed et al (1273}, and appears %to provide
a reasonable basis for determining permanent deformations in earth dams due

to earthquake shaking.
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Chapter 1

Earthquake Induced Deformations of Earth Dams

Introduction

A possible failure mechanism for an earth dam during an earthgquake
is the loss of freeboard, and the subsequent overtopping of the dam, caused
elther by slope failure or settlement of the crest due to strains induced
in the dam by seismic inertia forces. BSophisticated methods for assessing
the stability of embankment slopes are now available, having progressed
from the pseudo-static approach to the currently available comprehensive
dynamic analysis which incorporates the varying bedrock acceleration during
the earthquake, the change in material properties with the level of strain
induced by the earthquake inertia forces, and laboratory tests to determine
the resistance of the embankment soils to the cyelic stresses induced by
the earthquake motions (Seed et al., 1969, 1973). However, the information
gained from such analyses to date has provided only an approximate assess-
ment of the deformations occurring due to seismic force applications (Seed
et al., 1973), and while this is all that is required in many cases, it
would seem desirable that a general method to prediect earthquake-induced
deformations be made available to the designer of earth dams.

A comprehensive approach to the determination of earthgquake induced
deformation of an earth dam must include an analysis of both the initial
stresses acting throughout the dam and the superimposed cyclic stresses due
to the earthquake, together with a comprehensive program of laboratory

testing to determine the strains induced in the soil by the superimposed




cyeclic stresses. Finally, a system of integrating the strains induced in
individual elements to predict the deformed shape of the dam is required.

The initial and simplest approach to this problem was that used by
Seed et al. (1973) which simply involved determining an overall average shear
strain likely to develop in an extensive zone of an embankment. A second
approach was presented by Lee (1974) and applied to the analysis of the
deformations of five dams. It involved the concept that seismic deformation
of a dam is due to softening of the soil by seismic shaking and the
resultant settling of the dam to a new condition compatible with the changed
stress-strain properties of the embankment soils.

A different approach is presented in this report. The method
integrates the element strains, calculated by the approach advocated by
Seed et al. (1973), in a finite element formulation to calculate the
deformation of an earth dam due to seismic forces. The method is used to
calculate the deformation of the Upper San Fernandec dam during the earth-
guake of February 9, 1971, and shown to give results in reasonable agree-

ment with the measured displacements.

Previous Studies

The earliest analytical technigue used to study the dynamic
response of earth dams to earthquake ground motion was the vertical shear
beam method (Mononcbe, Takata & Matamura, 1936; Ambraseys, 1960).
Limitations associated with the technigue restrict the analysis to dams
which can be idealized as homogeneous structures; furthermore only shear
mode response is determined, and the effect of the wvertical component of
the ground motion cannqt be included. However, as this analysis considers

the dam to be a deformable bedy, it makes possible the determination of the




manner in which the seismic coefficient (representing the earthguake-
induced inertia forces) varies with height within the dam as well as with
time.

The most versatile analytical tocl for dynamic response analysis
currently available is the finite element method. It was first applied to
the study of the dynamic response of earth dams by Clough & Chopra (1966)
and of earth banks by Idriss & Seed (1967). These first studies incorporated
a linearly elastic medium with uniform viscous damping. Later modifications
of this approach incorporated an equivalent linear analysis, where the
shear modulus of the so0il and the damping are strain-dependent, and used an
iterative procedure to achieve a strain-compatible result (Seed et al., 1973).

Methods of analysis of the deformation of a dam embankment under a
combination of sustained and cyclic stresses can be divided into two
categories--effective stress analyses or total stress analyses.

In an effective stress analysils the deformation-controlling
characteristics of the soil are determined by a suitable program of
laboratory tests. These characteristics include the pore-water pressure
generation coefficients, the yield stress and the rate of plastic
deformation at stresses above the yield stress, and their variation during
the earthquake. Incorporating these results in appropriate analytical
analysis, the magnitude of the deformation is assessed.

In a total stress analysis, the initial and superimposed cyclic
stresses are determined analytically. In the laboratory, samples of the
soil in each zone of the dam are consolidated under the initial stress
conditions of corresponding elements in the dam, then subjected to uniform
cyclic stress histories equivalent to those determined from the response

analysis, and the resulting deformations noted.




With either an effective or a total stress analysis, it is
necessary tc integrate the individual element deformations to obtain the
overall deformation of the dam. The results should be the same, whichever
method is used, provided the method is correctly applied.

Until recently, methods used by most designers to determine the
seismic stability of earth dams employed a limiting eguilibrium concept,
where the result of the analysis was expressed as a single number, such
as a factor of safety against total failure. The effect of the earthquake
was simulated by a static force acting on a potential sliding block to
represent inertia forces in the dam, and a conventional stability analysis,
such as the method of slices, was used to determine the stability of the
dam. The procedure was similar to the static stability analysis, though
the critical sliding surface was usually different for the two cases. The
dam was determined to be stable under the specified loading conditions if

the factor of safety was greater than unity. Otherwise, failure was

considered total, and no estimate of the actual displacement could be made.
The force on the sliding block, which represented the inertia forces, was |
expressed as a percentage of the weight of the block, and was characterized
by a seismic coefficlent. The seismic coefficient, which was related to
the maximum ground acceleration which could be expected at the site, varied
between about 0.05 and 0.15.

This method of analysis assumes that the seismic force on the dam

acts in one direction for an infinite time, whereas the actual inertia

forces reverse after a short periocd, approximately 0.25 to 0.5 seconds for
most earthquakes, with possibly only minor slumping occurring before the
forces reverse, even though the factor of safety may fall below unity for

part of the cycle. However, this slumping, cumulative over a number of



strong ground motion cycles, could culminate in sufficient loss of

freeboard resulting in overtopping of the dam, even though no general slope
fallure occurs. Thus the deformation of the dam will depend on the duration,
as well as the severity, of the ground motion. The time factor cannot be
incorporated into limiting equilibrium methods of analysis.

An early attempt to rationalize the pseudo-static approach of applying

a static force to simulate earthquake loading was made by Seed & Martin (1966) .,

As a knowledge of the variation of the inertia forces during the earthquake,
and the frequency of this variation, would be of more significance to the
designer than an equivalent static force, a method to determine these for a
given design earthquake was presented.

It was assumed that the random variation of the seismic coefficient
could be expressed as a number of uniform cyeles at a given frequency.
For dams of uniform construction, design curves were presented which gave
the characteristics of this uniformly varying seismic coefficient, as a
function of the fundamental period of the dam, using the El Centro record
as design earthquake.

The technique used to calculate the dynamic response of the dam was
the vertical shear beam approach, where the dam is considered as a
triangular wedge with linear visco-elastic response characteristics, i.e.,
the raesponse is controlled by shearing between horizontal slices and the
shear stress along any horizontal surface is uniform. This assumption
produces shear stresses along a horizontal plane that are an average value,
the actual walues being higher near the center of the dam and lower near
the slopes. The material properties of the dam~-the shear modulus, damping
and density--were assumed constant throughout. Although the method does not

allow for absorption of energy due to plastic deformation, this could be



simulated by an increase in the damping ratio of the materials.

A theoretical solution for the fully recoverable horizontal displace-
ment with time was programmed and used to determine the displacement of
each element in the dam; from the displacements the shear strain and,
subsequently, the shearing force records are calculated.

The calculation of the varying seismic coefficient is simplified
by assuming that the sliding mass is a triangular wedge with a horizontal
base. The time-varving record of the average value of the geismic
coefficient acting over the height of the wedge, for the applied earthguake,
is calculated by determining the varying shear force acting on the base of
the wedge, then dividing by the mass of the wedge to give the average
horizontal acceleration which would produce the same shearing force.

Since laboratory tests are usually performed using uniform stress
cycles, the random variation with time of the seismic coefficient thus
calculated was represented by an eguivalent number of constant amplitude
cycles, an eguivalent maximum seismic coefficient, and a corresponding
predominant period.

It was found that the egquivalent seismic coefficient increases
as potential sliding wedges at higher elevations within the dam are
considered, and decreases, for any given section of the dam, as the
height of the dam increases. In the earlier pseudo-static approach, the
seismic coefficient was usually taken to be constant for all dams in a
given area, and throughout the height of any embankment. Only the
horizontal component of the ground acceleration is used in the analysis,

a restriction of the shear beam approach, but the effect of vertical
acceleration could be included by inclining the direction of the resultant
force acting on the sliding mass. This metheod of approach was gubsequently

extended to potential sliding masses with other shapes than triangular



wedges by Ambraseys and Sarma (1967).

The first method of analysis aimed at calculating the permanent defor-
mations in dams, was proposed by Newmark (1965) and successfully applied by
Goodman and Seed (1966) to the analysis of the dynamic behavior of model
sand embankments on a shaking table.

Newmark's approach is based on the concept of a yield acceleration, in
which no movement takes place along a potential sliding surface until the
acceleration of the sliding mass exceeds some limiting value. Using a
procedure analogous to that of analyzing the movement of a sliding block
on an inclined plane, the time record of acceleration of the sliding mass,
which is calculated using a method such as the elastic shear wedge theorv,
is compared with the yield acceleration. Whenever the acceleration of the
mass exceeds the vyield acceleration, a process of double integration is
used to calculate the progressive down-slope displacement (Fig. l.1).

Difficulties in applying this procedure may arise in the determinatiocn
of the vield acceleration for saturated soils. The yield acceleration is a
function of the soil strength, which in turn is a function of the effective
stress and thus dependent on the transient pore~water pressures generated
during the earthquake. At the present time, it is not possible to predict,
in general, the variation of the pore-water pressure during an earthguake.
However, Martin et. al. (1975) have developed a procedure which allows the
calculation of the pore water pressure history for the case where no initial
shear stress acts, and this method might ultimately be extended to embankment
problems. Furthermore, data from undrained c¢yclic load tests may be inter-
preted to determine an effective yield stress for use in this type of analysis.

The concept of deformations caused by accelerations in excess of the

vield acceleration (Newmark's method) 1s primarily applicable to cases where
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the movement of slopes occurs along well~defined failure zones. Such a
failure mechanism occurs in dense, cohesionless soils and in cohesive soils.
Experimental evidence has shown (Seed & Goodman, 1964) that in dry, dense,
uniform slecpes, subjected to a fairly uniform acceleration, failure occurs
by mass sliding of a thin surface zone, making it a problem amenable to
solution by Newmark's method. Movement downslope occurs during each cycle
of acceleration where inertia forces are large enough to cause a temporary
instability. Movement stops when the force is reversed, and the overall
effect is a progressive downstream movement, causing a flattening of the
slope at the toe and settlement of the crest.

Shaking table medel tests (of drv sand embankments) were conducted by
Goodman and Seed (1966) and deformation was analyvzed by Newmark's approach.
The mechanism of failure observed was a slide in a thin surface laver,
similar to that reported previcusly. 2 formula, based on the strength of
the soil, was developed to calculate the yield acceleration. By allowing
for the decrease of soil strength, and hence vyield acceleration, with in-
creasing slope displacement, reasonable agreement was found between measured
and calculated displacements,

However, in other soils and particularly saturated cohesionless soils,
the shear stress may exceed the yield stress over a large part of the dam,
and hence extensive shear zones will exist. In such cases, an analvtical
approach is required which can determine deformations over a wide zone and
integrate them to give the overall deformation of the embankment.

An alternative method for the seismic design of earth dams, which fol-
lowed the concept first proposed by Newmark (1963) that the stability of an
embankment during an earthquake should be assessed on the baslis of the de-

formations produced, was presented by seed (1966), and has been used to
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analyze the behavior of the Sheffield Dam in the 1925 Santa Barbara earth-

quake (Seed et, al,, 1969) and the Dry Canyon Dam during the 1952 Kern County

earthquake (Lee and Walters, 1973)., This method incorporated the considera-
tion of the history of the stresses developed throughout the embankment, and
the behavior of samples tested in the laboratory under similar stress condi-
tions. The method is primarilyv applicable to conditions where drainage
cannot occur during the earthguake, such as in saturated fine-grained golls,
conditions usually found in the upstream slope of an earth dam.

As a preliminary step, the initial stress conditions acting along the
assumed failure surface are determined. The method of slices, using the
procedure of Lowe and Karafiath (1959), was used to determine the normal and
shear stresses at the bhase of each slice, using drained soil strength data.
From a Mohr circle, the corresponding principal stresses are found, In the
laboratory, specimens of seil, compacted at field water content to field
density, are consolidated under a range of confining pressures and stress
ratios which encompass the range found in the dam.

Cyclic triaxial tests are then performed on the consolidated specimens
to find the cyclic deviator stress causing failure. In the tests, only the
major principal stress is varied. This test limitation is of minor impor-
tance as the confining pressure has no effect on the stress-strain rela-
tionship of a saturated soil.

The data from the laboratory tests is presented as a relationship be-
tween the cyclic shear stress along the failure plane causing failure and
the normal stress on the failure plane before the earthquake. Strength
curves are presented for a range of consolidation ratios,

The consolidation ratio and the normal stress on the assumed slip sur-

face before the earthquake are known from the static analysis. Hence, the
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maximum c¢yclic shear stress that can be developed at the base of each slice
without causing excessive deformation is found from the laboratory data. By
a method of analysis similar to that used to determine the initial static
stresses, but including the maximum equivalent cyclic inertia force, as
determined by an analysis such as that of Seed and Martin (1966), and acting
in the direction to cause an increase in shear stress, trial values of a
factor of safety are tried until the force system acting on the slices is in
equilibrium. Undrained soil strength parameters are used,

The analysis is repeated for a range of potential sliding surfaces until
the surface with the minimum factor of safety is found.

For some soils no well-defined failure takes place as strain increases.
Strain, and consequently deformation of the dam, increase throughout the
earthquake. As no analytical procedure existed at the time to relate axial
strain of laboratory samples to deformations in the dam, empirical relation-
ships were required, A discussion of the deformations of the Otterbrook dam,
under static locading conditions, and of the corresponding axial strains of
laboratory samples was presented (Seed, 1966). Recommendations on the rela-
tionship between axial strain of laboratory specimens and maximum tolerable
field deformations are presented as an aid to the design engineer,

Subsequently this method of analysis was modified to provide a means
for evaluating the strains developed throughout the cross—-gsection of a dam
(Sseed, Lee and Idriss, 1969; Seed, Lee, Idriss and Makdisi, 1973). The
laboratory procedure is similar to that proposed by Seed (1966), but the
calculation of stresses is made by the finite element approach, using strain-
dependent scil properties, As it is the basis upon which the deformations
analysis presented in this report 1s founded, a full description of the

methed is given in the following chapter.
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Chapter 2

Static and Dynamic Analyses of Earth Dams

Introduction

The design of an earth dam to withstand safely the effects of earth-
quake ground motions is an important engineering problem in seismically
active areas of the world. The ground accelerations during a moderate to
strong earthquake can cause large inertia forces throughout the dam. These
forces, which reverse in direction with each cycle of ground motion, induce
cyclic stresses, and consequently strains, throughout the embankment. The
resulting permanent deformation is evidenced by slumping and scmetimes cracking
of the dam. If the strains are severe enough, or the slumping large enough,
the dam may fail due to slope instability or overtopping.

The analysis of the stresses and strains induced in the dam by the
earthquake, and the determination of the resulting deformations, is a
complex and difficult problem. Before the development of the finite element
methed (Turner et al., 1956), its subsequent application to the dynamic
response of earth dams (Clough and Chopra, 1966), and a means of interpreting
the induced stresses in the light of the results of laboratory tests on the
scil to give an overall picture of the behavior of the dam (Seed, 1966), no
satisfactory sclution to the problem existed.

To render the analysis more tractable, a number of simplifyving
assumptions are generally made. Foremost among these is the representation

of the dam, a three-dimensional structure, by a two-dimensional transverse
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cross-section in which a state of plane~strain exists. For the dynamic
analysis of an embankment this assumption is usually necessary for reasons of
analysis cost and computer capacity. However, as coupling between transverse

and longitudinal motions in the dam is believed to be small, the response

calculated by the plane-strain analysis will usually be sufficiently accurate
for practical purposes.
In the finite element technique, the dam, a continuous structure, is
represented by an assemblage of elements, usually either triangular oxr
quadrilateral, connected only at their nodes., A relationship between nodal
displacement and distribution of strain within the element is assumed, and
based on this relationship and the stress-strain characteristics of the soil
within the element, a stiffness 1s calculated for each element and then summed
to give an overall stiffness for the dam which relates the forces acting
within and on the dam to the nodal displacements. These forces, due to
gravity, seepage, or inertia, are distributed to act only at the element
nodes. From the nodal displacements, element strains and stresses are
easily calculated. In a dynamic analysils, the ground acceleration at j
specific time intervals is used to calculate inertia forces and an analysis
is run for each time step to produce stress histories for each node. !
FPor a comprehensive analysis of the response of an earth dam to an
earthquake, it is necessary to perform first a static stress analysis to
determine the stress distribution throughout the dam before the earthquake;
then a dynamic analysis to determine the history of the varying stresses

during the earthquake; and finally a laboratory study to determine the

behavior of the material of the dam under conditions of cyclic stress. A
knowledge of the initial static stresses is required since the behavior of

so0il under dynamic stresses depends on the stresses under which the soil was



consolidated. Cyclic stresses applied in the laboratory are uniform in
frequency and amplitude and so the stress histories for the elements of the
dam must be converted to an egquivalent number of uniform stress cycles in
order to estimate behavior of the various elements of the daﬁ from the
laboratory tests. The following sections of this chapter discuss more fully

the steps of the analysis outlined above, as first proposed by Seed et al, 1969.

Static Stress Analysis

Although it is possible to estimate the static stress distribution
in a dam by approximate means (Lee and Idriss, 1975) the ultimate value of
the complete stability analysis of the dam will depend on the accuracy with
which each step is performed. The best method to date for calculating
stresses is the finite element technique, and the most comprehensive approach
using the finite element technigue is that presented by Ozawa and Duncan
(1973) and Wong and Duncan (1974) in which the method of construction of the
dam is simulated by a progressive analysis where an additional layer of
elements is added at each step. The nonlinear stress-strain properties of
soils are also included in the analysis.

The number of layers used in the analysis need not be equal to the
actual number of layers used in the construction of the dam. Approximately
eight to ten layers are sufficient for a large dam. Though this type of
analysis is necessary if an accurate measure of deformations during
construction is required, the stresses calculated are not very different
from an analysis using only one layer, i.e., a gravity turn-on analysis
(Lee and Idriss, 1975). Displacements calculated from an analysis in which
the dam is built up in lavers are maximum near mid-height on the center line

and smaller near the top and base of the dam, similar to the displacement
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pattern measured in the field. The displacements calculated by a gravity
turn-on analysis are a maximum at the top or the dam and smallest at the
base (Clough and Woodward, 1966).

The method used (Ozawa and Duncan, 1973) to represent nonlinear
stress-strain curves is that proposed by Kondner (1963). The stress-strain

curve is assumed to be a hyperbola, expressed as:

€

a

-C = .
(01 3) atbe (2.1)
a

where a, b are empirical constants;

Ea is the axial strain; and
C,. 0, are principal stresses.

The formulation in BEquation (2.1) represents the nonlinear stress-
strain curve for the confining pressure of G,. 1In order to determine the
values of the parameters ‘'a' and 'b', the equation is written in the
following linear form:

€
a

'(*"O_—:O_—'—T a + bea (2.2)
1 3 )

The graphical representation of both equations is shown in Fig. 2.1.
It can be seen from Fig. 2.1bh that the parameters '3' and 'b’' are respectively
the intercept and slope of the straight line. It can be seen from Fig. 2.la

that the value of the asymptotic stress difference (01-03) is always

ult

greater than the stress difference at failure, (GI-OS)f. These two values

are related as follows:

(cl—oa)f = R (01—03)

£ {(2.3)

ult

where R, is a factor called the failure ratio. The failure ratio is always

less than unity, and is a measure of how well the stress-~strain curve for a
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CURVE
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scil approaches a true hyperbola; a value of R_ equal to unity corresponds

£
exactly with a hyperbola.

As the stress-strain characteristics of a soil depend on the confining
pressure (0,), the value of the initial tangent modulus, Ei' as shown in

Fig. 2.la, must be related to the confining pressures. The relationship

used by Kulhawy et al. (1969) is that proposed by Janbu (1963):

%3

= KP | — .
Ei a Pa (2.4)

where K 1is a modulus number;
n is an exponent determining the rate of change of Ei with

0, {(both K and n are pure numbers); and

[£8]

Pa is the atmospheric pressure in the same units as 0,.

The values of K and n are found by plotting the values of Ei' determined
from a range of tests at differing confining pressure, against the confining
pressure, on a log-log scale (Fig. 2.2) and fitting a straight line to the
data.

To calculate the value of the failure ratio, R_, the strength at

£

failure is expressed as follows (Mohr-Coulcmb relationship):

2c cos¢ + 203 sind

©,703)¢ = 1 - sind (2.3)

and
R, = (01-03)f (2.6
£ (o, Ga)ult +6)

Thus we have a method of relating stress to strain for a given value
of confining pressure, using the hyperbolic relationship discussed, by means

of the parameters X, n, R_, ¢ and ¢.

£
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It is possible to perform a nonlinear analysis by applying loads in
increments, using the relationships derived above, using an expression to

determine the tangent modulus for any point on the stress—-strain curve:

Rf(l—sin¢)(61—03}

E, ~ 1- 2c cos¢ + 20, sind K"LD<':1 E; (2.7)

The above expression for Et follows from the previous equations. Since

Et is expressed only in terms of stress, and not strain, an analysis may
be performed with any arbitrary initial state of stress.
The parameters are found from appropriate laboratory triaxial tests.
For the conditions existing in the dam before the earthguake, c¢consolidated
drained tests are used. If no tests results are available, typical values
of the nonlinear parameters are given in tabular form by Kulhawy et al. (1969).
In a finite element analysis, it is necessary to relate stress to
strain by a generalized Hocke's Law. For isotropic materials, two
independent parameters, usually Young's modulus {(E} and Poisson's ratio (v)

are used. Hence a nenlinear, stress dependent value of Poisson's ratio is

required. The formulation used by Kulhawy is as follows:

G~-F log(og/Pa

= 2.8
\)t d(0q,-03) 2 ( )
RN N Rt (01-02) (1-sing)
a\P_ 2¢c cos$+20,sind
where vt is the tangent Poisson's ratio, and

G,F,d are nonlinear Poisson's ratio parameters which are

found f£rom a series of triaxial tests.

The Hooke's law relationship used in the analysis is written in

terms of the bulk modulus (K) and shear modulus (G), as proposed by Clough
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and Woodward (1967). This makes it possible during the analysis to more
closely model the behavior of actual soils after failure by reducing the
value of G to zero, but maintaining the value of K at its pre-failure

value. X and G are calculated from the relationships

E

t ]
- P |
K 2(1+0) (1=2v) (2.9) %
.
_ t
G = 2(l+\)) (2-10)

A program toc perform this static stress analysis has been written by
Kulhawy, titled LSBUILD, and later modified by Ozawa (1973) and renamed

ISBILD.

Dynamic Stress Analysis

As a comprehensive analysis of a dam involves a knowledge of the
stresses induced in the embankment by the earthguake, a method of calculating
these stresses is regquired. To perform such an analysis, both the dynamic
soil properties of the dam and foundation and the acceleration history of the
bedrock during the earthquake must be known or estimated. Dynamic soil i
properties are obtained from f£field tests, laboratory tests, or from a
knowledge of the properties of similar soils. The acceleration record for
the bedrock can be an artificially generated record or an accelerogram
recorded at a similar site. Analysis of the dvnamic stresses in a dam have,
in the past, ranged from the shear beam approach in which only shear stresses
are calculated, to the finite element modal analysis approach in which the
modulus of the soil varies throughout the dam but the damping is constant,

to the current variable damping finite element method.
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The remainder of this section is divided into two parts: a |
discussion of the design earthquake and a discussion of the dynamic finite |

element analysis.

Design Earthguake

Although the records of earthquakes exhibit many features, for
engineering design purposes three of these may be considered to characterize ‘
an earthquake record: {

1. Maximum peak acceleration, a ax’

2. Predominant period, Tp; and

3. Number of significant cycles, N.

The maximum peak acceleration is related to both the Richter magnitude (M)

of the earthquake and the distance from the causative fault. The predominant
period, Tp, is the pericd of the most commonly occurring frequency in the
record, and is usually taken as the period of the maximum peak of the
acceleration spectrum. The predominant period is also related to magnitude
and distance and increases with distance from the source of energy release.
The number of significant cycles, N, is the number of uniform average cycles
which is eguivalent to the actual acceleration record. A study by Seed, |
Idriss and Kiefer (1969) describes a procedure for selecting a design

earthguake. Data on the variation of amax and Tp with magnitude and distance,

and the variation of N with magnitude, are presented. Before a design earth-

gquake can be selected for a particular site, a seismicity study of the

area must be made to estimate the distance to nearby faults and the maximum

magnitude earthguake that could occur on each fault. The next step is to

select rock moticn records for earthguakes of similar magnitudes (in order

that the significant number of cycles is appropriately represented) and

modify the peak acceleration and predominant period. These records are
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digitized for use with computer programs, and modification of the predominant
period 1s simply a matter of changing the time step. After medification of

a record, an appropriate base line correction such as that proposed by Berg
and Housner (1961) should be made.

During an earthquake, the motion of the underlying bedrock is
transferred to the dam by means of seismic waves propagating upward through
the foundation and embankment. In most dynamic analyses of dams, the bedrock
below the dam is considered rigid, although the earthquake motion is due to
traveling seismic waves propagating outward from the hypocenter. In a study
of the response of earth dams to traveling seismic waves, Dibaj and
Penzien (1967) showed that if the ratio of base width of the dam, or dam
and foundation system, to the shear wave velocity in the bedrock is less

than 0.2 seconds, i.e.,

B

2. <
vs S 0.2 seconds (2.11)

then the dynamic response of the dam to traveling waves will be similar to
the response to rigid base motions. Assuming a shear wave velocity in the
bedrock of 8000 fps, a rigid base motion analysis will be sufficiently

accurate if the dam is no more than about 300 feet high.

Finite Element Analysis

The two requirements for a dynamic analysis are the base rock motion
and the material dynamic properties. Selection of the design base rock
motion 1s discussed in the previous section. The dynamic soil properties
are characterized by the shear modulus and damping characteristics. By
using strain-dependent values of the modulus and damping, and analyzing the

dam in successive iterations until a strain compatible result is obtained,
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the nonlinear characteristics of the soils are incorporated into the analysis.
The variation of shear modulus and damping with shear strain for sands and
saturated clays is shown in Fig. 2.3. These curves are from a study of the
dynamic properties of soils by Seed and Idriss (1970). For scils which are a
combination of materials, some Jjudgment is regquired in selecting the curve

to be used. Alternatively, a series of tests may be performed on the soil

to produce a curve which can then be incorporated into the analysis.

The modulus of cohesionless soils also varies with mean effective

confining pressure:

¢ = 1000 K, (c") /2 (2.12)
2 'm
where: G is the shear modulus in psi;
K2 is a parameter, and is a function of the soil type,
relative density and shear strain;
0$ is the mean effective pressure in psf.
-4 .
At very low strains, in the ordexr of 10 percent, the value of K2 is a
maximum. Once the value of (K.} is known, the curve in Fig. 2.3a may be

2 ' max

used to calculate the value of K2, and hence G, for any level of strain.
Typical values of (K2)max for various cohesionless materials have been

published. Alternatively, the value can be calculated from the results of

shear wave wveloclity tests:

G ax
m.
v, = 5 (2.13)
where: VS is the shear wave velocity in fps;
o} is the mass density (density/qg);:
G is the shear modulus at low strains.

max
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Once the mean effective stress at the position of the measurement of VS ig
calculated, the wvalue of (K2)max is easily found by the relationship in
eguation (2.12). The value of (Kz)max can also be found in the laboratory,
e.g., by a resonant column test.

The shear modulus of a saturated cchesive soil varies with the
undrained shear strength (su) and the shear strain, as shown in Fig. 2.3b.

The finite element analysis starts with the idealization of the cross-
section. The finite element mesh should extend in the foundation sufficiently
far upstream and downstream sc that waves reflected from the boundaries are
damped out and do not influence the solution. The size of the elements in
the mesh is also important as this influences the maximum fregquency which can
be transmitted (Lysmex et al., 1974). If the dynamic analysis is by the
step~-by-step method, the element size also affects the stability of the
solution, since if small elements are used a small time step is also
necessary to insure stability. In general, the time step of the analysis
should be less than the minimum shear wave travel time across any element of
the mesh. It is convenient to use the same mesh for the static and dynamic
analysis since the initial stresses acting in an element are used to
determine the effect of the dynamic stresses on the behavior of the element.
However, interpolation can be used to determine the static stresses in the
elements of the dynamic mesh if a different mesh has been used in the static
stress analysis.

It is usual in a dynamic analysis of an earth dam to apply only the
horizontal component of the earthquake record. Laboratory tests have shown
that volume changes, and assoclated pore pressure increases, caused by
vertical motions are small compared to those caused by shear deformations.
Alsc, the shear stresses induced in the dam by vertical motions are much

less than those due to horizontal motions.
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The maximum value of K2 or the modulus, G, for a cohesionless soil,
or the undrained shear strength for a cohesive soil, together with soil
properties such as density, are supplied as input to the analysis. As the
seismic response analysis is an iterative procedure which produces a strain-
compatible result, a first approximation of the modulus and damping is
also required.

Some areas of the dam may fail during the earthquake, thus causing the
stress in surrounding areas to increase. These areas may in turn fail,
redistributing the stress to neighboring zones. This type of progressive
failure can be simulated in the analysis by running the analysis for a
section of the earthquake, obtaining a strain-compatible result, and setting
the modulus of any failed elements toc a very low value. The analysis is then
continued for following sections of the earthquake record until the analysis
is completed. An element is said to have failed if a sample tested in the
laboratory under similar consclidation stresses and cyclic stress fails,
elther through liquefaction or excessive strain. The method of laboratory
testing is described in the fellowing section.

The response of the dam found by the dynamic analvsis consists of the
acceleration history at each node of the mesh, and the stress histories for
each element. To make a comparison between the behavior of laboratory samples
and elements in the dam, these stress histories are expressed as an
equivalent series of uniform stress cycles by an appropriate weighting of
the ordinates of the stress history based on the results of laboratory
cyclic test data, as proposed by Seed and described b§ Seed et al. (1975)
and by Lee and Chan (1972). The uniform cyclic stress history is then used

to determine the behavior of the dam.
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Two types of programs are currently available to perform the dynamic
analysis. The step-by-step direct integration procedure of Wilson and
Clough (1962), incorporating Rayleigh-type damping, is employed by the
program QUAD4 (Idriss et al., 1973). This form of damping damps out all but
the lowest frequencies (in general there is little response above approximately
4Hz), but as most of the response of earth dams is in the lower modes this is
not a serious drawback. The method also has stability problems. However,
QUAD4 in general gives good results when applied to the analysis of earth
dams, and has been used successfully on many analyses. The second method is
an analysis in the frequency domain, and is employed by the program LUSH
(Lysmer et al., 1974). This program can handle higher frequencies than
QUAD4, being limited only by the time step of the digitized input acceleration
and the element size in the finite element mesh. 1In practice, the full range
of frequencies for which a solution is possible is not of interest in
engineering problems, and the analysis is run only up to a selected maximum

frequency.

Cyclic Load Tests

Cyclic load tests are usually performed by the triaxial method,
although the cyclic simple shear test may simulate more accurately the field
conditions in a dam during an earthquake. In the triaxial test, failure
usually takes place along planes oriented at an angle of 45 + ¢/2 degrees
to the direction of the major principal plane, which in the finite element
analysis of a dam deformation is usually considered to be along horizontal
planes (Seed et al., 1973). The cyclic strength data from the triaxial
test can be readily manipulated so that a direct comparison can be made
between triaxial and simple shear or assumed field conditions (Peacock and

Seed, 19€8).
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The data recorded during the cyclic triaxial test are the axial
strain and the pore-water pressure vs. the number of stress cycles. Samples
are consolidated under a range of consolidation ratios (Kc) and tests are
run for a number of values of cyclic deviator stress (Udp) for each wvalue

of confining pressure (O

30). From the curves of axial strain (Ea) vSs.

number of stress cycles (Fig. 2.4a), curves of odp vs. N are drawn for a
range of values of ea (Fig. 2.4b). Curves are produced from these showing

the relationship between ¢ and N for a range of Kc values, one set for

dp
each combination of Ea and GBc (Fig. 2.5a). Each curve is for a specific
value of Kc and G3c

The result of the finite element dynamic analysis is to determine
the stress history of each element, expressed as an egquivalent number of
uniform stress cycles. This number of cycles, Neq, is assumed to be the
same for all elements. Using a value of N equal to Neq' curves are produced
showing the relationship between de and 030 for a range of Kc values. These
curves are derived from Fig. 2.5a. Sets of curves are produced for
different values of Ea {(Fig. 2.5b).

To make it possible to apply the results of the laboratory testing
to the analysis of the dam, it is necessary to know the value of the cyclic
shear stress aleng the failure plane of the triaxial sample. Assuming that
the failure plane is horizontal in the field, and is oriented at an angle
of 45 + ¢/2 degrees to the direction of the minor principal stress in the
laboratory, the Mohr circle construction shown in Fig. 2.6 can be used to

find this shear stress, termed T Tn cases of isotropic consolidation

cyeclic”

(Kc = 1) it has been shown that the cyclic shear stress on the failure
plane is about 60 percent of the maximum shear stress in the triaxial test

{De Alba et al., 1975). For wvalues of Kc 3 1.5, it has been found

Tcyclic
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to be approximately equal tc the maximum shear stress on the potential
failure plane in the test specimen.
The final step in the reduction of the laboratory data is to produce
a family of curves relating T . to O for different levels of strain.
cyclic fc
These are derived from the curves in Fig. 2.5 and the Mohr circle construction

in Fig. 2.6. The curves are shown in Fig. 2.7, and a range of curves for

varying values of ¢ are produced, where

o = =< .
O,I
fe
and ch is the shear stress on the failure plane during consolidation;
ch is the normal stress on the failure plane during consoclidation.

Sets of these curves are produced for a range of values of ea.

Analysis of Dam Behavior

The final step in the analysis of the dam is to use the curves
cbtained from the laboratory tests in conjunction with the results of the
static and dynamic finite element analyses, to determine the effects of the
earthquake induced stresses on the individual elements of the embankment.
For each element of the dam, assuming the horizontal plane is the critical
plane, Ofc and ch are known. From the dynamic analysis the superimposed
cyclic shear stress in each element is known. By using the curves presented
in Fig. 2.7, interpolating where necessary, the value of Ea produced by the
appropriate combination of initial and cyclic stress conditions for each
element is determined. This value of strain is for an element unrestrained

by surrounding elements, and is termed the "strain potential.” The actual

strain induced bv the earthquake will depend on the effects of interaction
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between elements.

To make the calculations of strain potential more direct, the curves
of Fig. 2.7 can be replotted as T ,_ vs. € , with one curve for each

cyclie a

value of ch, and one set of curves for each value of o.

It is usually convenient to examine the behavior of the dam by
considering horizontal layers of the dam separately, and calculating strain
potentials for all the elements of a laver together. A curve of the induced

shear stress in the elements of the layer is plotted (Fig. 2.8). Superimposed

on this are curves of the cyclic shear stress to cause different values of

strain (Ea). The strain potential for each element on the plane is then
found directly from the plot.

If a progressive analysis is run, where the response of the dam is
examined after progressively longer earthquake durations, and material
properties adjusted accordingly, sets of curves similar to those of Figs. 2.4,
2.5 and 2.7 are derived for values of N less than Neq' These values cf N
correspond to the number of uniform cveles associated with the shorter

duration of shaking applied at each step.
Summaxry

The steps involved in the earthguake analysis of a dam as proposed by

Seed and his coworkers are as follows:

1. Determine the initial stress in the embankment before the
earthquake by performing a static finite element analysis.

2. Select the design earthquake(s) and determine the characteristics
of the motions developed in the rock underlying the embankment

and its soil foundation during the earthquake. {
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3. Determine the response of the embankment to the base rock
motion and compute the dynamic stresses induced in representative
elements of the embankment, using a dynamic finite element computer
program.

4. Convert the dynamic stress histories for representative elements
to a uniform stress level for a specified number of cycles, using
curves developed from laboratory testing as a basis.

5. Perform laboratory tests to determine the dynamic response of the
dam embankment and foundation materials (in terms of pore-water
pressures and deformations produced) under cyclic loading
conditions and various initial stress conditions.

6. Compare the computed dynamic stresses with the laboratory-
determined response curves and estimate the potential strains
in representative elements of the embankment.

7. From a knowledge of the strain potentials for representative
elements in the embankment, evaluate the overall deformation
and stability of the cross-section.

Using the results of this analysis, the stability of the dam after
the earthquake can be checked (using the calculated values of strain
potential to modify the strength of elements along a potential slip surface),
and the factor of safety against sliding coméuted. For elements which have
liquefied, for example, zero strength may be assigned in the stability
analysis.

It is also possible to assess the overall stability of the dam by
calculating the factor of safety against some level of strain (typecially 5%)
on an element by element basis. Such a study can be very helpful to the
designer if the results show a clear trend; for example, if every element

shows a factor of safety greater than unity against 5% strain then the
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overall movements are likely to be tolerable, Alternatively, if all elements
show a factor of safety less than unity against 20% strain, then the overall
movements are likely to be excessive. PFor intermediate conditions judgement
is required to interpret the significance of the results.

This method was first used by Seed (1970) in a study of Perris Dam,
and has subsequently been used in numerous other studies, However, the
strain potential assessment procedure developed in 1973 seems to offer
greatly improved guidance in assessing embankment performance.

The last step in a comprehensive analysis of an earth dam is to
estimate the permanent deformations induced by the earthguake. This problem
is discussed in the following chapters, and a technigque to calculate

permanent deformations is developed.
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Chapter 3

Analysis of Permanent Deformations

Introduction

The permanent deformations induced in an earth dam by the action of
an earthquake are a function of both the static stress condition acting
in the dam before the earthquake and the level and duration of the shaking
due to the earthguake.

The steps taken in any analysis of the deformations must proceed
from a basis of the knowledge of these criteria. Additicnally, some
technique to determine in the laboratory the effect of these initial
stresses and applied inertia forces on the material of thé dam is required.

Methods of determining the initial static stresses acting on the dam
vary from an estimate based on previous experience to the most comprehen-
sive technigue currently available: a finite element approach which models
the method of construction by building up the dam successively with lavers
of elements, while also accounting for the nonlinear behavior of the
materials used.

A dynamic analysis which calculates the histories of the varying
stresses throughout the dam, followed by use of these stress histories
to determine the behavior in the laboratory of samples of the dam material,
form the preliminary stages of a comprehensive deformation analysis.
Analysis of these stress histories has developed from the original shear
beam approach, which assumed the material of the dam to be uniform and
that only shear forces acted, to the present comprehensive approach using

the finite element method.
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The static and dynamic stress analysis and the subsequent measurement
in the laboratory of the behavior of specimens of the dam material subjected

to these stresses, as used in the present research, are described fully in

the previcus chapter.

The behavior of soil samples consolidated under the initial stress
conditions, due to gravity loading and seepage forces, and subjected to
a cyclic stress history, is recorded in the form of the axial strain of
the laboratory specimen. This strain, the major principal strain, is
referred to as the strain "potential," since a corresponding element in the
dam, unlike the laboratory sample, is restrained by surrounding material
from undergoing the same degree of deformation. The final result of the
dynamic stability analysis of the dam 1s the determination of the strain
potential for each element in the dam, and use of these values both to
modify the strength of elements along potential failure surfaces and to
assess the overall deformations of the embankment. A stability analysis,
using zero strength for the regions where the slip surface passes through
"failure zones,".i.e., areas where the strain potential exceeds the failure
strain, and appropriately reduced strength where the strain potential is
less than the failure strain, can be used to estimate the overall stability
of the embankment after the earthquaske. However, as with all limit analyses,

the result indicates only whether or not total failure of the dam will

occur. In the cases where failure does not occur, this approach gives no
assessment of the deformations that may result as the soil undergoes
strain in order to develop the strength necessary to resist failure.

A method of expressing the strain potential in terms of the overall
earthquake-induced deformation of the dam is required in order to perform

a complete analysis. A knowledge of these deformations, together with
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calculated post-~earthquake stress and strain distribution which is derived
from such an analysis, would help the designer of the dam to recognize

areas of potential weakness in the event of an earthquake.

Deformation Analyses

Analyses of the seismically induced deformations of an earth dam by
four different approaches are presented in this chapter. The first approach
is a rough approximation and follows directly from a knowledge of the strain
potentials of the elements. It was used by Seed et al. (1973) in the analy-
sis of the Upper San Fernando Dam. The second and third methods are based
on the concept that the effect of the strain potential of an element is a
reduction in the modulus of the material, followed by settlement of the dam
to a new position of eguilibrium under gravity loads. The second method is
a linear gravity turn-on analysis, as proposed by Lee {1974), while the
third method is a nonlinear version of the second, with the loads applied
in increments, thus making it possible to approximate the stress-strain
curve of the soil by a series of straight line segments.

The fourth method, which seems to offer the most rational approach,
and for which a computer program has been developed (listed in the Appendix),
is a true pseudo-static approach. The effect of the earthquake is repre-
sented by a set of nodal point forces which are derived from the element
strain potentials. The method incorporates the nonlinear characteristics
of the soils and leading is incremental.

The results of these analyses, when applied to the Upper San Fernando
Dam to calculate the deformations due to the earthquake of February 2, 1971,
are presented in the following chapter. The four methods are briefly des-

cribed in the following paragraphs.
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First Approximation

An approach for assessing embankment deformations, applied by Seed
et al. (1973), is to average the strain potentials, expressed as shear
strains, along a vertical section through the dam, and to calculate the
movement at the top of the section from the product of the average shear
strain and the height of the section. This method determines only hori-
zontal displacements, and it assumes that the maximum shear stresses act

along horizontal planes.

Modified Modulus Approach~--Linear

An alternative approach involves the use of linear, static finite
element analyses, in which the effect of the earthquake on the soil pro-
perties is simulated by a reduction in the modulus, as proposed indepen-
dently by Lee (1974). The analysis is run in three stages.

In the first stage, a linear gravity turn-on analysis, which includes
gravity leoads and seepage forces, is run. Initial values of the medulus,
Ei, are determined from static triaxial tests, or estimated from published
data for similar soils. The calculated deformation of each node in the
dam is recorded and stored for later use. The deformations are merely
reference deformations and are not representative of any actual pre-earth-
quake deformation.

The effect of cyclic loading on a soil is represented as a softening
of the soil, resulting in a reduced modulus. The dam will then deform
under both its own weight and the hydrostatic forces acting on the upstream
slope. Thus, the second stage of the analysis is to perform another linear
gravity turn-on analysis, using reduced wvalues of the modulus in the elements.

The third and final step calculates the difference between the defor-

mations cobtained from the second and first steps of the analysis to give
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the displacement of each node in the dam due to the softening caused by
the earthquake.

The initial values of the modulus, Ei' used in the first stage of
the analysis, are determined from triaxial tests or published data for
gsimilar soils. 7To determine the final value of the modulus, Ef, it is
assumed that the stresses developed during the earthguake return to the
initial value and that the net change in stress is zero (Fig. 3.1).
During the earthquake, the strain changes from the initial value Ei to
the final value €., an increase egual to the strain potential ep. The

£

final value of the modulus is then:

(3.1)

Because the critical zones of the dam are saturated, and most of the
rest of the dam is nearly saturated, the bulk modulus of the soil in the
dam cannot change significantly. Hence, all of the softening is assumed
to be due to a reduction of the shear modulus. To incorporate this in a
finite element analysis, the stress-strain relationship is formulated in
terms of the bulk modulus and shear modulus, rather than in the usual
manner in terms of Young's modulus and Poisson's ratio. This formulation

is that originally proposed by Clough and Woodward (1967):

where C is the elastic stress-strain relationship {(Hooke's Law) for plane
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strain conditions, defined by
g = 9 £

and expressed in terms of the bulk modulus (X) and the shear modulus (G)

of the soil:

E

K = S (=29 (3.3
E

G = FYSETY) (3.4)

where E is the appropriate value of Young's modulus (Ei or Ef) and v is
Poisson's ratio, which is usually estimated. For elements below the
phreatic line, V is assumed to be 0.49; for other elements the value will
vary with the material type and can be estimated from published values.
The bulk modulus is calculated using E = Ei for both first and second

stages of the analysis; the shear modulus is calculated using E = Ei in

the first stage, and E = E_. in the second stage.

£

During the earthquake, drainage of excess pore water pressure does
not have time to occur since the dam is effectively impermeable for the
relatively short duration of shaking. Thus, in the second stage of the
analysis, water forces may more appropriately be applied to the upstream
slope of the dam, rather than as seepage forces throughout the dam.

A similar analysis has been published independently by Lee (1974).
In this approach, a pseudo-secant modulus for each element is first cal-
culated from the results of the finite element dysamic analysis. The

modulus is defined as:

o)

B

(3.5)
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where Oi is the initial stress in the element (i.e., before the earth-
quake) and EP is the element strain potential resulting from the earth-
quake shaking,

A final secant modulus is then defined by:

.]; = 1 + 1 (3.6)
E E

ip i P
where Ei is the initial (pre~earthguake) secant modulus.

Using the initial and final values of the secant moduli, two linear
analyses are run, the difference in displacements giving the earthqguake-
induced deformations. Only.the shear modulus is changed in the second
stage of the analysis, as described previously, and hydrostatic forces are
assumed to act on the upstream slope during the earthquake. The deformations
calculated by Lee are compared with those determined in the present study

in the following chapter.

Modified Modulus Approach--Nonlinear

This approach is an improvement on the preceding analysis and takes
into account the nonlinear stress=-strain behavior of soils. The analysis
is run in three stages as before. The first stage consists of a finite
element analysis to determine the conditions in the dam before the earth-
quake. The stress-strain relationship for the pre-earthquake condition
is determined from the nonlinear parameters for the soil which are calcu-
lated by the method of Kulhawy et al. (1969) as explained in the previous
chapter, or some similar approach. Fig. 3.2 shows representative curves
for the stress-strain relationship in an element for the conditions before
and after the earthquake. Deviator stress is plotted against principal

strain.
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In performing a nonlinear static analysis for the post-earthguake
conditions, some additional assumptions must be made about the stress-
strain relationships for the soil. Accordingly, it is assumed that the
static shear stress in an element of the dam, represented by the static
deviator stress, applied to a representative sample in the laboratory,
will be unchanged due to the earthquake. During the earthquake, or simu—
lated earthquake loading in the laboratory, the cycelic shear or deviator
stress will pulsate about the pre~ecarthquake static shear stress condition.
In the laboratory test, this effect will cause an accumulative strain, Ep,
in the sample at the end of the simulated loading. Thus, the final total
strain, Ef, after the earthquake will be Ei + Ep, as shown in Fig. 3.2.

It is further assumed that the shape of the post-earthquake stress-
strain curve between the origin and the final post-earthquake condition
can be represented by a hyperbola similar to that of the pre-earthquake
curve. Finally, it is assumed that the factors n and Rf, as defined in
Chapter 2, used to define this hyperbolic curve are the same as those used
for the pre-earthquake curve and that the initial moduli before and after
the earthquake are in direct proportion to the strain in the laboratory

sample simulating the element in the dam:

(E.) = (B,) ™/ (3.7)

i’after i" g, + ¢
In this way, a nonlinear stress-strain curve for an element for the post-
earthquake condition can be fully defined.

The first step of the method consists of an incremental loading
analysis using the initial stress-strain curve for each element. The

stress-strain matrix used in the computer program is defined in terms of

G and K. The load vector for the finite element analysis is formed of
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the gravity loads and the seepage forces and is applied in a number of
steps. The stiffness properties are recalculated at each load step and
the stiffness matrix reformed, thus following the stress-strain curve by
a nunber of straight segments. In the second step, the analysis is
repeated using the post-earthquake soil properties. The deformations
calculated in the first two steps are subtracted in the third step to
give the deformations of the dam due to the earthquake.

In the second step of the analysis, only the shear modulus is changed,
the reasoning for this being as presented in the previous section on the
linear approach.

The results of the preceding methods of analysis applied to the Upper
San Fernando Dam are presented in the next chapter. However, since neither
of the above methods includes consideration of the deformations produced by
the inertia stresses induced by the earthquake shaking, another approach
giving consideration to this aspect of the problem was developed, as de-

scribed below.

Equivalent Nodal Point Force Approach

The ultimate effect of the earthquake, assuming the dam does not fail,
is to cause each element of the dam to undergo some degree of strain; this
may be expressed by the strain potential for each element, although the
aétual strain will necessarily be different from the strain potential values
in order to ensure compatibility of deformations.

It is possible to postulate an array of static forces at the nodes of
the finite element mesh which would result in the same deformations of the
elements as those produced by the computed strain potentials. Thus, the

effects of the earthquake can be represented by a series of equivalent static
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forces producing a truly pseudo-static analysis.

To estimate the equivalent static nodal point forces for an element in
the embankment, it is necessary to determine the change in stress for that
element corresponding to the computed strain potential induced by the earth-
gquake loading. This can be achieved once a stress-strain relationship for
the material during the earthdquake has been defined. 1In the present analysis
two assumptions have been made: (1) the stress-strain behavior of the
material during the earthquake may be represented by a nonlinear hyperbolic
relationship determined from consolidated-undrained laboratory tests; and
(2) the nonlinear stress=-strain relationship for a particular soil during
the earthguake is dependent only on the initial effective confining pressure
existing in the embankment before the earthquake. The first assumption is
a reasonable one in most cases, especially for low permeability soils, given
the short duration of the earthquake loading during which the material can
be assumed for all practical purpcses to exhibit undrained behavior. The
second assumption can reasonably be made since the approach followed in the
analysis is a total stress apprcoach where the properties of the material
depend on the initial stress conditions before loading.

Accordingly, the increment in stress, AOd, corresponding to a specified
strain potential, Ep' for an element of soll can be determined as shown in
Fig. 3.3. The initial pre-earthquake stress condition (Gdi, Ei—D) may be
conveniently determined by an incremental finite element procedure (as des-
cribed in Chapter 2) using nonlinear parameters obtained from drained tri-

axial test results. For the same initial stress conditions (0..., ¢

31 Ui the

undrained stress-strain relationship used during the earthquake is also
shown in Fig. 3.3, and the corresponding strain on this curve for the sane

stress, Odi,is ei—UD' It is assumed that deformations during the earthguake
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start from this point on the undrained curve. The differences between

€. and €.
-

i-UD are very small compared to the strain potential, SP, and

D

since the interest of the analysis is in the earthquake-induced deforma-

tions rather than the pre-earthquake displacements, such differences may
be neglected for practical purposes without affecting the results of the
analysis. The change in stress, Acd, corresponding to the strain poten-
tial, Ep' can then readily be determined using the undrained stress~strain
relationship, as shown in Fig. 3.3.

Dynamic¢ analyses have indicated that the response of earth dams to
horizontal base motions is, in general, predominantly a shear deformation
and that the maximum induced shear stresses occur along directions within
about %£10° of the horizontal. It may, therefore, be assumed conserva-
tively that the maximum induced dynamic shear stress, Armax' acts along
the horizontal plane and is equal to ATxy. The maximum dynamic shear
stress, ATmax' ¢can readily be determined since it is equal to half the

deviator stress increment, AC determined above.

q’
To estimate the equivalent nodal point forces, it is further assumed
that the distribution of shear stress over the area of an element is uni-~
form and constant. Thus, the nodal point forces for an element in plane
strain can be estimated from ATXY {(which is equal to ATmax} by multiply-
ing it by the width and the height of the element to determine the hori-
zontal and vertical node forces, respectively, as shown in Fig. 3.4,
These nodal forces are applied in the direction of the initial horizontal
shear stress acting on the element, since a soil element under simple
shear cyclic loading conditions will show a residual deformation in the

direction of the initial shear stress.

A nonlinear finite element analysis is then run in which only these
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forces are applied, and the resulting deformations in the dam are those

due to the earthquake. The loads due to gravity and seepage forces

are not included in the analysis since the effects of these forces have

already been included in the evaluation of the strain potential. Since

the soil was consclidated before dynamic testing under the stress condi~
tions existing in the embankment prior to the earthquake, these initial

stresses are due to the gravity loads and seepage forces.

A nonlinear finite element program (DEFORM) was written incorporating
the method presented above. A description and full listing of the program
is given in the Appendix. The nonlinear analysis procedure of Kulhawy et
al. (1969) is used. As a first stage, a nonlinear step-by-step loading
analysis, including seepage forces, is run to determine the initial stresses
in the dam. The pseudo-static nodal point forces representing the
earthguake are then calculated for each node based on the undrained stress-
strain relationship of the material during the earthquake and the strain
potentials for the elements.

With the initlial stresses as a starting point, a second analysis is
run in which only the pseudo-~static nodal peoint forces calculated in the
first stage are applied. The resgsulting displacements are the deformations
induced in the dam by the earthquake. -

In the first stage of the analysis, soil properties for the dréined
condition are used; in the second stage, undrained soil properties are
used, as these are more representative of the conditions existing in the
dam during the earthquake. The Hooke's Law relationship used throughout
the analysis is that previcusly described under Modified Modular Approach--—
Linear. During the second stage of the analysis, only the shear modulus

of the soil is changed, the buik modulus remaining constant, to mcdel as
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accurately as possible the behavior of saturated soil during the earthquake.

The analysis cannot incorporate the effect of time, although the defor-
mations are not necessarily immediate and may continue after the earthquake
has stopped. However, if it were possible to incorporate this time effect
and allow the changing stresses to affect the soil properties, the effect
would be for the scoil modulus to decrease, causing a smaller stress change
to be required to produce the potential strain. This would result in lower
equivalent nodal point forces acting on a softer material. While it cannot
be claimed that the end result would be the same, the indication is that
the effect would tend to give similar displacements.

Due to the nature of the nonlinear stress-strain formulation, tensile
stresses cannot be handled. Soils generally used in earth dams cannot
support tension, resulting in the opening of cracks near the surface of
the dam. If, during the analysis, large tensile stresses develop in any
element, the modulus should be reduced to a very small positive value.

An alternative approach to the above, which is described below, may
be more applicable in cases where the specified strain poﬁential values
for a considerable number of elements are of such large magnitude as to
exceed the failure strain of the material, since the use of the hyperbolic
stress-strain relationship shown in Fig. 3.3 may cause some mathematical
difficulties in the computational procedure for the permanent deformations.
For such conditions, an equivalent linear modulus approach may be used
where the equivalent modulus Ef is estimated from the nonlinear relation-
ship on the basis of the strain potential, as shown in FPig. 3.5. The
deviator stress increment, AGd, used to establish the wvalue of Ef will be
the same as that determined in Fig. 3.3.

The equivalent nodal point forces in this approach are determined in
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the same manner as that described in the ncnlinear approach (see Fig. 3.4),
however, in this case, the second stage displacement computations are
carried out using a one-step linear analysis instead of the incremental
nonlinear approach described above.

As with any similar analysis, the results produced are limited in
usefulness by the accuracy with which the so0il properties are known.

In the next chapter, the method is applied to evaluate the deformations

of the Upper San Fernando Dam during the earthquake of February 1971.
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Chapter 4

Analysis of Permanent Deformations of the
Upper San Fernando Dam

The Upper San Fernando Dam

Introduction

The Upper San Fernando Dam is a part of the Van Norman Lake Complex,
a system of dams, reservoirs, dikes, and storm and diversion structures,
which forms the terminal storage area for two aqueducts and was the main
water distribution center for the surrounding area before the earthgquake

of February 9, 1971.

Construction of the Dam

Construction of the Upper San Fernando Dam was begun in 1821. Half
a million cubic yards of material were placed that year, bringing the
crest elevation to 1200 feet. It was originally planned to raise the
embankment to a final crest elevation of 1238 feet in 1922. However, the
dam was completed by the addition of a rolled £ill section at the upstream
side of the dam, bringing the final c¢rest elevation to 1218 feet. The
completed dam has a crest width of 20 feet and a 100-foot berm on the
downstream side at elevation 1200 feet. The slopes are 2.5:1, and the
upstream face is protected by concrete paving. The maximum cross-section
height is approximately 82 feet (Fig. 4.1).

Construction details for the dam do not exist, but the general tech-
nique employed was the "semihydraulic™ £ill method, a variation on the

hydraulic £ill construction method. In the hydraulic £ill method of
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construction, material for the dam is sluiced at the borrow area and
conveyed to the site, through pipeé by pumping or gravity. It is then
discharged on beaches at the upstream and downstream edges of the dam
and flows toward the center, coarser material being deposited guickly

to form the shell of the dam and finer material settling out more slowly
from the poocl which forms at the center to form the "impermeable" core.
Ideally, the end result is an overall gradation from coarse material at
the face, forming a strong shell, to the finest material at the center,
forming an impermeable core. In practice, this is rarely realized, and
lenses of sand and silt sometimes penetrate the core partially negating
the effect of the impermeable barrier and making the dam more prone to
failure from piping. However, it was felt at the time by the designers
that 1f adequate care was taken during constructicon, and if the rate of
progress was controlled so that local failures did not occur on the slopes
during constyuction, a sound embankment could be built.

Possibly due to lack of an adequate water supply, the hydraulic fill
method was not used to build the Upper San Fernando Dam, though the Lower
San Fernando Dam was built by this technique in 1912. In the semihydraulic
£ill method used, borrow material was loaded by Fresno scrapers or steam
shovels at the borrow area and transported by horse~drawn carts to the dam
site. Here the materiazl was dumped on the beaches at the upstream and
downstream toes and was spread by sluicing it with a jet of water pumped
from a barge flocating on the pool between the beaches. As with the hydrau-
lic £ill method, the finer material was transported down intc the pool to
form the core, while the coarser material stayed near the beaches to form
the shell.

The volume of material placed by this method in 1921 was 500,000 cubic
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vards. The»following vear the rolled £ill section was added at the
upstream face. This added a further 50,000 cubic vards to the dam.
The material for the rolled f£ill section was brought to the dam by
horse-drawn cart, spread in thin lifts by Fresno scrapers, sprinkled
and then compacted by routing the hauling equipment over the filled
area. Total cost of the dam was approximately $280,000.

Despite the difference in construction‘methods for the Upper and
Lower San Fernando Dams, investigation by bore holes and trenches, made
after the earthquake of February 1971, showed no appreciable difference

in the material of the dams.

Foundation of Dam

The Upper San Fernando Dam is founded on alluvium, consisting of
alternating layers of stiff clays and clayey gravels, varying from 50
feet to 60 feet deep. The alluvium is underlain by a poorly cemented
conglomeritic sandstone and coarse-grained sandstone of the Saugus for-
mation (Lower Pleistocene), which also forms the abutments.

The dam is constructed directly on the alluvium with a cut-off
trench approximately 4 feet deep and 30 feet wide, under the axis of

the dam, as the only site preparation (see Fig. 4.2).

Reservoir and Auxiliary Structures

The dam contains a reservoir of 1,850 acre-feet capacity. Origi-
nally, the reservoir capacity was 1,977 acre-feet, but this was reduced
by alluvium washed down by the flood of 1938 and by later construction
of dikes along the western side of the reservoir. The spillway, at eleva-
tion 1,212.5 feet, is located near the left abutment of the dam.

An outlet tower is located near the upstream tce of the midpoint of

the dam. The tower is founded at elevation 1,149 feet and rises to
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elevation 1,239 feet, approximately 90 feet high. The tower has an out-
side diameter of 20 feet, with stepped internal diameters. It connects
to an 8-foot diameter cast-in-place concrete outlet conduit lined with a
62-inch inside diameter, concrete-~lined steel pipe, which passes through
the embankment. A& second outlet pipe, 99 inches in diameter, and passing
through the right abutment at an inlet elevation of 1,185 feet, was con-

structed in 1968.

Instrumentation

Observation wells on the beym and the downstream slope were used to
locate the phreatic line. Monuments embedded in the embankment were ussad
to measure deformations. Seepage losses were measured at drains at the

abutments and at the downstream toe of the dam.

Earthquake of February 9, 1971

&n earthquake, measuring M = 6.6 on the Richter Scale, occurred at
6:00 a.m. on February 9, 1971 in the San Gabriel Mountains north of the
City of Los Angeles. The epicenter was approximately 6 miles NE
of the San Fernando Dam complex. Fault movement jwas of the thrust
type, the north block moving up and over the south block at an angle of
about 45 degrees. The focal depth of the onset of rupture was approxi-
mately 8 miles. The fault break apparently propagated upward to the
south, intersecting the ground surface in the San Fernande area. The fault
scarp formed by the earthquake reached a maximum height of about 4 feet
at its eastern end, diminishing in height toward the west. However, fea-
tures resembling a2 fault break were traced nearly to the eastern edge of

the Lower Van Norman resexvolr.
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Seismoscope records obtained on the crest and the abutment of the
lower dam were obtained during the earthgquake, and the record for the
abutment has been interpreted by R. F. Scott to provide a record of the
time history of accelerations at the bedrock underlying the dam. Based
on a study of this record, and of the maximum accelerations recorded at

sites with waryving epicentral distances, Seed et al. (1973) concluded

that the maximum rock acceleration at the site of the dams was in the

range of 0,55 to 0.69,

Effects of the Earthguake on the Dam

When the water level in the reserveoir of the Upper San Fernando Dam
was drawn down after the earthquake, several longitudinal cracks were
observed running nearly the full length of the dam. The cracks appeared
to be multiple shear scarps resulting from the downstream movement of the
main body of the dam, the crest showing a settlement of nearly 3 feet and
a downstream movement of nearly 5 feet at the center-line of the dam
(Fig. 4.2). The downstream movement was evident from the bowing of the
parapet wall and the scarps on the upstream face.

A vertical longitudinal crack opened on the downstream slope of the
rolled £ill section {(indicated in Fig. 4.2) and a 2-foot high pressure
ridge formed at the downstream toe. 3Sand boils also formed below the down-
stream toe.

Damage to the outlet conduit was revealed on inspection after the
earthquake. Several cracks, up to 3/4-inch, opened in the section of the
conduit in the upstream and central areas of the dam. Compression failure
occurred near the downstream toe (Fig. 4.2). .However, the magnitude of

the movements at the conduit was relatively small, indicating that most of
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the movement occurred in the embankment above the conduit. A sinkhole,
extending to the surface of the dam downstream from the berm, appears to
have been formed by seepage and erosion through a crack in the conduit.

Although the transverse movement of the dam was the major movement,
relative longitudinal movement of the abutments, probably less than 2
feet, caused cracks in the spillway and in the roadway across the crest
of the dam.

Variations in the water level in three piezometers during and after
the earthquake are shown in Fig. 4.3. The shear strains induced in the
embankment during the earthquake caused increases in the pore water pres-
sure, which slowly dissipated after the earthguake. These increases are
evidenced by the changes in water level in the piezometers. During the
earthquake, the water overflowed from piezometers #1 and #2, so the true
increase is not known.

Judging from the field observations, movements appear to have been
general throughout the dam, and not confined to a unique slip surface.
The movements were probably due to a weakening of the soil due to the rise
in pore water pressure. The sand boils indicate that liquefaction did
take place in some areas, and part of the movements may have been due to

strength loss due to liquefaction.

Measured Displacements

A survey of the monuments embedded in the dam was made shortly after
the earthquake. Vertical and horizontal displacements were measured at
several points on the maximum section of the dam (Fig. 4.4) including:
the upstream parapet wall, the midpoint of the downstream slope of the
rolled fill section, the upstream and downstream ends of the berm, the

midpoint of the downstream slope and the downstream toe. The displacement
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of the crest was 4.9 feet downstream and 2.5 feet vertically downward.
The horizontal movements were progressively larger toward the downstream
end of the berm where the displacement was 7.2 feet. Settlement was 2.5
feet at the crest and 1.4 feet at the downstream edge of the berm, but
cnly 0.2 feet at the toe of the rolled fill section. Unfortunately, this
is the only measured movement of the central core section of the dam and
so the maximum amount of heaving is not known. The measured displacement
at the middle of the slope was 5.8 feet downstream with 1.7 feet vertical
settlement, and the measured displacements at the downstream toe were 3.6
feet horizontal downstream movement and 0,2 feet vertical heaving., A 2-
foot high pressure ridge was reported to have developed at the downstream
toe of the dam -- though this ridge may have occurred in the hydraulic
£ill blanket somewhere below the teoe of the dam. No measurements were made

on the upstream slope.

Static and Dynamic Analysis of the Dam

Soil Properties

The field investigation carried out as a preliminary to the stability
analysis of the Upper San Fernando Dam consisted of borings, trenches, and
seismic surveys (Seed et al., 1973). Trenching showed the hydraulic £ill
to be made up of alternating layers of fairly clean sand and silty to clayey
sands, with occasional layers of clay. Iayering was most pronounced at the
outer edge of the embankment where the material was generally coarser, while
at the center of the embankment lavering was not evident and the material
was a fine sandy silt with some clay. Gradation curves of the material
taken from the bottom of a transverse trench cut into the downstream berm

are shown in Fig. 4.5. A cross-section through the middle of the embankment
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showing the locations of some of the borings and the materials encountered

is shown in Fig. 4.5.

Static Analysis

A static finite element analysis was performed by Seed et al. (1973)
as a preliminary step in the stability analysis of the Upper San Fernando
Dam. The analysis, using nonlinear soil properties and in which construc-
tion conditions are simulated by progressively adding layers of elements
to the model, is described fully in Chapter 2 and by Rulhawy, Duncan, and
Seed {1969}. This analysis, which includes seepage forces, gives the
stress conditions acting in the dam prior to the earthguake. The initial
stresses determined for each element are later used in conjunction with the
dynamic analysis and laboratory testing program to calculate the strain
potential for the element. The finite element mesh used is shown in Fig. 4.6.
The nonlinear soil properties used are shown in Table 4.1. The contours
of horizontal stress and strain (Ox & EX) and shear stress and shear strain

(T & Y. ) are shown in Fig. 4.7 and 4.8,
Xy Xy

Dynamic Analysis

The dynamic finite element analysis performed on the Upper San Fernando
Dam is described by Seed et al. (1973). The earthquake acceleration history
used as input to the dynamic analysis was a modification of the record obtain-
ed at Pacoima Dam, with a peak acceleraticon of 0.6 g (Fig. 4.13). Only the
horizontal component of the Pacoima record was used in the analysis since
shear stresses caused by vertical motions are insignificant compared to those
caused by the horizontal motions. Also, the change in pore water pressure
caused by vertical motions is small compared to that caused by horizontal

motions. Since it is the weakening of the soil due to pore-water pressure
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Table 4-1

Soil Parameters Used in Nonlinear Static Analysis

Upper San Fernando Dam

Values used in Analysis
501l Parameter Symbol Rolled Hydraulic Clay Foundation
Fill Fill Core Layer
Dry Unit Weight Yd(pcf) 125 100 100 107
Buoyant Unit Weight Yb(pcf) 78 60 60 67
Cohesion ¢ (psf) 2600 0] 0 0
Friction Angle (0] 25° 37 37 37
Modulus Number K 300 420 420 280
Modulus Exponent n 0.76 0.52 0.52 0.80
Failure Ratio Rf 0.90 0.78 0.78 0.66
G 0,30 0,33 0,33 0,32
Poisson's Ratio Parameters F 0.10 0.12 0.12 0.10
4 3.8 10 10 9
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increases which permits significant deformations to occur during the
earthquake, the neglect of the vertical component of ground motion is
felt to have little effect on the results,

The method used is described fully in Chapter 2 of this report.
The mesh was the same as that used for the static analysis. In conjunc-
tion with this analysis, cyclic triaxial tests were performed on all
materials of the dam, under a range of consolidation conditions and cyclic
loads. By comparing an element of the dam with a sample in the laboratory
under the same initial stress conditions and cyclic stress history, inter-
polating as necessary, it is possible to determine a strain potential for
each element of the dam. The results of the dynamic analysis, expressed

as strain potential values, are shown in Figs. 4.10 and 4.11.

Analysis of Permanent Deformations

Approximate Method

The first attempt to approximate the deformations of the Upper San
Fernando Dam was made by Seed et al. (1973). The average shear strain
potential for a wvertical section at the center of the dam was multiplied
by the section height to obtain a first estimate of the downstream move-
ment of the crest, as shown in Fig. 4,12, The value calculated for the
horizontal downstream movement was approximately & feet, This method of

analysis does not permit computation of vertical movements.

Linear Modified Modulus Analysis

Permanent deformations of the Upper San Fernando Dam may also be
computed by the linear gravity turn-on analysis procedure. In this proce-

dure it is assumed that the effect of the earthquake on the dam is a
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weakening of the material due to the cyclic shear strains caused by the
earthgquake motions. The calculated deformations are the difference in
displacements between an analysis made with the initial modulus and one

made with modified modulus wvalues. The initial modulus is easily found

from the initial stress conditions (Ei = Gi/ei). The modified modulus

is calculated for each element using the initial stresses and strains and
the value of the strain potential for the element. For the present study,
the reservoir forces were considered to act on the upstream slope, which

was assumed to be impermeable for the duration of the earthguake. The
method is more fully described in the previous chapter. The results of

the analysis applied to the Upper San Fernando Dam are shown in Fig. 4.13(a).
With the exception of points near the crest, the horizontal movement at

any point is greater than the vertical movement. However, values are con-
siderably less than the measured displacements, by a factor of approximatesly
6 for the horizontal displacements and a factor of about 3 for the vertical.
Vertical settlement over the core area is less than that in the areas up-
stream and downstream, indicating that a slight amount of heaving is taking
place in the core.

The results of a similar analysis performed independently by K. L. Lee
are presented in Fig. 4.13(b). Agreement with the method described above
is good, with the exception of the central zone of the dam. This is due to
a different technigue used by Lee to calculate the strain potentials, which

gave congiderably-higher wvalues in the central core zone.

Nonlinear Modified Modulus Analysis

This analysis is similar to that discussed above, with the exception

that nonlinear stress-strain properties are assumed for the soil. Water
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forces were applied to the upstrezam slope as before, and only the shear
modulus of the soil was considered to be affected by the cyclic shear
strains. The method is described in detail in the previous chapter. The
deformations calculated by this method are shown in Fig. 4.14. Although
horizontal deformations are in general about twice as large as those
calculated with the linear analysis approach, the overall deformed shape of
the embankment is similar. However, computed displacements are still sig-

nificantly below those measured after the earthquake.

Nonlinear Analysis Using Equiwvalent Nodal Point Forces

In this method, a set of ncdal point forces was applied to the nodes
of the finite element mesh to simulate the deforming effect of the earth-
gquake. {In all the finite element analyses, the same mesh was used (Fig.
4.6),] Only one deformaticn analysis is regquired in this approach, but it
is necessary to know the stress distribution throughout the dam before the
earthquake. In the nonlinear analysis used, the strength properties of
the scil are a function of the stress, and hence the first step of the
deformations analysis is a determination of the initial stress conditions
in the dam. A nonlinear incremental load analysis was used for this pur-
pose; however, a study by Lee and Idriss (1975) has shown that a linear
analysis can give good results for the initial stress conditions in a dam.
The pre-earthquake stress analysis regquires a knowledge of the seepage
forces acting in the dam before the earthgquake; these forces are easily cal-

culated from a flow net, and finite element programs exist for this purpese

(Finn, 1967). However, these analyses require the horizontal and vertical
components of permeability as input, and no permeability tests were run on

the samples obtained from the field investigation at the Upper San Fernando
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Dam. Portunately, water level readings before the earthquake in three
piezometers along the middle of the dam are known (Fig. 4.6) and from
these an approximation to the phreatic line could be made. Egquipotential
lines were drawn by dividing the head loss through the dam into equal
increments, and from these the magnitude and direction of the seepage forces
at each element node below the phreatic line were evaluated. One-guarter
the volume of the four surrounding elements 1s associated with each node.
The average gradient was found across this area and the seepage force
calculated. The seepage force can be assigned to act at the node in the
direction of flow, which was estimated, and then resolved into its hori-
zontal and vertical components to give an estimate of the seepage forces
acting in the dam. It can be seen from Fig. 4.6 that the slope of the
phreatic line is less in thé central part of the embankment, the reverse
of what would be expected if the material of the core has a lower perme-
ability than the shell. This may be due to lenses or layers of silt or
coarser material traversing the core, a possibility with hydraulic £ill
type of construction.

As the deformation analysis performed is nonlinear, a knowledge of
the nonlinear soil parameters is required. These parameters for the
drained condition have already been derived for the static analysis per-
formed on the Upper San Fernando Dam by Seed et al. (1273). These para-
meters are appropriate to the conditions in the dam before the earthquake.
For the saturated soils during the earthquake, excéss pore pressure built
up by the c¢velic shear strains will not have time to dissipate, and hence,
undrained conditions exist. Nonlinear soil parameters for these scils were
therefore calculated from the results of consolidated-undrained tests.

Very few such tests were run on the core material and thus considerable




83

uncertainty exists for the parameters for the clayey core material. The
parameters used in this analysis are shown in Table 4.2. 1In the analysis,
undrained parameters were used for material below the phreatic line and
also for core material above the phreatic line, as capillary action in the
fine core material makes use of these parameters more meaningful. Drained
parameters were used elsewhere in the embankment.

A full description of the deformation analysis procedure is given in
the previous chapter. Using the nonlinear, undrained stress-strain para-
meters shown in Table 4.2 and nodal point forces representative of the
computed earthguake~induced strain potentials presented in Fig. 4.10, the
embankment deformations were computed by the incremental non-linear approach
using the program DEFORM-2 and the deformed shape together with the original
section are presented in Fig. 4.15. In this computation a zone which is
located downstream of the toe of the embankment (see Fig. 4.15) and which
was found to have liquefied during the earthquake (ag evidenced by sand
boils at the ground surface) was assigned very low modulus values to simulate
the loss of shearing resistance due to liquefaction., As can be seen from
Fig. 4.15, the computed deformatioﬁs are again much lower than those
observed during the earthguake (Fig. 4.15}, although they are qualitatively
in reasonable agreement in terms of the direction of horizontal movement and
vertical settlement at most locations in the embankment. The computed
deformations were of the oxrder of 1/4 to 1/5 of those measured after the
earthquake, The results of a similar analysis using the procedure illus-
trated schematically in Fig. 3.5 and embodied in the program DEFORM~1 are
shown in Fig. 4.16. Again the computed movements are considerably less
than those observed.

However, it was noted in these analyses that significant tension zones




Table 4-2

S50il Parameters Used in Nonlinear Deformation Analysis (Egquivalent Force Method)

Values Used in Deformation Analysis
Soil Parameter Symbol Rolled fill Hydraulic fill Clay core .
Foundatiaon
Layer
above WT | below WT above WT | below WT above WT [ below WT
Unit Weight ({pcf) Y 125 72 120 62 104 48 67
Cohesion (psf) c 2600 1300 0 550 1000 1000 710
Friction Angle ° 25 - 20 37 24 0 0 32
Modulus Number K 300 100 420 100 102 70 80
Modulus Exponent n 0.76 0.76 0.52 0.66 1.76 1.16 ile6
Failure Ratio Rf 0,90 0,90 0,78 0.76 0.87 0.88 0,7
G 0.30 0.49 0,33 0.49 0,40 0.49 0.49
Poi . .
oisson’s Ratio F 0.10 0 0.12 0 0 0 0
Parameters
d 3.80 0 10.0 0 0 0 0

Notes: (1) buoyant weight used for soils below the water table

(2) data from consolidated-undrained tests (CU) used to determine parameters for
s0oils below the water table (soil assumed impermeable during the earthquake)
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developed in the dam, reguiring the use of some computational modifications
to simulate the cracking which would develop under these conditions, In
fact, in méking gsuch analyses a special problem arises with elements near
the center-line of the embankment where the initial shear stresses are zero.
On either side of this zone, nodal point forces are applied, acting in the
direction of the initial horizontal static shear stresses, Thus, elements
upstream of the center-line are subjected to nodal point forces acting up-
stream, while elements downstream of the center-line are subjected to nodal
point forces acting downstream. As a result, the central section of the
core tends to hold the two sides together and is placed in a condition of
tension, This is a fictitious condition since the soil would tend to fail
in tension rather than hold the two sides of the embankment together. It
may be noted that there was physical evidence of tension cracks in this
zone following the earthquake.

As it is difficult in the present finite element analyses to correctly
simulate the formation of tension cracks without the use of special joint
elements, it was assumed that the above mechanism could be simulated approxi-
mately by 2 softening of the column of elements located in the central
portion of the embankment where the tension cracks are expected to form.
Accordingly, the computations were repeated with verv low medulus values
assigned to a column of elements located near the center-line of the embank-
ment as shown in Fig, 4,17, The results for both the nonlinear and the
equivalent linear modulus procedures are presented in Figs. 4,17 and 4.18,
Again the displacements computed using the equivalent linear modulus pro-
cedure were about 30 to 40 percent higher than those using the non-linear
procedure. However, the computed deformations in both procedures were found
to be about twice to three times the values estimated earlier for the case

where no simulation of the formation of tension cracks was attempted. A
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comparison with the observed deformations in Fig. 4.4 shows that the computed
results for the equivalent linear modulus procedure (Fig., 4.18) ranged from
about 60 to 70 percent of the cbserved values near the crest and central
portions of the embankment to about 30 percent at the downstream edge of

the berm and the toe of the embankment. Considering the relative horizontal
movement between the two points at the crest located on either side of the
centerline of the embankment, Fig. 4.18 shows a total relative displacement
of about 5 feet. This is analogous to the formation of an open longitudinal
tension crack along the crest of the dam. Any tendency for a crack of such
dimension to form would undoubtedly allow wedges on the upstream portion to
slip into a configuration similar to that shown schematically in Fig. 4.19
providing a distorted section wvery similar to that observed during the
earthquake,

In fact, from an examination of the multiple shear scarps on the up-
stream slope of the embankment after the earthquake (Fig., 4.2), it seems
reasonable to believe that such a deformation pattern may have resulted from
a failure mechanism similar to that proposed above, Thus, due to the inertia
forces induced by the earthquake, longitudinal tension cracks might be
expected to tend to open up along the crest ¢of the embankment due to the
tendency ¢f the main body of the dam to move downstream; these cracks may
extend to various depths depending on the magnitude of the inertia forces.
As a result of this condition several wedges of the upstream portion of the
embankment would then tend to slip in the downstream direction to fill up
the resulting gaps. Such a mechanism, shown schematically in Fig, £.19
would explain the formation of the observed shear scarps on the upstream
face of the embankment after the earthquake,

Although the analytical approach described above is based on a number
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of simplifying assumptions and approximations and the exercise of some
degree of judgment, considering the uncertainties in the material properties
used in the analysis, it appears to provide a reasonable assessments of the
deformations of the Upper San Fernando Dam during the earthquake and a basis
for evaluating deformations in other dams where major movements are likely
to occur. When movements are relatively small, the use of the program
DEFORM, in either of the two formulations presented, would seem to provide
a reasonable baszsis for assessing the overall deformed shape ¢of an earth dam

due to earthquake shaking.
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Chapter 5

Summary and Conclusions

Summary

The deformations induced in the Upper San Fernandce Dam by the earth-
guake of February 9, 1971, were studied by four different methods and the
results compared with the deformations measured shortly after the earthquake.

The first method was a direct use of the strain potentials to obtain
an approximation of the downstream movement of the crest, and was first
used by Seed et al, (1973)., Horizontal movements only can be calculated.

The second and third methods were linear and nonlinear analyses
respectively, and used a reduced value of the modulus for the scil in con-
junction with gravity leocading to simulate the earthquake effects. Deforma-
tions calculated by the linear method (lLee, 1974) were too low; those cal-
culated by the nonlinear method were higher, but still well below the
measured values.

The fourth method, a pseudo-static approach using nonlinear soil
properties, gave results in reasonable agreement with the measured
deformations, where the upstream and downstream parts of the embankment
were allowed to move relative to each other through the introduction of a
softened core. This method is basically a pseudo-static technique in which
the potential shear strains induced in elements of the dam are used with the
nonlinear stress-strain properties to determine the corresponding shear
stress changes. Forces are calculated which, if acting at the element nodes,

would produce the same changes in shear stress. These forces are then
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applied to the nodes of the mesh and the resulting deformations are
calculated.

A number of assumptions were made in formulating the method. To
¢calculate the stress change due to the induced strain it was necessary to
assume that the confining pressure remains constant during the earthquake
and that equivalent nodal peoint forces act in the direction of the pre-
earthquake horizontal shear stresses. The horizontal plane is considered
the most critical in the dam, and the shear stresses acting on this plane
are considered to have the major effect on the behavior of the dam during the
earthquake. These shear stresses are assumed to be the maximum shear
stresses.

The applied nodal peoint forces represent all the forces acting on the
dam during the earthquake, as the strain potential calculated in the dynamic
analysis is a function of all the forces. Gravity and seepage forces are
included in the stresses under which laboratory samples are consolidated.
The inertia forces during the earthquake are represented by the cyclic
stress applied to the sample.

In the nonlinear stress-strain formulation used in the analysis, the
modulus of the soil is a function of the confining pressure. If tensile
stresses occur, the modulus of the soil is reduced to a very low value in
the analysis, and the surrounding elements are forced to assumed the extra
locad. Soils in general cannot take tension, requiring the use of special
elements or a softened zone near the axis of the embankment to allow for this
effect.

It should be noted that during the analysis of the Upper San Fernando
Dam using the softened soil concept and gravity load procedure, large

vaertical settlements were calculated in the soft clay core under the down-
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stream toe of the rolled f£ill section. The resulting deformation created
tension in the rolled fill causing instability in the analysis. It appears
to be a limitation of such analyses that adjacent zones of very different
strength cannot be handled. In the analysis of the Upper San Fernando Dam
the modulus number of the rolled £ill had to be reduced to overcome this
problem. As the major deformation occurred in the hydraulic f£ill, the
softening of the rolled fill would not appreciably affect the calculated
displacements of the dam.

In embankments of the type studied the potential strains may be very
large. The theory of the finite element method used is based on small
strains, and hence some error is introduced into the analysis due to this
cause. Nevertheless the method appears to provide a reasonable basis
for assessing the deformed shape of an embankment dam due to earthquake

shaking with a sufficient degree of accuracy for most practical purposes.
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APPENDIX

Computer Program "DEFORM"

DEFORM is a finite element program used to calculate the permanent
deformations induced in an earth dam by an earthquake. The method of
analysis is presented in Chapter 3 of this report; the organization of
the program, subroutine by subroutine, is described in this Appendix.
Instructions for preparing input for the program are also presented,
followed by a listing of the program.

The analysis is run in two stages: in the first, the stresses in
the dam before the earthquake are calculated, using a nonlinear step-by-
step loading technique. The forces acting on the dam, including gravity
and seepage forces, are applied gradually in a preselected number of
steps, enabling the nonlinear stress~strain curve of the soil to be
approximated by a number of straight segments. The stresses calculated
in such an analysis are essentially the same as those determined by the
more sophisticated technique where thq dam is built up in layers to simu-
late the actual construction conditions (Kulhawy et al., 1969). The
displacements calculated by the first stage of the analysis are not used.

The stress-strain curve for each element is a function of the con~
fining pressure and, therefore, changes with each load step. When the
stresses at the end of a load increment are determined, the tangent
modulus can be calculated and, consequently, the new stiffness matrix
can be formed. The stresses at the end of the next load increment are
then calculated, but a process of iteration is raquired to ensure that

the curved stress-strain relationship is followed. Two iterations per

loadstep were found to give sufficient accuracy and are used in this
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analysis. Thus, the tangent modulus calculated from the previous load
step is used in the first iteration to obtain an intermediate value of
the stress increase. A mean value of stress is calculated, a new tan-
gent modulus formed, and the second iteration gives the final stress
conditions at the end of the lcad step.

After the second iteration of the final load step, the final values
of modulus and Poisson's ratio are calculated. The stresses will be the
stresses acting throughout the dam before the earthquake. By assuming
that the confining pressure acting on each element does not change due
to the earthquake, and thus the strength curve is constant, the strain
potential for an element can be used with the stress—-strain curve to
find the corresponding change in stress. From the change in element
shear stress, a set of equivalent horizontal and wvertical nodal point
forces are calculated.

The second stage of the analysis is to apply the equivalent forces
to the dam, The stresses and strains calculated in the first stage are
the starting point for the second stage, but the displacement vector is
first initialiged to zero. Thus, the displacements calculated are those
due to the earthguake, and the stresses and strains at the end of the
stage are the conditions in the dam after the earthquake.

Two options are available to compute the displacements due to the
application of the eguivalent nodal point forces. The first option
(referred to as DEFORM~1 in Chapter 4) is to use an equivalent linear
modulus estimated from the specified strain potential. The second
{referred to as DEFORM=2 in Chapter 4) is to use an incremental nonlinear
approach where the load is applied in steps similar to that described
for the first stage calculations., BRBoth apprcaches have been described

in detail earlier (Chapter 3}.



a9

Material properties used in the first stage will generally be deter-
mined from consolidated drained tests. Saturated zones of the embankment
may be considered impermeable during the earthquake, and hence material
properties derived from consoclidated-undrained tests are more appropriate
for the second stage of the analysis.

The program DEFORM prints the input data, the stresses, strains,
moduli, ete. at the end of each load step, and the equivalent nodal
point forces at the end of the first stage. At the end of each load step
of the second stage, the displacements, both incremental and cumulative,
are also printed.

DEFORM uses a dynamic storage technique where all variable arrays
are stored in blank common. This technique uses core storage space most
economically. After reading the input data, calculating the band width
and allocating storage in blank common, the program transfers control to
the subroutine EXEC. From EXEC, subroutines are called which form the load
vector for the current load step and also the structure stiffness matrix,
taking into account the nonlinear behavior of the soil. Boundary condi-
tions are applied and an equation solver, USOL, 1s used to calculate the
displacements. From these, the strains and stresses are calculated by
STRESS and the process is repeated for the second iteration. This proce-
dure is repeated for each load step. After the last load step of the
first stage, the equivalent nodal point forces are calculated and substi-
tuted for the gravity and seepage forces in the lcad vector, and the
analysis is repeated, resulting in the calculation of the deformations
due to the earthquake.

Because in a nonlinear analysis as described in this report the

modulus of the soil is a function of the stresses, it is necessary to
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make an estimate of the stresses corresponding tc the initial load step
in order to start the analysis. The process of iteration that takes
place ensures that the stresses estimatea have been corrected by the end
of the first load step. The initial estimate of the first load step

stresses is made by the subroutine APPROX.
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ORGANTZATION OF PROGRAM DEFORM




(1)

(2)

(3)

(4)

DEFCRM
(main program)

INPT
(subroutine)

BAND
{subroutine)

EXEC
{subroutine)
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Organization of Program DEFORM

(&)

(b}
{c)
(d)
(e)

(£)

Reads initial data required to set dynamic
storage ;

Dynamically assigns core storage to arrays

Calls INPT - input data reader 1
Calls BAND - band width calculator
Calculates block size and number of blocks

Calls EXEC - the control subroutine

Reads:

(a)
b)
(c)
(d)

(e)

Material properties

Nodal point data

Element data

Cocordinates of boundary nodes (used by APPROX)

Strain potentials of elements

Calculates band width of stiffness matrix

Control subroutine

(a)

(b)

(c)

(e)

(£)

Initializes stress, straln, displacement, and
load wvectors

Calls BLOCK

Calls USOL to solve simultaneous equations
formed by BLOCK

Reads displacements (calculated by USCL}) from
tape; prints displacement at each iteration
punches displacements at end of analysis

Calls STRESS

Repeats steps "b" through "e" for each load
step



(5)

(6)

(7)

(8}

(92)

(10}

BLOCK

MATRIX
{subroutine)

NONLIN
(subroutine)

APPROX
(subroutine}

ELMAT
(subroutine)

BCOND
{subroutine}
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Forms the structure stiffness matrix in blocks and
stores the blocks sequentially on tape. Forms the
load vector in blocks and stores it on tape with
the stiffness matrix:

{a) Calls MATRIX for each element

{(b) Adds element stiffness matrices to form struc~
ture stiffness matrix

(c) Forms structure load vector from gravity loads
and seepage forces (first stage) and from equi-
valent nodal point forces {second stage)

(d) Calls BCOND to apply boundary conditions

(a) Calls NONLIN
(b) Forms Hooke's law relationship for elements
{c) Calls ELMAT

(d) Calculates gravity load vector for elements
(first stage only)

Uses the nonlinear material parameters and the
stress in each element (estimated initially by the
subroutine APPROX; determined by the subroutine
STRESS for subsequent load steps) to determine the
current value of the tangent and Poisson's ratio;
from these the bulk modulus and shear modulus are
calculated for use by subroutine MATRIX

Estimates the initial stress in each element for
the first iteration of the first load step (first
stage only). The vertical stress i1s assumed equal
to the weight of soil above the center of the
element; the horizontal stress is calculated from
the stress and the Poisson's ratio

Forms the isoparametric stiffness matrix for each
element using 3x3 Gaussian quadrature; writes the
strain-displacement relationship for elements on
tape.

Called by BLOCKX when the structure stiffness matrix
has been formed to apply boundary conditions. If a
nodal point is fixed in either direction, the equa-
tiocn correspending to this degree-of-freedom is



(11)

{12)

(13)

UsorL,
(subroutine)

STRESS
(subroutine)

EQUIV
(subroutine)
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zeroed out and the diagonal term is set to unity.
The corresponding value in the solution vector is
set to zero, or the fixed displacement if the boun-
dary condition is a specified displacement.

Solves the simultaneous equations block by block
and stores the calculated displacements on tape.
The technique used is an efficient Gaussian elimi-
nation algorithm, with no operations on zero terms
in the stiffness matrix. The subroutine was coded
by E. Wilson, U.C., Berkeley. Called by EXEC.

(a) Reads strain-displacement relationship for
each element from tape (written by ELMAT)
and calculates the strain.

{b} Calculates the stresses; on the first itera-
tion, the stresses calculated are used to
determine the mean stress increase in the
element; this is used to determine an inter-
mediate value of the modulus. This modulus
is used in the second iteration to arrive at
a final value of stress increase for the load
step. The stress increase ig then added to
the cumulative stress.

{c} Calls NONLIN at the second iteraticn of the
last load step to calculate the final values
of modulus and Poisson's ratio.

(d) cCalls EQUIV on the second iteraticn for the
last load step (first stage only).

e} Transfers equivalent nodal point forces to
the load vector at the end of the first stage.

Calculates the egquivalent nodal point forces due
to the change in element shear stress corresponding
to the shear strain for the element.
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List of Variables and Arrays Used in DEFORM

A array containing the current two blocks of the stiffness matrizx.
{The stiffness matrix is formed in square blocks - the number of
equations equals the band width - and stored with the load vector
on TAPE2.] Only two adjacent blocks are held in core storage at
any given time for processing by the equation solver, USOL.

Al'AZ'A3 working arrays used by equation solwver, USOL.
B array containing current blocks of load wvector (see under A above).
BINT working array containing intermediate values of load wvector
BMOD array containing the bulk moduli of elements
C matrix contains Hooke's law relationship
CM array containing value of soil cohesion for each material
CODE array containing fixity code for nodes -
1 fixed in X-direction
2 fixed in Y-direction
3 fixed in X & Y-direction
CQOEF array - nonlinear modulus parameter X
DISP matrix containing nodal displacements
DM array - nonlinear Poisson's ratio parameter 4
DPHI array - change in ¢ over 1 log cycle of pressure (Ad)
ENF matrix - equivalent nodal point forces
EP array - strain potentials of elements
ETAN array - tangential Young's modulus of elements
EXP array - nonlinear modulus exponent n
FM array - noplinear Poisson's ratio parameter F
GAM array - density of soil for each material
GAMW variable - density of water in units of analysis

GM array - nonlinear Poisson's ratio parameter G



ITER

IX

MAT

MTYPE

NANA

NDP

NLC

NLD

NSTEP

NUMBLK

PATM

PHI

SIGMA

SIGIT

SIGI3

SL

SMOD

ST
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current iteration number - 2 iterations are made at each load
step to determine the wvalue of the tangent modulus

matrix - contains the 4 nodal points associated with each element
and the material type of the element

variable - number of different materials

material number of element under consideration

variable - defines one of the two opt;ons in Stage 2 analysis
variable - number of nodal points in mesh

variable - number of elements in mesh

variable - number of nodes along upper boundary cof mesh reguired
to define the geometry of the dam and foundation

variable - number of load steps to be taken in analysis
variable - current value of load step

variable - number of blocks into which the stiffness matrix and
load wvector are divided {(computed by program)

array - element gravity loads‘
variable - standard atmospheric pressure in units of analysis
array - friction angle of each material (¢)

array in blank common which helds all the variably dimensioned
arrays used in the program

array - nonlinear parameter - failure ratio Rf

matrix - element stiffness matrix

)

matrix - element stresses (0 ,0 ,T
Xy Xy

matrix - intermediate element stresses used in iterating
array - minor principal stress for each element before earthquake.
These values are used to compute modulus and Poisson's ratio for

each eslement in Stage 2 analysis.

array =~ stress level (ratio of element deviator stress to deviator
stress at failure - SL = 1 at failure)

array - shear moduli of elements

matrix - element strain-displacement relationship



STAGE

STRN

TNU

VoL

XL

XLD

YL

YLD
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variable - contains current stage of analysis
(STAGE=1, analysis to compute initial stresses before earthgquake;
STAGE=2, analysis to compute permanent deformations due to
strain potential}

matrix - element strains (¢ _,g ,y )}

X Xy

array - tangent Poisson's ratio for elements

variable - volume (area) of element

array - horizontal nodal ccordinates

array -~ horizontal nodal ccordinates of boundary nodes

array - horizontal nodal forces (seepage forces in Stage 1,
equivalent nodal point forces in Stage 2)

array - vertical nodal coordinates
array - vertical nodal coordinates of boundary nodes

array - vertical nodal forces (as in XLD above)
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Files Used By DEFORM

TAPEL scratch tape {file) used by USOL

TAPEZ stores equations in block form (stiffness matrix and load
vector). Written by BLOCK, read by USOL.

TAPE3 displacements written on TAPE3 by USOL, read by EXEC,.

TAPE4 stores strain-displacement relationship (array ST} for each
element. Stored by EIMAT, read by STRESS.

TAPES standard card input file

TAPEG standard printer file

TAPE7 standard card punch file

TAPES scratch tape {(file)} used by USOL
TAPES scratch tape (file)usea by USOL

TAPE1O physical tape (file} to store element stresses before earth-
guake used by STRESS, and read by INPT.
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Input Data for DEFCRM

Title Card (8al0)

Columns

1-80

Job Identification {any characters)

Finite Element Mesh and Analysis Control Parameters {8I5)

Columns

Columns

Columns

Columns

. Columns

Columns

Columns

Columns

1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

NDP -

NLC -

KPNCH -

KSTART -

NANA -

No. of nodes in mesh
No. of elements
No., of different materials in dam

No. of steps in which loads are
applied (can be 1 through 5) for
both Stages 1 and 2 analysés

No. of nodes which are necessary to
define the geometry of the upper
boundary of the mesh (used to calcu-
late the weight of soil abowve each
element in order to estimate stresses
for the first load step)

Key for punching element stresses at
end of Stage 1 analysis and nodal
displacements at end of Stage 2
analysis onto cards if KPNCH = 1

Key for restarting Stage 2 analysis
after initial stresses before earth-
gquake has been computed (KSTART ¥ 0)
and no Stage 1 analysis is made in
current computer run.

If KSTART = 0, initial stresses are
to be comput=d from Stage 1 analysis;

If KSTART = 1, initial stresses are
to be read from cards;

If KSTART = 2, initial stresses are
to be read from TAPE1O.

Option to conduct Stage 2 analysis as
a one=-step linear analysis (NANA = 1)
or an incremental nonlinear analysis

(NANA = 2).



(2)

For example:

61

1

NIC = 6

e D

{¢) Constants (2F10.0)

Columns 1-10

Columns 11-20
Material Property Cards
Card 1 (I10,6F10,0)

Columns 1-10

Columns 11-20

Columns 21-30

Columns 31-40

Columns 41-50

Columns 51-60

Columns 61-70
Card 2 (4rl0.,0)

Columns 1-10

Columns 11-20

Columns 21-30

Columns 31-4¢C

Note: Above segquence of two cards per material in the dam repeated

PATM

GAMW

N
GAM(N)
CCEF (N)
EXP(N)
DM(N)
GM(N)

FM(N)

CM(N)
PHI(N)

DPHEI(N)

RF (N)

t

}

Standard atmospheric pressure
units of analysis).

(in

Density of water {(in units of analysis).

material number

density of material vy
modulus coefficient X
modulus exponent n
Poisson's ratic parameter 4
Poisson's ratic parameter G

Poisson's ratlo parameter F

cohesion ¢
friction angle ¢

change in ¢ per log cvcle of
pressure

failure ratio Rf

for each different material, specifying pre-earthguake properties.

Sequence is then repeated specifying the properties during the earth-

quake,
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(3) ©Nodal Point Cards (215,4rl10.0)

Columns 1-5 N - nodal point number

Columns 6-10 CODE(N) - fixity code for node {see below)

Columns 11-20 X(n) - x coordinate of node

Columns 21-30 H(N) - vy coordinate of node

Columns 31-40 XLD{N) - horizontal component of nodal force

Columns 41-50 YLD(N) - vertical component of nodal force
Note 1:

CODE(N) = 0 Node free in x~direction, Node free in y-direction.

CODE(N) = 1 Node fixed in x-direction, Node free in y-direction.
CODE(N) = 2 WNode free in x-direction, Node fixed in y-direction.
CODE{N) = 3 Node fixed in x-direction, Node fixed in y-direction,

Note 2: If nodal point cards are missing, coordinates of missing nodes
will be calculated by linear interpoclation; CODE will be set to 0.

Note 3: Coordinates are positive to the right and upward.

Note 4: Applied forces are seepage forces or any other forces applied to
the dam.

(4)  Element Cards (615)

Columns 1-5 M ~ element number

Columns 6-10 IX(M,1l) - lower left node number

Columns 11-15 IX(M,2) - lower right node number
Columnsg 16-20 IX(M,3) - upper right node number
Columns 21-25 IX(M,4) - upper left node number

Columns 26-30 TX(M,5) - element material number

Note 1: For triangular elements, third node number is repeated.

Note 2: 1If elements are missing, nodal numbers will be generated for
the missing elements by incrementing the nodal point numbers
of the previous element by unity (NB - this interpolation can
be used only if nodes are numbered in the same direction as
the elements in a system which may be inconsistent with num-
bering for minimum band width) and the material number is set
equal to that of the previous element.



(3)

(6)
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Note 3: The sequence of numbering element nodes MUST be as listed
above, otherwise the nodal forces calculated to simulate the
earthquake will be applied incorrectly.

Upper Boundary Nodal Point Cards (2F10.0)

Columns 1-1C x -~ coordinate of node
Columns 11-20 v - coordinate of node

One card per boundary node. (i.e., NLC cards). Nodes in sequence from

left to right {(i.e., nodes 5, 25, 43, 54, 61, and 80) as shown in the

example under the control cards input.

Element Strain Potential Cards (15,F10.0)

Columns 1-5 N - element number
Columns 6-15 EP(N) - element strain potential

One card per element; only elements with a non-zero strain potential

need be supplied. However, a card MUST be supplied for the last

element even if the strain potential is zero. Strain will be assumed

zero for missing elements.

Initial Stress Cards (I5,1X,2F7.1,6E10.3) Skip if KSTART = 0 on Card {1b)

Columns 1-5 N - element number
Columns 7-13 XC
Columns 14-20 ¥C

Columns 21-30 SIGMA(1l,N)

element normal stress (Ox)

Columns 31-40 SIGMA(2,N)

element normal stress (Gy)

Columns 41-50 SIGMA(3,N)

element shear stress (Txy)

Columns 51-60 STRN(1,N)

element strain (Ex)

i

Columns 61-70 STRN(2Z2,N) element strain (Ey)

i

Columns 71-80 STRN{3,N) element shear strain (ny)

END OF INPUT DATA
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FORTRAN LISTING OF PROGRAM "DEFORM"
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12701 FoRvAT(alR)
197 FARMAT(2F12, ")
20T FARMAT(IHTI QA1 /)
2521 FORVAT(27HY NUVIER OF NODAL POINTE=====- i v/
1 AN MUYMAER OF B SUMENTCmem s e »n v
2 FOMT NUMBER JF DIFF, YMATERTALS~== 10 /
2 3342 NUMBER OF CAD STEPRwm—m—m——=— 10 /
4 ATUD (ETY FOR BUNTR OYTD T e a - 117y
g 2IHT KEY FOR RESTAITING RUNam—— e 117920 IR MNE L2 3TART WIT
g STAGE 2Y/22HT QPTION FoR TYPE-OF AMALYSIS= 4110
750H{1 FOR 1-~STERP LINFAR, 2 FTR OINCROMENTAL MONLINTARY)
2709 FOAPMAT (/1Y 320K ATMASOHER L DREGENNS e —-— F1m .37/
1 1X+29H UNIT WEIGHT OF WATER~—-=w=- ~==F12.3)
2072 FEORMATU///7/710X »34HSTORLCGE REPIIRID By Al ANK COMMON =,19,2X,
1 SHWORDS/ /7)) - ‘
2074 FORVAT (i”Y95’HSPECIFI?D DIMENSION FOR ARRAV 0 1IN BLANMK C?“V?W‘IS
£TAN SMALL AV [ R42X s 5HUMRINSY
2335 FORMATI(/ /717X 18HNIMRER OF 2L.00KS =, 153
2.8 FOQVAT(IHls%Y TAMEIRST TTAGCE - CALCULATIOCN QF INITIAL STRESSES aND
¥ EQJIVALENT NODAL FORCES .
2027 FOQ“AT(1H1!;X’71HD”COND STAGE -~ CALCULATION CF SERMANIN DEFCRMATI
¥ONS AMD FINAL 3TREZSES)
SND ' ' -
SU3RCUTINT INDT(IX’LODCsY;Y;KLDsYL“ CA A LT s TP s MG e F ol 3 DOHT »
1 DOHI 4RF4TP 4S5 Au,°T°MoW:19MDD,”AT)
f”u”"M/PﬂﬂQTj/ MED Vﬁ!gufvﬁ-,JtT ] DATU,PQ“M,VNM,TI“E(Q}
COMMON/CIONET2/ TTERSMIAND NU4?LKaTITLh(BI9STALE9XLf5J)yYL(?ﬁ!eNLC
COMMONZCOMSETA/XPNUHIRSTam Fanaya
DTIMENESION GAM{IMAT s LO=F {MAT Yem X2 IMaTrs M MaT a3 d{aT Y arR (8T ) s
1 CHlMATY 0T (AT $DBHTIMATY (27 (40T
TIMENSTIOM X{ND2) 2 VINOD WXL INDIRY s YL {NDS ) « 0005 (NP :
STVENSTOY IXINTL Sy oI (NOL ) e ST (2,MT ), STRIN{3,MN01L)
INTECER InDT, TAZE
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READ MaTTRIAL PROPERTISS

AR At g o= 1,2

IF{JeT2&1y G2 T2 10

WRITE(As2718)

WRITE(6.2772)

00 22 1 = 1.™AT

K o= (J=1)}%MAT

REATLS 91072 NeGAMINFL ) s DT INFL ) 9 SXD (NF ) o DN+ 92 N+ ) o TN M+
,f‘lP(\!J_k’), L.;f{‘“ '(!,HD'—JT(\\_L(\":C{\'+71

HRITE(E 92 0 a ) N s GAMINECY s COTTINGL) 9 TYD(NEL) M NFL) oA 7 (REC) o 54 { Nk
1 s CMUINFL Y PHT (N+CY 9 TPHTIN+L) s RE [N+ ) .
5 OCONTINUE '

CONTINUE

RTAD MNEDAL POINT CRCRDINATES AND TORCES ([ INMTTRPCOLATS F22 MISSTINA Q

WRITE(6+2726)

L=C :

REAS{593208) NHCODTINY o XINYsYL{NY) o XLD{IMN) o YLOUIN)
N L=+

ZX=N=-L

TE(L 50« 2y GO T2 70
DX = (X{NY=X(LYY/Z2X
oY = (Y{N)=Y(L))/ZX
L=bL+1

[FIN=L)Y 1C32+3C5.82
00T iLy=2

XLy = X{L-1) + DX
Yty = Y{L-1) + DY
XE2 (L) Tl

YLD{L) D40

G0 TC T2
WRITE(£920381 (K sZ0D2Z{ ) o X a Y KDY s XLDIKIsYLD(L)s X = NLsN)
TFIND2=N} lv«’llv963
WRITZ (69220291 N

SToR

TONTINUE

READ CLIVENT NODAL NUW2ERS AND MATER[AL MUuacRE
WRITZ{6,2C 1’)

N=D

RIAD(Z:1T21) Ma{IX{Me])s1=145)

A=A 4 :

IF{M WJLTe MY 20 T2 170

20 IFT K=144

IX{M )= IX{MN-1 %) +1

TAMNZ)=IX(N=-193)

WRITE(622202) MNe(IX{NsTI+T=1+3)
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READ AND SRTINT BCUNDARY COORDINATES

READ{S+10708) (thI),YL(I)sI=1,NLC)

“-—"--
A0

T 238
T 2121 (XLODYeYLUI)YsI=1sNLT)

m'”

RI1
1

D\

READ STRAIN POTENTIAL

WRITE(£e22172)
Moo= O
RTAD(B41004) NsSP(N)
M= 4 + 1
ITF(MNeLEWMY 20 T 222
FO{M) = 3,20 .
2°2 WRITZ(E+2711) ¥eEP(M)
IT{NZTeM) G0 TO 271
IFINELSGTa) 50 TC 22
I (KSTART +E0e 0) G0 TO 282
NT=5
IF{KSTART +4E3. 2) NT=1C
WRITE(B+3201)
D 2870 I=1sMEL
READUINT $2705) NaeXZToeYCo (SIC A8 LJeN) s =132 9o [STRN{JsMN)ed=192)
WRITE(A32130) MNeXCeYCa (STICHATT oMY o d=1023) s (STRYM(JeMNYeJ=1913)

[NSERAN
Cris
—

2% CONTINUE
267 CONTINUE
320 REITURN
1021 FARMAT(415) ,
1373 FORYMAT(ITS1651040/6F1042)
1324 FORMATUIISIF1C. Ty
1595 FuRdAT(ZISaL?lG.O)
1908 FORMATI2F1C.0) : '
2370 FORMAT(IIALI LS X,TH:L:MdNT’l’xs?H%IGM“X98X’7H5IGMA'Y!9x7éHTAU“VY9
1 180X s5HZ P3=Xs LUXs5HIPS~Y s 3X s 4HEAM=XY/ /) :
2332 FORMATIIIC 23X 401XsI5)s5XsI5) ‘ ' !
2332 FDQ%ATt‘ 327X 518HMCDULYS PARAVETE RSs4Xs24HPCISSON RATID :~=A':ng
18917X 43 10HSTRENGTH PARAMETERS/ -

2 19246X e 8HMAT e NZ 93X e 7HDENSTT V9=X914431179?H“3°451H“:1 Xy
3 1HS 93X s 1AF 98X s THL s 8X s AHPH I 38Xy IHDELT2 PHI $5X s 2HRF /)
2034 FORVATI/BX 134X 317F1742)
24035 FOWAAT(leyllu92F12-7,6X9F12.,9:K9F12 3)
20Cs FORMATI1H1 8 XeGHNCDT 38X s 6MTYPI 94X s THX=COCRD » 5X97HY‘ QIRS 11X
1 TEAX=FORTCS s 10X e THY-FORCE /Y _
AATIIHT o8y T&HBZUNRDARY NIDFES/A4X s 14w m e m FA722K
SHY—-CIVe1TXaSHY=0RN /)

(AN
(@)
(4
(93]
N
[
J

—

27T2¢ FORMAT (28HTNONAL OTINT CARD ZRR0IT M= 15)

2.17 TORMAT{LIHL ¢5X s THILTHMENT, ,Z!,legtT?:Iu POTENTIZL/)

2v21 FIRMAT(I1os14XsF1l.4)

2512 FORMATI1EXeF 12 e23ZXsF1 %62}

2o 12 FORMAT(IHTI »BXs THILEHMENT s 53X s 1HI a5 X s 1 HSs5X s IHKs5X s 1HL 15X,
! . AHUATERT 2L /)

2714 FORMVATIIHI BX s 37HMLTERTI AL PROBEATIEL RIFEJRE EARTHAQUALI /)

230158 :”D‘XT(IH” Xe37HMATERTAL PRIPERTISTS DURING TARTHIUAKE/ /)



1y

[

3037 FORMAT (I5+1Xs2F 712651054 2)

301 FORMATIIHI»5Xs46HINITIAL STRESSES AND STRAINS BEFORI EARTHIUAKI//
142X 1GHELEMENT STRESZSs 19X s 24HELEMENT STRAIN (PZRCENTI/1IH +4HELEM,
27X ZHXT s SX s 2HYC 210X s THSIGMA Mo 4 X s THEIGMA Y o5X e 5HTAU XYséX;SHFDS X
34X 95HEPS Ys3X 4 6HGAM XY/ /)

101'3 FQQ‘AAT(IQQ:)X’?FI". 1’7X97F11-"92X9?F°.’)

END

SUBRCUTINE EXZC(IXs3MODsSIGMASSIGCITsLO0DIsX oY s XLDsYLDsDISPsGAMS

A2 98 sENFoEINTs3IUMND sETANSTNUSSLsSIGI 2,
NELSNDPaMAT e M2 eM2A 4 NES SN2

L N

COMMON/ZZONSTI/Z NLDsVOL aMTYRPE o NSTERP s P AT s CAMY o NNNS TIAF (2

CORFICXD aDMeGM 9y EMyCMaPHT s DPHT 4R ¢ FP s STRN A2 21 9A2

COMMON/CONST2/ ITER M3 ANDINIMBLK s TITLE(8) »3TAGT» XL (53 9YL(50) sNLC

COMMON/CONST3/<ONCHsKSTART o NANA

DSIMEINSION GAMIMAT) ¢ COTF(MAT) sTXPIMAT ) s DMIMAT ) o CMIMAT) 9 FM(MAT Y,
1 ’V(MAT}99HI(MAT)9DDHI(‘ﬁT)s?F(VAT)

DIMINSTION IX(NZL 5y sERPINEL)sSIGMALZWNEL) s SIGITI3sNILY o STRNI3 D ’Lisg

1 BMODINEL )Y 2o SMODINELY o ETANINELY o TNUINFL ) o SLINELY s SI513(NEL)
DIMENSION XINDP I o YINDP I o XLDUINDP) o YLD INDP) s CODE(NOP ) »

1 DISP(NDP2)sENFINDPSs 2y 3 (N2 s3INTINZ)

SIVENSION A(MZHsM3)1sALINSB) SAZINSZ ) 2A3(M3)

DIMENSION P{8)s5T{3581+C(323155(812)

4

INTZGER ID2EW STAGE

in
tn
n
fn
N
h E3
Z
U

INITIALIZS SISPLACSMENTSs STR STRAINS

aXaXaks

DO 1v N

DO 19 |
10 DISP (NI

20 2. 1 1+2

oo 29 J 1eNEL

SIGIT(Isd) = 342
22 CONTINUE

1eMDD
1s2

~ o~
= D40

~ W

[}

IF (KSTART oNE. C) GO TQ 8&C
IF{STAGZ«5Qe2) GO TO &0

INITIALIZE STRISSZS AND STRATINEG (FIRST STACGE JNLY)

XA NA)

2
Al

i jd

14
Y.

(3 e

%S IR

~
< a

Y AN N D U

Y s OO

0y

T

e



@]

A XA NA) Y (] [ANANA! )

m

[}

(AN

432

70

Ny =

CONTINUE

GAM{LlYy = 2
COEFLIY =
gExXpi{ly = =)
ow(l) =
ga(l) =
evil)y = =
Cvtly =
PHI(I) =
nDeHI(I)Y =
RF{LI) =
CONTINUEZ

eHI(J)
DRI L)
RF (J)
CNTINCE

NSTEP=1

D0 550 NNM = 1,MLD

AND o NSNLLEQ W1

Ty 17ER=]

ITER=1

CONT INUE

CALL SI2OND(TL)

IF (XSTART NZ. C) GO 1235

GEINERATZ SIMULTANEDUS EQUATIONS

CALL BLOCK({Ay8,RINTsD,

Z
I
]
—
Q
n
=
AJ
.._1
T
[
<
>4
Pay
in

CTaIXeX Y3 CODT XL YL DaGAMs CMyDHT 4ADMT ,CAEF

i2a

o e e L s ey e

RO

EXD aDMaCMaFMaRF s ETAN I3 MO0 SMOD s TNUS SIGMASSIGTI TS

SIGIZsNTLINDD s VAT sM 2,3 542}
CALL SECONDI(T2)
TIME(]) =

T2 - T1

SCLvE JUATICNS

mn

SIAULTANZQUS

CALL USOL{AISA2»A24MBANDsMIAND »1 s NIUMBLKWN

CALL SzlON2(T3)

TIMI(2) = T3 - 72

-~ T o A 7T TG =B N Y]
DISBLACTVINTS 7RO

-4
e
0
11

RITVIND 2
NOASUBANDFUUVRLY
DC 81 I=1.NUMBLK

JNI=NG="BAND+1

525291983943 ‘ i




[}

(]

[}

[ANANS!

™

)

ANaNA]

8C CONTINUE
IF{ITERLZ2.T) GO T 132
[F(STAGZ.Z2.1) GO T8 122
WRITE (5+2714) NSTER
WRITS (6+20522)
DG 82 N = 1.MD2
DISP N1 I=DISPINsIY+R3(2%N-1)
DISPINS2I=DISPINZ2Y+B(2%N)
WRITE(S92310) NeB(2XM=1 142 {2#N)sDISO (M1} sDISE(Ns2)
CIF(PMIHGNME LY &0 TC 27
. TRENNYNGTQeNLYY WRITE(T+2700) NoX{(MYsY (NI sDTSPINes11sTISDP{N42)
AN CONT MR
1<% CONTINUE
[F{ITERSZQsl) WRITEZ(5,20230)
CCALL SECONDI(T4)
CALCULATE ZLTZMENT STRESSES AMD STRAINS
CALL STRESS{340D . SVVDD-TAN’TNHQSL’VI ITsSIaMASSTRN =P
1 GARICOEF aEXP sDMeGHAsFM s CMePHTI D PWIQKFQVIQIB9
Ed IXQXQYQCODE9XLD’YLu9 sEMFsC3STaSePy
3 NELSNDDsMAT 4 M2eN2)
- IF (KSTART «NTs 0) CC TC 521
CALL SECONDI(TS)
TIME(2)} = T5 = T4 .
IFIITER«ZRW2) WRITE (4,2221) {TIMZ{TIYeI=1s13)
IF{ITER.EQ«1} G2 TC 70
NSTEP=NSTZRP+]
S0 moNTINNgC
=31 ¢S$TART=7
2000 FORMAT(I®RW2F 104292810438
2021 FASUAT (/20X 3 20AFARVATIAN N v WATDIY =310 7X 5 2THSTIANDR
1 2ER ITERATIANM/
2 FIX G PEHASTLUTION AF SagATINNg e F 10 792X 421 4CEI "D
3 PEIR OITERATION/
& _ 21X s 28HCALZULATION 2F STRZISSZS SsF 1T a2 2% s21HEEC
5 PEXR ITERATIZN)
291l FORMATIZX IS+ 12X sF 103929510425 18Xs710,393X,F1l%42)
2914 FORYAT(IHI»1IHSTEP NURERS[3/13H =mmmm—m——mm /)

121

JNZ2= UNT+MBAND=1

EAIL2) {B(J) s J=INTs IND)

M= MALYTAMD

b p e i ¢ e 2

T




122

2‘:27 FGQMAT(1u‘_,71x,7-;‘-—{}"\!!‘}?"\1E\1TAL UTCDLA'.:"”-\]TQ jﬁy’QLu*‘H”JJLgTI\/" "\ICD:
FLACEMENTS/ /59X s 4HNONE s 15X 4 AHY =D TSR 3 12X 4 6HY =N SP , 20X +64HY~-DT1C0,12YX,
¥EHY -2159//7)

2<33 FORMAT(IHL)

c
RETURN
A
SUZROUTINTG STRZES(SM0T, TuaD s ST AN s THU s SL s SIaTTsSISMASSTIN,ED
1 GAM s COTF s TXP 9y NV 473" uF"s’" PHI s TPHT $RF 921213,
2 ITX s X s aCOD T o XL D YLD e R e TNF 2L a35ToS40,
1 NEL sNDDsMAT 342 4N 7))
-
COMMON/CONSTI/ NLDsVOL sV TYCT s STEP g DATW y AW g NN TTHE (3
COMMON/ZCONST2/ ITERSVBAND s NIMAILC s TITLE(R) 52 TAGT s XL IR ) o YL{E™) 4NLE
COMMON/CONST3/KONCHKSTART s NANA
C
DIMENSION GAVIMAT)Y sCOSF (VAT s TXDIMAT ) s IV ({MAT } 9 GUIMAT ) 9 F 4 {MAT) ,
* CMEAT) 3OHT (AT ) 9NOPHT (MAT) 3 RF(MAT) e
DIMENSICN IX(N"L;H);F‘D(\}:L)owa"A(?a’IEL)ysT’-‘.IT{39\"‘L)’\TD'\.(EsN’L),,
1 BUOI(NEL ) s SMONDINSLY s CTAN(NTL) o TNUINSLY s SLINT L1 sSIGTRINTLY £
DIMENSION X(NDP)sY(NDP}sCODEINDP I s ENFINDP 921 93(N2) :
SIMENSION XLD(MDP) s YLD (NDP) .
DIMENSICN 9(83,57(3 8),rt3,3),~(a,a)s (3+3)551GL6) -
c ' : .
INTEGER STAGT,CODE L
< i“
REWIND & ' P
c ;
VPRINT=S ke
C ‘ e
C INITIALIZZ EQUIVALENT NODAL FORCES K
~ ¢ s
IFESTAGEWNEWL) GO TO 20 | | o S
DO 1S I = 1,WOP ’ ' ‘ o Lo
DO 13 J = 172 : :
ENE{I4J) = 2.0
12 ZoNTINGE
C
27 CONTIANUZ
¢
C START ZLEMENT LOCP
C
DD 23T N = LaMEL
-
IX(Ns=)= [ARS(IX(N,Z))
MTYDE = IX{Ns3)
t = MTYDEZ

DC 32 I = 16
sI=tIy Tan
2N fﬁ'qTIA

l’l "

[}



[

(@)

[

[ANAEA!

)

AER]

Yy

AEANA]

MO0

NO 42 1 = 1.3
NGO 463 J = le8
ST{I »J} = Uad

CONTINUE

IF(ITZR«TA1Y GO T 87

D0 50 T = 143

SIGIT(I»N) = SIGMA(T.N)

CONTINUE

TONTINUS
IF (KSTART «NZe 2) 3C TO 92

D2 72 1 = 1.4

IT = 2%1

JJ = 2#[X({NsT)
P{II=-1) = 2(JJ-1)
PLID) = BEJJI)

CONTINUE
READ ELEMENT STRAIM-DISPLACEYENT
RZAD({&Y ST

NG 20 1 = 12

O(Isly = 240
0 83 K = 1s8
dMis1 D{Is1) + STII s )#2(K)

CONTINUE

Z01s1) = BUODINY + SMDDUIN)
C{1ls2) = BMODI{N} ~ S5SMODI(N)
C‘l’?}) = :.Q
Ci2s1) = C(1s2)
Ti2s2) = ClIsl)
Cl293) = T
Cl2s1) = Dal
CC{3e2Y = D0
Cl3s3) = SMID{N)
O %J 1 = 1.3
D 30 ¢ = 1.2
ICEDY = (SIGIT)Y + CAT+1#D(Xs 1))
ORTINUZ
IFLITERWEG41) GO TD 118
AVERAGE ETRISFSES
TOO10C I=1e%
SIGITUI Ny =8I0 a(l4N)=2a8%37CG( 1)
SIZOLY = SIZIT(I 98
CoOMTIVUIE
g0 Tn 14l

123

eI o
T Sy



A NARA

AEANA]

[ANAXA!

[

]

nn NON

Y LY

AEAES!

124

110 CONTINUE
DD ST2IZSS IMIREMENTS T PRIVICUS STREISSIS
A 127 1 = 1.7
SIGUIY=(SIGMAlTaNI=DIGITY)
122 CONTINUEZ
D2 130 I = 1.3
SIGAA(TIsNy) = S1G(D
127 CoMTINDE

AYTPUT STRESSS S

142 IF(ITER.

xn

) G2 TN

tad
<O
)

My
=

i

[¥#]
—
A
[Rd]
wn
w
fn
wn

LCJULATE PRINCIPAL

(Qlf(2)+SIG(l))/2-C
SIGL2Y=SIG(1Y) /2.
SQ?T(SE**2+SIG(3)**2)

' TP B
A0
[ I H

SIGlGY = Ze0 :
IF(SIG(B)GZQ tJoucNNDo"a...Echc ) GO TO 153
SIG(4)=284648%ATANZ(SIG(3)433)

180 CONTINUZ ‘

SIGL3) CC + CR

S§1GteY = Z7C - (R :
Ir{<ST~RT.ﬂb.3.0R.STASE-EG-I.AND.‘“T =P :Q NLDAND. IT:<.”G 1)
1 SI1GIRINYI=SIGES)

TN = IX{Ns1)

JN = IX({Ns2)

KN = [X({Ns3)

LN = IX(Ms4) :

IF (KSTART «NEe 2 GO TO 175

IFINSTEIPJNELNLDY G0 TO 160

DETERMINE FINAL VALUF OF 4ODULYS AKD POISSONS RATIO

SIGIT(I»M)Y = SIG(Y)

SIGITL2sMN) = SIGL2)

SIGIT(2+80) = SIG{3)

CALL MOMUINENs INs N XN s LN oMo STAN s TNU s 3MTD 9SVMOT e S ] o BC5»GaMes IO R
1 EXPsDMs OV s FMeCHaPH I 9 DPHATI sRF 03I GITsSIGMAISL XY X
2 SIGIZsNEL DD 2T

160 CONTIMYE
CALCULATE 3TRATIMS (XY aXY)

00 173 1 = 193




A XANA)

"o

[

RNANA]

)

STRNATsNI=STRN (I sN)=D{+1)%10%0.0

125

GAVYY

172 CONTINUEZ
17% CONTIMUE
IPSX = STRM(1-W)
Te3Y = STRN(Z2sN)
GAMXY = STRNI3sN)
157 (MPRINT) 19241828120
127 WRITE [A410707)
1032 EARUAT (141}
ARITE (&£42714) NSTEP
WRAITE (He2701
ADINT=5C
IFINSTERP«SQaNLD e AND«STAGE v =51 ) MPRINT=25
197 MPRINT = MPRINT - 1
IFIKETART JMFE. J) 50 T 270
IFICNEQeLNY GC T2 273
X2 o= (XOINI+XOINY+X KN Y+XILNYY /4.0
YO = (YCIMI+Y{ONI+Y (RNY+Y (LNY)Y /Lol
GQ TO 21:
220 XC o= (AXUIN)+X{UNY+X{KNY)Y/ 30
YO o= (YCINY+HYOUNI+YIKNY Y/ 3.0
213 £oNTINUES
pelyT MaDULURs STRESSES AND STRAIMC
WRITE(&!Z?JZY.NssTAN( FoRMODANY o SMODINY s TRNUINI oSIGHL1) s SIGL2Y
1 o SIGUR) s PSX S EPSY s GAMXY s SICIL o SLINY oN
IF (NSTEP IO “LD-»-\"J-.) [TER e T a1 ¢ ANDSSTAGL o TN}
1 WRITZI(1242233) Ny s YC 9 STGIL ) o SIGI21 931 5{23)sTPIXsTPEY s 2AMXY
IT(XPNCHMELLY - GC TO 22ﬁ
IF (NSTEPWEQNLDAND I TERLTR41)
1 NRIT$(7924v3) NeXC&YCyJIG(?)gQICf7),_ (3)’:93K9’P<V
223 CONTINUE
IF(STAGEZNZW1) GO TO 300
IFINSTEPSNEWNLDY GC TO 300
IFLITERJNZ 1Y GO TO 330
732 CONTIMUE
MY =M AT
CALL NMNONLINCMy INsIMsZNsLNoN Ao ETANs TNU e RMOD 4 IMEN s ST s IS o541
1 CEXPeDM ’GMQF"'M\.V-’PHI’DPHI,?F,DIG 7931"‘&9VLQX, s X
2 SIGlﬂoN*LyMaooﬁA’) s '
CALZJILATE EQUIVALINT NODDAL POINT FORCES
IF (E2{MY «LEe 27211 G0 T2 257
CALL ?CJIV{\ TPEX TR Y « CAMUY 9T g HOS 3T s SI N[ Y s TNF 9 Y,
1 Y o MEL oM 4 STAN G TH o500
232 CONMNTINUE :
ARITZ (&910301) NsETANINY» 2MODINY o 3MCDINY o THUINYsSLIN)
1021 FORVAT {13581 X91P3Z2114a357PFRAT3T72Xs5T 7,2}

M r"’\::‘-‘,

A
R




AN AWS!

()

&

CONTINUE

TRANSFER ZOQUIVALENT
IF (XSTART o NZ. 2) G0 1O
IF(STAGT.N%,1) GO TO 412
IFINSTEPWNELNLDY GO TO 41l
IF{ITERWMEL1) G0 .TO 410

N 45" I=1,80D
YLD TNE(T41)
YD) TMF{Ls2)

. b
1)
2)

w
3

(81}

- ~~

3

i)

- -
L)

T5

g
[ 3
.

DD

- -
oy

OO0

nin

i
O

3) ko)

CCMTIN”E
COMTINUE

-
=

PRINT ZGQUIVALENT NODAL

~ N

WRITE(E692005)
WRITE(652276)

410 ITER ITER + 1

RETURN

N3DAL POINT FORCES

308

TD 257
310
> o22°

327

N

INTO LOAD

INsCODEIN) s XINY»YIM) s (TNFINsL) sL=1

128

VECT

!

—

sNDD)

2301 FORMATIICX s8HMYOUNGS 98X s8HZILKIEX 9 5HEHE AR $SX ¢ THOOISSON 91 1Y%,

EHSTRESS/ 14

€ L I W N

LHILEM/ /)

2.52 FORMAT(1692X91P3E116390PF2e392X93F 11e332X02F%e392X0F7elsF 763515}
BT12.72)

2002 FOIMATIIZs1X+2FTels

2004 FCORMATI(Z2I3+4F15643)
2225 :OQ“ATI1”1%5*92°HF?JIV5L_“T NOD AL qurca/5X9219“‘-—-—‘

C

!

lo===/ 773X s GHNODE s 6X 2 4HTYPE 04X s THX=CO0RD s6 X+ THY-CC

112X THY=FORCS /)

14HELEMENT STRESS 414X 472

2008 EORVATIILI 2117 92F12e258XaF12.345%,512,43)
2914 FORMAT{IXs11HSTEP NUMBER,,[2/)
END
SUBROUTINTG NOMLIN(Ms s dav ot e STAN s TN aR2MOG,
i EXR T OMeFMo 9DH‘,/Pﬁ19?P93IEI
2 SIGIZHINSL NN VAT

CoVUON/COMST Y/

NLOSVOL «MTYPE 4N ET
COMMON/CONST2/ ITERsMRANN NIV L s TTTLE(8) »3TAGF XL 52y sV LIBD)

EPLDATY ,mAMw

LMTLEVENT STRATN
SLHEL S e A s THMOD L T A g THMADUN LTS 44X 4 7qn~jnLuc’
SXeF3HRATIO»5X s THSIGMA X 94X s THSIGMA Ys3XsaHTAU
EHZPES XX s5HEPS YN spHGAM

(PERCENT ) 4 OX

XY o6 Xy

XY 92X o SHANGLE 93X s BHLFVEL s 2Y%

SNMMLTIME(3)

CRM s IX s THX=F

s NLT

ORCEs



N

)

ANANE!

S NANAYANS!

127
COMMAN/CANSTA/UPNCHILSTART yuANA

DIMENSICN GAM(VAT),COEﬁ(MAT);EXD(MAT))DM(MATf;GW(VAT)aFM{MiT),

* CMIMAT) oPHI(MAT ) 9 DPHI(MAT ) yRF(MAT)
DIMENSTION IX(NZL S sSIGYALIINEL) o STIRTT{39MTLY s SIGIINTLY
* PMAN{INEL ) s SMONINEL Y s CTANIRSL Y o TAIINEL Y s SE{NTL)

DIMENSION XINDP) Y (NDD)

INTEGER STAGE

IF{ITER o536 2) GO TO 17
CC=(EICIT(2+NI+SIGITILIINI /2,
R3=(SIGITI2+M)=SIGIT(IsNY) /2,
CR=ESGERTISIGITIZaNI*STIGIT(34N1+5R%5T))

6N T 4l
12 CONTINUE

1}

IF(STAGEWZQ.2) GO TC 22

ESTIMATE INITIAL STRZISSTS FOR FIRST LD0aD §TEP

IFINSTEP T 24T e ANDeITER,.TQ.0)
*ZALL APP??X(N:I,JQ sLaMaSIEMYMA X s Y s GV GAM NI L JNDP ¢ MATY

20 CONTINuUE . ’
CC={SIGMALZ2NI+SIGMA(TI NI/ 2D
R3=(SIGHMA(2sN)=SIGMA(T NI} /24C
CR=SGRTISIGMA( Iy NI*SIGMA{3+N)I+EB¥B3)
'{’:(NCT"—D \!?.l DRLGITERMZ,L,ZY »0 TD 47
no 13 K1 1.3
Do 25 ¥Kd 1eNZL

CSIGMAIKTI o<J) = Cel o

20 CONTINUS ' ; \ ‘ _ i

&3 CONTINUE ' ‘
S1G1=CC+CR .
SiGR=CC—CR
DEV=SIG1~-5IG2
IF{SIGl.LT.0a3) SI=1

CIF(DEYLLTee ™Y DEV =
ITF{STAGZ «"Qs2)Y G0 TO
S1GI3(N)=51G3

45 CONTINUE

£ an Kl
J e

[90 B30 IS |

. 0

[% N |

CoOMPUTE MODULL

S5162=5IG12(M)
IS(51G2eLT05el) GO T 52
Fl=(PHILM)=CPHI () *2L3G13(5153/PAT M) ) /27428
52 TO 62
57 F1 = BHI(M)/57,28
60 £AMTINUE
RCS=2 ¥ (CMUIMI#COSIFINI+STA2#SINITI) ) /(17 =STINIETY)
HCS = RCS/RF(4) .




DN D

0

70

1
2

*

1

A

LIN) = 1.0
GO To 8D
SLINY = DEV/RCS

G3/PATM
RCSeGTele2Y GO T2 77

sl
{
{

NH — N

IF {SLINY ofTe 147 oMM, KETADT JNF,A) € (M)=],7

IFISLIN)«CTela™) GN T2 127
CONTINUZ
IF(SIGB-L?.?.D
IF(SIG3eLT el
CONTINUZ

E1 = COSF(M)#{Fa#IxXP (M) ) #PATY

STAN(N) = SI%((1e7 = SLINJ#RE[M))%¥2)
G2 TD 87

FTANIN)=D2,00221
:y—fg::(m)*(ogrm**FXD(v)}*DATN
CONTINUE

«ANDJKSTART MNTZ L2 GO T2 86
3y GO TQ 107

COMPUTE POISSONS RATIO

IF(51G2 JLEe PATM) SIG3=PATM
STRAINZ2,O#CR/IET*(140=(2.0%CR/HLS) ) )
PRAT=GMIM)=FMIM)*ALOG12(SIG3/PATM)
TNUIN) SPRAT/(140-DMIM)#STRAIN ) #%2
IFITNUIN) oGT=2449) TNUIN) = 0.49

IF(STAGE.SQ.2) GC TO 90

128

BMOD{N) = ETANINYI/(2.0%#(1, O+TNJ(N))*(I D=2,0*TNUIN)Y )

SMOD (N) ETANINYI/Z{2.2%(12+TNU(N} )
GC TO 110

SMODINI=,.0000]

CONTINUS

RETURN

END

SUBROUTINT BLOCK{AySs3INTsP»STsIXsXsYsCODEWXLD

YL

DeGAM My PHT,

DDHI)COcchxpynvoGWyF“,Qr9FT“W9:MuD’ MOD s TNU s
SIGMA »SICITeSLsSIGIAsNTLINDPaMAT M2 M2 4N7)

COMMONZTZONSET I/ NLODsVCL sMTYPE s NSTEP S PATH, GAMWSNNNSTIVE 2

TOMMOM/CONGT2/ TTIRAMAAND G NUMILK S TITLE{8) s STAGE GXLISY) s VL (32) 4 NLE

FONUDMY/IONST 27 CDNMAH S CSTART S MANA

DIMENSION GAY(WAT) SOOI (MAT) oTXD(MAT) 3 DMIVAT) » AU (MAT) 4T (VAT ,

CV(**T)’DﬂI!1AT),“5HIcHAT}.s=cwaT>
DIMINSION XINDPI Y (NAP) s XLDINIP) sYLD(NDP) s 7205 (NDF
thz)sBIwT(m7)

DIMEZ NQ.ON IXINEL o5 o SIGMALTSNZLY »SIGIT (2 s NTL)»SIGI2

)3

{NEL) »

R




Y

A EANANANE!

(@)

ANONANA NS

AR NANANA

)

(Y

m

129

* RMODINEL Y s SMODINTL o FTANINFL Y s TMNUINELY o SLINSL)
DIMENSTION A(M29M3) 4P (8)53T7(293)9C (252135084334

INTEGER CO0Z55T26G

mn

INITIALIZATION

REWIND 2
RINIAND 4
N3 o= WBAND/?
ND=2%¥N3
ND2=2#MD

NUMBLEe=C

NOO1I2 M = TeND?

S{NY = :.C'

0O 1T M o= 1aMD
19 A{NeMYy = 7.0

CFORM STIFFNSSS MATRIX IN BLOCKS

33 mUIMRLY = NLIMe | v e
MY NAFINYVBLK+])
N AH =3

N = ONY = NR 4 1
XKSHIFT = 2%NL - 2

START ELSYENT LOOP

N0 212 N = 1eNFL

DO 40 I = 1,3
DO &€ J = 1s8
43 ST (I s gy = D0

IF {IX{Nss8)) 218s2130,582
80 NG 8T 1 = 14

IF (IXINsII=NL) 82,72, 72
TOIF LIX{NsII=NM) 9Z,5C487
83 CONTINUE : '

GO TO 219

-
on ZonTIwE

AL UATETIX (NG CSAM Ty DHT 4NN TOTE 25X,
1 TN e SLoSIa A TICITalXaXaY Dl 035,47

IF (VZLY 120+128s11¢
127 wRITE(5,27032) N

o~
v

Te

NTLeNTP

:’T,ﬁk‘! DAy, ;-»ﬂ:;.
—_

MAT




AN NATA!

N

STIFFNTSS T TOTAL STISFNESS

IX{Nsg) = =IX(Ns5)

20 122 1 =
wMITy = 2%1

14
X{NsT) = 2

130

122 CoNTINUE
00 132 1 = 144
D2 122 X = 1,2
IT = ¢MUIY + K = <SHIFT
K = 2#]1 = 2 + XK
{11y = 2011} + PIkK)
20 138 J = 144
DO 137 L = 142
JJ = LUy 4+ L - I1T + 1 = XSHIFT
LL = 2% = 2 + L

IF{JJelTe2) G2 TG 130
A(TI»JJ)Y = A{ITsJJY + S{KX.LL)

[

CONTINUE

CONT INUE

YOV Y DY

FOR' { 2AD VECTOR FAR CURRINT STFP AND RLNCK

DO 267 N=NLsNY

IF(NGT«NDP) GO TO 240

C=N+N-XSHIFT ' ‘
TF(ITER TN 1 ANDAMANAFD,2) 37 TA 220 .
IF(ITEReTVe1ANTSTAGE S0 1) 10 IO 210 . e

A EARANA]

2272

243

RINTIN+N=1)
SINTIN+N) =
8(K) = 3INT
2(K~1) = 2I
CONTINUE

APPLY Z0UND

20 W M =

[F{¥aGTaNDFP

= (B(K=1)+XLD(NYY/ZNLD

(20 +YLDINYI/NLD
(N+NY
MTON+N-1)

ARY CONDITIONS

NL s NH
Y GO OTO 307

vl o= CODE(M) + 1

GO TS (232,

25092608250 s MC

257 [=XLD (V)
N o= 2% = 1 - KSHIFT
£A TA van

247 D=vI D (M)
Moz 2#M = KSHIET

)
(N
(3]

CALL ZTOND(ASZoNOZ, ¥3AMD s 52 920N 2)

[50Ce=Cea) 20 TO 257
300 CONMTINUEZ




ANA]

o

!

Ny 7Y

0

ﬂcﬁ

[N N
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WRITEZ 2L0IK OF ZQUATIONS OM TAPRPE AND SHIFT UF LIWER 8LCZK

NRITEZC(ZY TLAINSM)sN=LaND) oM 19 MZAND Y o (BN sN=1,1D)

DD 3230 N = 1

X = N '+ M3

2Ny = B}
2{K) = 2.0

70 332 M = 1sMD
AlMaxy = A{¥ 4Ny
Al ey = ﬁoﬁ

CHECK FOR LAST 3L27X

IFINY=NDP) 32,340,247

CANT I agD

RETIRN

FAORUMAT (2&HIMIGATIVI ARTA TLTMENT N2l Ia4)

B

SU3RISUTINE ”ATQIX(M’C5H9g sPHI 9 DPHI 3 COZF 9 EXP 3 DMy GM e TV 9 RE L ZT AN,

1 BMOD s SMOD s TN U s SLaSIGHA s SICI T IY s X sYsPsCs595Ty
2 SICT2ANEL oMND 4MAT)

COMMON/CONSETY/ NLD S VOL s MTYPEaNSTER s PAT M, GAMY o NN s TIME (3)

COMMCN/CONST2/ ITERIMIAND s NJ“ﬂL(sTITLC(S}’ TAC:sXL(5“)aYL(50}9NLC‘

C"‘VM,GN/:ANS‘ B/KP\I\‘H’\:TAQT ,; - l\A

DIMENSION GAM(M&T)9COEF(%QT),FXD(MﬁT)’DM(MAT)9GM(MAT);FM(MAT)g

#* CMIMAT ) oPHT (MAT ) $DRHT {MAT) ,RF(MAT)

DIMENSION X{NDP) Y (NOD)

DIMENSICN IX{”"L9%)7ﬂIGVA(39NFL)9=IuIT(?;N”L)s:ICI’(N:L}s'
* - BMODINELY s SMODINTL Y+ STANINEL Y s TNUINSLY o SLINSELY -
DIMENSIONM D{a)sST{298) e {2s3)s3(Ry87)

INTICER STAGE

! IX(MNy1)
J o= IX{Me7)
o= [X{Nse3)
L = IX{™Msa)

ATYDE = IX(N+3)
o= wTVOT

{:(.C.TAG":-E.|7.A\i-\c\'LﬁJEA"Qzlf‘hitj-&'flr'\‘io:all) /:‘,\ T q,:‘

CaLlL NONLININs ToJds oLy e STANSTNU»AVED s SMED 4TI sHCS»GAM s TOTE 4 S X240,

T

S g e € RN 2
PN B, ¢




™

AN A EATE]

"y

mn

YO

]

(&) [}

[

(%1}
(@]

P

132

CMeFMyCTMePHT o DDPHI s RF 4 SIGIToRIGYMASLeaXeYeIX,
SIGIRsNEL JNDO AT

CONTINUZ

Ctlsl) = BMIDINY) + SMIND(N)
CE1s2) = BHMOD(N) = SMODUM)
C{1s2) = 2,72

C(2s1) = ZH{1s21]

C(2e2) = Cl(lsl)

T12s2) = 7,0

Cl241) = T 47

T{3292) = D0

C2y2) = 3UAD(Y)

FOR™ QUADRILATERAL STIFFNIZSS MATRIX FOR EACH EL

ELEMENT
\

nO 137 I1 = 1538

D(II) = 2.7

R 1N J) = 1.0

S(ITsJdY = 3.0

CONTINUE

VOL = .0
CCALL SLMAT(I+JsKsLsCsS9STaXsYayOL sNDD) ’
CALTZUATE ARAVITY LNADS

[F{STASS.S042) 20 TD 3nn

[FLITERGNE D) G TA 230

W= GAMEM)

Foz=W*yOL , R ' LT R
IF (IX({Ns%) 506 IX{Nys)) GO TO 180 . . e
TG=CG /b, . , - Lo
LL=4 . | A
60 TO 168 SR _ o IR
FG=FG/2el o . .
<=3

CONTINUE

Ng 207 1J=1a¢L
1I=1J+1J
(Il 1=P(ITy+F5
COoOMTINGE

o~ hd [~y
~ \./NTL Nm

SETH RN

[ =AY
Lo




A

)

Oy MY

()

8]

[}

1)

125

11-

fu}
[
Ut

[
—
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SURARDUTINT USOL (A 4B aMaX2 e NTSD g MO o L «MALNTE G NE24MNORA MRS ,NT T,

‘ NT2,MR8T)
THIS SMARAUTIMG (CO0ED BY WILSON) wceE=R AN EEFICIENT SAJeaTanN ZLIMT
TECHNICUE 10 SULVE THZ SIMULTANEUUD LWUAT 1UNG
DIYMENSION A{NSZ) 3B (NSR) emAXRT (NTYR)

MC=ME4 L

MN8R= (MZ=1) /NEQ3+]
TN =NEQ2 -]

MU =TS
MP2=wT2

MYa=MTe

REWIND NIRE

RTHIND N3KS
REZOUCT ZGUATICNS 3LSCK aY 3LOCK

RD 257 N=1,M2L0TH
TF (NalTel dAND NMNOAR %
IF INRReTQL1Y 27 12
QE'\‘II NS \‘1
REWIND N2
NTI=N1
IF{Ne«T3el) NI=NDRG
READ (NI} &
SN AT T2ty NEAQ
n=A{1)
FEIDY 118,300,120
MaMEQR#(N=T 1+
WRTITS (817141 4D
ECRYMAT (23H23ZT QOF ZQUATISMZ #AY 8BS 3SINGULAR /

26H DIAGONAL TERM QF EQUATION 18, 84 FRUALS 1PZ12,.4)
A==

D=SARTID)

YO0 oD 11w

N

— 2D
.

ALT)=n

11=1 . .
RO 125 J=2sNC

11=11+n278

ACII)=ACIT)/D ;

D0 137 J=T,Nv3,NERR
IF {A(J)YaNTaZa) MAXZE{IY=]
AT v

Ju=1I+1 . o o
IF {JLeGTNZR3)Y GO TO 2322
I1=1I

32 207 J=JL.nNERR

IBERRE RSk
IT(ITGTevy3) =2 T 297
~=A(IT)

I": (':-E:fvﬁo ) C“: T: 2-\”‘

AXEMAXE (1)
D2 157 JdsIl«MAX,,NEQR



Y YO

Y

y

&Y Y

175

200

-
.

54°

h X
,‘K’Y

[ ):a((K - 4y
¥ M4+MNEQR

N

KK=J +NY3

JJ=T+nmn

22 175 L=1sLL
Alvey=alvey=cxa( gy
K=K eNENS
JI=JJeNEDR

SAMT T s

CONTINUEZ

WRITE (NTYLS) L.MAXR

SUSSTITUTTZ INTO REMAINING ZQUATION

7 NN=1sN32R

Do 8BS

TR{NHNNLGGTY JMIL2IKY &0 Tn 8o
NI=N1

[FiNeTha1) NI=NCRG
TRINN.TRNERY NI=N2RS

RZAD (N1)y B
ITL=]1+NHNENTRORNEQRS

DT 730 [=1.MEQR

It=1L

9N 597 X=1yMTAR

I (11.GT«NMRY 60 TO 500
c=A0I) .

IF (Cuf2e7ad) G0 TO £S89
MAX=MAXE (K} :

Kv=1

DD 647 JJ=ITsYMAXsNEDR
UK =2 (U )armra( J))
KL= K+NEQRT

K=+
=CENME

D0 657 L=lslL

nt<<)—ezz<>-r*A(JJ)
KK=CKLNE DT
JJ=JJenERn

rFf”Q LNEL1) GO TO 752
DR Tal I=1sMeR
A(TYy=R{T)

~n Tn o an’

WRTTE (NpYy R

SoOMTIvUZ

v

A,

s

»

!
N

2

AN |
Ee A e

+

P

RACLSURSTITUTIAN - RECU TS Ay TAPE

MDOST

134




Y

()

oy

[

-

570e

210

A IR D0 AW

[T 1 D B T IR0 DT Ny B = W

LE=LL*NEQE
IE3=NEQ2* (N3R+1)
M v AaRRENT R
MAX=NEZELL

N oeTE T=1,MAX

QE?IWD NRST

a

(o)

N=1eNMNELOCK
MRS
JOASMAXE
MRw S

TelL

Y L 4N
D N U A 4
n e
1 T
i in

» 3~ 0
s

[ Y U_J M
o

W

r
0 %

o B

=1 o MUM

Z = Z o n
. A
pu ]

—
—

bo— 4
H
DM
—_D

—t

1=Nv3
NN e2n L=l
€=(L=1)#NT2
DO-S27 Js¥eNERR
T=1+1

NA 9585 1=1,NEQR
J=NTOR4Y1~1
MAN =AY g

F {2(J)eTNne"a) G T

D2 $57 L=1sLL
K<=J+(L~1)#NED
JJ=XK=+1
TL=J+NEQR
\_--,1(<()

nO 42 Il= ILaMAXsNrﬂq_

C= C—b(II)*-(JJ)
Jd=JJ+1
B{CCY=C/A00)
COoNT IaE

20 G870 L=1sLL

K= {bL=1)%NER

TO 9480 J=1,NE00
=+

t=141

AtTY=31(K)

HRITTE (NRST) (AT yl=1,1%)

TOMT IR

oRE&

138




C
C
<
C
r
C
13
2%
3¢
.C
f
C
2°0
C

YN X e R NATANANARA ARG RARANA!

(-]

[ ]

<

CIRRAUTING AN (TX 4NTL)

f“'VﬂN/fﬂﬂqT1/ NLD gV 2 TYDD ynQTED ZDAT

OSIMINSION IX{NEL.S)

20 307 N = 1eMEL
2C 223 1 = 1.3
DO 137 U = 1.3

L =14+ J

I:(L.GT.A) G2 TC 272

NDIS = T23S{IX(NsTY=TX(NsL))
I’(%DTF-?*-JWIF) JNIF = NNIF
TONTINUE

LONTINGE

CONTINYE

MBAND = 2#%JDIF 4+ 2
WRTTE (542777) MIAND

PETRM

FORMAT(IHL o/ //7/120X s 1THZANDWIDTH =,1%)

~
ND

©

sS4

suea"“fra TEMAT (TAsJASCASLAYCsSeSTeXsYs

A nat

YOLsNDD) .

136

d,“'\”"-TI‘v‘c(‘:)
COMMON/CONST2/ ITERsMBEAMD o NIMBLC s TITLE 8 +STAGRE s XYL {90 ) o VL {7

THIS SUSROUTINFE FORMS THE STIFFMESS ™MATRIX SCR A RECTAMGUL!
SUSROUTINT 13 & MODIFICATICN 2F GLSET WRITTIN 23v a4, A 74a10T
YSeWT  LOCAL COORDINATIS OF SLOMENT

YH COEFEICIENTS FOS GAUSITAN I[MTEGRATION

ST STRAIN-DTSPLACSMENT MATRIX AT SLEMINT ZENTER

AZ STRAIN-CISPLAZEMENT “ATRIX AT POINT V3,VT

S STIFFNESS MATRIX OF ZLSMINT

AS FIRST DIFFFRINTIAL SF S AT v3SsvyT

&) MATRIY PRDNIRTIOMAL TY [MYTSTES Jronflan riTR1y
Lo VADT AT DAGONRTIONAL TN JACADTAN ASTTOMINANT

THZ STRATIM=DISPLACFMENT RELATIONSHIR (S8T) FOR FACH FLIMENT
TAPE & FOR LA*C? USE IN SUSRCUTINT STRISS

TeNLC

A0

—
b

ar
n
n

P
[P



for}
X

41

ATUINSIAM Y [MDDY) Y (MNTD)
DIVMENSION Z({2572),87(2,9),5(8,8)

DIVEINCION VHIAYsVEIS) YT (4) 44D (7,44

MDY =4
VH(1)=UeBR2RE55554

VSINPT) =0
VTINP1) =0,

1332

TedRA {2403y 4A8080,8)

VOL=IVIJa) =Y LA 1 ® (X (Ta)+X{Jay =X (Ka)=X(LA))
YOL=VOL={X{JA)=X{La) ) ® (Y (TAY+Y {Ja) =Y (KA)=Y (L2

I al BERVINLE AVl
RO 1 Tz21,yMP1
20 1 J=19NP1
1= (I,
IF (1.,2GeNP1) GO T0 1
IF {(JefQeNP1Y GO TD 1
AP(1s1)==1.+VT(J)

AP{ 297 )=-14+VS(T])

AP T 9y2)=1,=-VT{J}
AP(Z292)=~14=YSI1)

AD{ 1921 =144VTI( )}
ARP(293)1=21a+VS(])

AP (Y eta) == ,=yT (L))
AP({294)=1e~-Y5( 1)}

f

EQeNMP1e2ND 4 JeEQaNPTIY 5 Ty 10

AJ1I=AP{Zs 13 XY{TAYAP (242 ¥Y [ JAY+LP (2421 %Y (KAJHAP (2941 #Y{LA)
AJP==BR( T TIHY(TAY=AP L 142 )Y¥Y(JA)=AD (1,2 1%V (KA)=AD(T,,4)%Y (LAY
AJZT=—80( 2 IV *Y{TAY=AP {242 18X {JA) AP (232 ) ¥Y [KAY~AP (244 )¥X LAY
Ad4= AD(1,1)*X(IA)+AP(1,7)*¥(JA)+AP(1,?)*X(KA)+AD(1;a)*X(LA}

COMM=AJT1 %4 Ja=— AJZ*AJ1

D0 2 K=1s4

Cl=2%¢=]

K2=2*K
“(lsKl)—&Jl*AP(19K1+&J7*APKZ;K}
A:(1;<7} AR(1sK1)

53( _7‘(7)—i40

AR 2 eK2)=28J2%AP (1 oK) +AJ4HAP (24X

CAB({ 391 =A2({29K2)

£3(29¢1) =3, A g ‘
IF {lea ZQe¢NP1sANDeJsZINP1Y GO TC
27 43 K=1s8

DO Lo =143

ST{Ls¥ )=

e
BIOEN/E =193
ST{L 2 )=3T (L e )+l sy #am (7,
20 41 K=1.8
S0 41 L=1s2
AS{<sL)=0e
50 41 Y=le .
AS{K L) =AS(L L) +AB{ MoK Y RET (ML)

20



(SIS AN ;]

Y VY

[

(@A)

IANANS

oy

m

[}

Y

[}

A NANA)

138

3
a
<

.-.\.'

s+ IVHIUTYHVHIJIFAS(K L)Y ) /(15 *¥C0MM)

n Y i3 D

A OO QO ~00D
Py aN

— (NN e SN
lond o

C v Z - <

~ N N C Houn

LU I S B B 2 IR

> ow w
L o

—

(IsJ)/CO“W

-

WRITE STRAIN=DISPLACEMENT MATRIX ON TAPS
WOTTE(4) ST
RITURN

END

SUEROUTINE BCOND (asSaNTQsMISAND N UsM2Z M3 4N2)

THIS QUBQ”“TTNZ APPLIES THE SOUNDARY CZCNDITIONS TO THE STRULCTURE s«
MATRIX ‘
DIMENSIAN A(M2,43)4B(N3)

DO 40 M = 24M3AND i
= N =M 4+ 1 2
LF({K) 2320810 - Vo
2{KY) = 3K} = A(Kem)®y :
A(CaM) = T43 o
< = N+ M=~ 1

TFINTA=-K) 4030422

B{K)Y = B8{(K) = A(NsM}*Y

BLNsMY = T30

CONTINUE :

AlNs1)Y = 163

3(N) = U i
RETURM b
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XC = (XD +X UV +XIKI+X (LY ) /4a0
YO = (YUY +Y{ N +Y (I +Y (LY ) /4o
GO TC 20C

XC = (XCDY4+XUJ1+X(K)) /2.2

YO = (YLD)+Y {JdI+Y(K)Y) /3.0
CONT ITMUZ

DETIRWINE O/3 PRESSURE
2o IL = 1sNLC

o0
TFIXCalZTaXLiILYY GO TO 4l
CoNTINUE

Yo = vyLOIL)Y - YL(OIL-1)
¥Do= YLUIL)Y = XL{IL=-1)
¥YM o= YDREIXC=XLITIL-1))72XD
YH = YL(IL=-1) + YM - Y

ALPHA=ATANZ2(YDsXD)

SIGAA(L2 Ny = YH#EGAMIM)/NLD

AKD = GM(M)I/(1e3=GMUMY)

SIGMA(1sNY = SIGMA(ZsN)}*AKD
SIGHMA(2aNI=2.3# (SIAMALZNIRSIN{ALPHA)Y)

RS TURN

END

SUSRCUTING ZQUIVINSCEPESXsFPSY s SAMXY s E L sHCSsEP s3I0y [XsENT X
Y e NZLsNDFsETAN Yy TNULSMOD)

COMMON/CONSET L/ NLD:VOL;MTYP?sNSTEp9PATM36AWWsNNN,TIﬂF(3)

COMMON/TCNST2/ ITER P MIAND s NUMILK s TITLE(8) s STAGE,XLI52)5YLISZ) sHLE

COMUON/CCNST3/XKPNCH s XSTART »MANA

DIMENSION SPINZLY s I XINELsS o X(NDOPY s Y{NDP I sZMNTINDP 2 951505
DIMENSIONM TTAN{INEL) o TNU(NZILY s 3IMODINEL)

CALCULATE STRAIN CO?RESPONDING TO INITIAL ESTRESS

in
[Fal

JEV1=216(51-315(6)
EE=C1#(1.=D2V1/A4CS)

ZP51=05V1/22

SB51F = 2231 4+ IP(M)

DEV? = IPS1T/(1.9/51 + ITP3IF/HCS)

CALCULATE INMCRIASE [N SHEAR STRESS DUT 79 STRAIN POTENTIAL

[
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9TAd = (DEV2-DEVIY/2.0
IF{NANAANT 1) G T 1077
ETANIN)I=OTAURZ, /FP(N)

SHA T ST ANINY (2, 0% 0 4TH{M)))
CONTINUZ

CALCULATE ZQUIVALENT NODAL LOADS FOR SLEYENT

[aNaNA)

'ANANA)
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[

IX(Ns1)
IX{n,2)
= IX({Ns3)
Ix (Mg
(X{T)=xX{J))+2

-
-
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A
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uw — i
14}
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SIGt?)
SIGNI(DTAJTXY)*D/2,.7
¢J=*quN(DT‘quXY)*DV*,.p
PW:TXY/DI’(?)

I
J
Y
L
)
P
T
F

i <

IF(QLS(pA) AL_ ‘0331) :::c
IF(&BS(PM) nL?- C.?:l’ cV=9
ADD ELIMINT NODAL FORCZES T2 STRUCTURE NODAL FQORCES

TNF(Ks1) ENF(yl) + 7
ENF(Ls 1) ENF(Lsl)Y + F
ENF(IS1I=ENF{Tla1)-F
ENFUJe1)==NFlJs1)—F
ENT{[42)=TNT(1s2)-FV
ENF{Ls2)=TNE{Ls2)-FVY
TNF{Js2)=TNF U2} +5V
ENFIK2)=ENE(K 9 2)1+FY

r

RETURN

END
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Mumbers in parenthesis are Accession Numbers assigned by the National Technical Information Service: these arc
followed by a price code. Copies of the reports may be ordered from the National Technical Information Service, 52HS
Port Royal Road, Springfield, Virginia, 22161. Accession Wumbers should be guoted on orders for reports (PR - ---)
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67-1

68-1

6a-2

68-3
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69-1

69=2
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89-4

69-5%

69-9

69-10

€9-11

69-12
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09-14

59-15

89-16

70=3

70-4

"Feasibility Study Large-Scale Earthquake Simulator Facility," by J. Penzien, J.G. Bouwkamp, R.W. Clough
and D. Rea - 1957 (PE 187 905)AQ7

Unassigned

"

Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Loading," by V.V. Bertero - 1968
{PB 184 888)a05

“A Graphical Method for Solving the Wave Reflection-Refraction Problem,"” by H.D. McNiven and Y. Mengi = 1948
(PB 187 943)A03

“Dynamic Properties of McKinley School Buildings,” by D. Rea, J.G. Bouwkamp and R.W. Clough - 1948
(PR 187 902)A07

"Characteristics of Rock Motions During Earthquakes," by H.B. Seed, I.M. Tdriss and F.W. Kiefer - 1962
(PB 188 338)A03

"Earthquake Engineering Research at Berkeley,” - 1969 (PB 187 90&}All

"Monlinear Seismic Response of Earth Structures," by M. Dibaj and J. Penzlen = 1969 (PB 187 904)A08

“"Prokabilistic Study of the Behavior of Structures During Earthduakes," by R, Ruiz and J. Penzien - 1969
(PB 187 386)A06

"Numerical Solution of Boundary Value Problems in Structural Mechanics by Reduction to an Initial Value
Pormulation,” by N. Distefazno and J. Schujman - 1969 (PB 187 942)A02

"Dynamic Programming and the Solution of the Biharmonic Equation,” by N. Distefano - 1969 (PB 187 941)A03
"Stochastic Analysis of Offshore Tower Structures,”by A.K. Malhotra and J. Penzien - 1969 (FB 187 902)A0¢
"Rock Motion Accelerograms for High Magnitude Earthquakes," by H.B. Seed and I.M. Idriss - 1969 (PB 187 940702

"Structural Dynamics Testing Pacilities at the University of California, Barkeley.” by R.M. Stephen.
J.G. Bouwkamp, R.¥W. Clough and J. Panzien - 1969 (PB 182 111)A04

"Seismic Responsa of Soil Depesits Underlain by Sloping Rock Boundaries,” by H. Dezfulian and H.B. Seed
1969 (PB 189 1l14)A03

"Dynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading," by S. Ghosh and E.L. Wilson
1969 (P2 189 (261Al0

"Seismic Behavior of Multistory Frames Designed by Different Philesophies,”" by J.C. Anderson and
V. V. Bertexr¢ =~ 1969 (PB 120 652)Al10

"stiffness Degradation of Reinforcing Concrete Members Subjected to Cyeclic Flexural Moments,“ by
V.V. Bertero, B. Bresler and H. Ming Lizo - 1969 (PB 202 942)a07

"Response of Non=-Uniform Soil Deposits to Travelling Seismic Waves," by H. Dezfulian and H.B. Seed - 1969
(PB 191 023)A03

"Damping Capacity of a Model Steel Structure," by D. Rea, R.W. Clough and J.G. Bouwkamp - 1962 (PB 190 8563)A06

"Influence of Local Soil Conditions on Bullding Damage Potential Quring Earthquakes.” by H.B. Seed and
I.M. Idriss - 1969 (PB 191 036)A03

"“The Behavior of Sands Under Seismic Loading Conditions,” by M.L. Silver and H.B. Seed - 1969 (aD 714 982)A07

"Earthquake Response of Gravity Dams,” by A.K. Chopra - 1970 (AD 709 640)A03

"Relationships between Soil Conditions and Building Damage in the Caracas Earthguake of July 29, 1967." by
H.B. Seed, I.M. ldriss and H. Dezfulian - 1970 (P8 195 762)20%

"Cyelic Loading of Full Size Steel Connactions,”" by B.P. Popov and R.M. Stephen -1970 (PB 213 545)a04
"Seismic &nalysis of the Charaima Building, Caraballeda, Venezuela," by Subcommittee of the SEAONC Research

Committee: V.V. Berterc, P.F. Fratessa, S.A. Mahin, J.H. Sexton, A.C. Scordelis, E.L. Wilson, L.A. Wvllie,
H4.B. Seed and J. Penzien, Chairman - 1970 (PB 201 455)A06
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“A Computer Program for Earthquake Analysis of Dams,™ by A.K. Chopra and P. Chakrabarti - 1970 (AD 723 994) 205

“The Propagation of love Waves Across Non-Horizontally Layered Structures," by J. Lysmer and L.A. Drake
1970 (PB 197 896403

"Influence of Base Rock Characteristics on Ground Response," by J. Lysmer, H.B. Seed and P.B. Schnabel
1970 (PB 197 897)A03

"applicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characteristics under Cyclic
Loading,” by H.B. Ssed and W.i. Pgacock - 1970 (PR 198 016)A03

"A Simplified Procedure for Evaluating Scil Liquefaction Potential,” by H.B. Seed and I.M. Idriss - 1270
(PB 198 009)A03

"S0il Meduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and I.M. Idriss - 1970
(PB 197 869)a03

"Koyna Earthquake of December 11, 1967 and the Performance of Koyna Dam,” by A.K. Chopra and P. Chakrabarti
1971 (AD 731 496)A0¢

"Preliminary In-Situ Measurements of Anelastic Absorption in Soils Using a Prototype Earthguake Simulator,”
by R.D. Borcherdi and P.W. Rodgers = 1971 (PB 201l 454)RA03

"Static and Dvnamic Analysis of Inelastic Frame Structures,"” by F.L. Porter and G.H. Powell - 1971
(PB 210 135)A06

"Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Bertero -1971 (PB 202 943)AN4

"Dynamic Behavior of a High~Rise Diagonally Braced Steel Building,” by D. Rea, A.A. Shah and J.G. Bouwlianp
1971 (PB 203 584)AC6

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible FPluids.," by J. Ghaboussi and
E. L. Wilson -~ 1971 (PB 211 2396YA06

"Inelastic Behavior of Steel Beam-to-Column Subassemblages," by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 {PB 211 335)Al4

"Modification of Seismograph Records for Effects of Local Seoil Conditions,” by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)A03
"Staric and Earthquake Analysis of Three Dimensional Frame and Shear Wall Buildings,” by E.L. Wilson and

H.H. Dovey - 1972 (PB 212 904)}A05

"Accelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed ~ 1972
(PB 213 100)A03

"Elastic-Plastic Darthquake Response of Soil-Building Systems," by T. Minami - 1972 (PB 214 3638)A08

“Stochastic Inelastic Response of Offshore Towers to Strong Motion Earthquakes,” by M.K. Kaul - 1972
(PB 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear,” by E.F. Popov, V.V. Bertero
and H. Krawinkler - 19872 (PB 214 553)A05

"Earthquake Response of Gravity Dams Including Reservoir Interaction Effects,” by P. Chakrabarti and
A.K. Chopra - 1972 (AD 762 330)A08

"Dynamic Properties of Pine Flat Dam," by D. Rea, C.Y. Liaw and A.X. Chopra - 1872 (AD 763 928)A05
"Three Dimensional Analysis of Building Systems,” by E.L. Wilson and H.H. Dovey - 1972 (PB 222 438)A06

"Rate of loading Effects on Uncracked and Repaired Reinforced Concrete Members," by $. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 520)A08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems,” by E.L. Wilson, X.~J. Bathe.
J.E. Peterson and H.H.Dovey - 1972 (PB 220 437)A04

"literature Survey - Seismic Effects on Highway Bridges,” by T. Iwasaki, J. Penzien and R.W. Clough -13872
{PB 215 613)Al19

"SHAKE-A Computexr Program for Earthquake Response Analysis of Horizontally Layered Sites," by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)AC6
"Ontimal Seismic Design of Multistory Frames,” by V.V. Bertero and i. Kamil -~ 1973

"Analysis of the Slides in the San Fernando Dams During the Earthquake of February 2, 1971." by H.B. Seed,
K.L. Lee, I.M. Idriss and F. Makdisi - 1973 (PB 223 402)Al4
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“"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)a0%9

"Experimental Tavestigation into the Seismic Behavior of Crirical Reqions of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1373 (PB 215 884}A09

"Hysteretic Behavinor of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien -1973
(PB 239 568)A03

“General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H. Powell - 1273 (PB 221 260}A08

"A Computer Program for Earthquake Analysis of Gravity Dams Including Reservoir Interaction," by
DP. Chakrabarti and A.X. Chopra - 1973 (AD 766 271)A04

"Behavior of Reinforced Concrete Deep Beam=Column Subassemblages Under Cyclic Loads,” by 0. Kist and
J.G. Bouwkamp - 1973 {PB 246 117)}Al2

"Earthquake Analysis of Structure-Foundation Systems," by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)AG7
"Deconvelution of Seismic Response for Linear Systems,” by R.B. Reimer - 1373 (PB 227 179)A08

"SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems," by K.-J. Bathe,
E.L. Wilson and F.E. Peterson - 1973 (PB 221 967)A09

ne

Analytical Investigations of the Seismic Response of Long, Multiple 'Span Highway Bridges," by W.S. Tseag
and J. Penzien - 1973 (PB 227 Bl6)Al0

"Earthquake Analysis of mMulti-Story Buildings Including Foundation Interaction,” by A.K. Chopra and
J.A. Gutierrez - 1973 (PB 222 970}A03

"ADAFP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
S. Mojtahedi - 1973 (PB 223 763)ACY

"Cyclic Plastic Analysis of Structural Steel Joints," by R.B. Pinkney and R.W. Clough - 1973 {FB 226 843)A08

"QUAD~4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Lamping
Finite Element Procedures," by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 19273 (PB 229 424)A0S5

"Dynamic Dshavior of a Multi-Story Pyramid Shaped Building," by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp = 1973 (PB 240 718}a08&

"Effect of Different Types of Reinforcing on Seismic Behaviocr of Short Concrete Columns," by V.V. Berterc.
J. Holliings, Q. Kustu, R.M. Stephen and J.G. Bouwkamp - 1973

"Olive View Medical Center Materials Studies, Phase T," by B. Bresler and V.V. Bertero - 1973 (PR 235 388)a06

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.8. Tseng and J. Penzien -1973

"Constitutive Medels for Cyclic Plastic Deformation of Engineering Materials," by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)A03

"DRAIN - 2D User's Guide," by G.H. Powell - 1973 (PB 227 01€)2a05
"Earthaguake Engineering at Berkeley - 1973," (PB 226 033)All
Unassigned

"Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y¥. Liaw and A.K. Chopra
1973 (AD 773 05231A09

"Investigation of the Failures of the 0live View Stairtowers During the San Fernande Earthquake and Their
Implications on Seismic Design," by V.V. Bertero and R.G. Collins - 1973 (PB 235 106)Al3

"Further Studies on Seismic Behavior of Steel Beam~Column Subassemblages." by V.V. Bertero, H. Krawinkler
and E.P, Popov - 1273 (PB 234 172)A00
"Seismic Risk Analysis,” by C.85. Oliveira - 1974 (PB 235 920)A06

"Settlement and Liquefaction of Sands Under Multi-Directional Shaking," by R. Pyke, C.X. Chan and #,.8. Seed
1974

"Optimum Design of Earthquake Resistant Shear Buildings,” by D. Ray, K.S, Pister and A.K. Chopra - 1974
{(PB 231 172)R08

"LUSH - A Computer Program for Complex Response Analysiz of foil-Structure Systems," by J. Lysmer, T. Udaka,
H.B. Seed and R. Hwang - 1974 (PR 236 796)A0S
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"Sensitivity Analysis for Hysteretic Dynamic Systems: BApplications to Earthquake Engineering,” by D. Ray
1974 (PB 233 213)A06

"$5il Structure Tnteraction Analyses for Evaluating Seismic Response.," by H.B.-Seed, J. Lysmer and R. Hwang
1974 (PR 236 519}A04

Unassigned
“Shaking Table Tests of a Steel Frame - A Progress Report," by R.W. Clough and D. Tang ~ 1974 {PB 240 PHIYAN2

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement.," by
V.V. Bertero, E.P. Popoev and T.Y. Wang - 1974 (PB 236 7397)a07

“Applications of Reliability-Based, Global Cost Optimization to Design of Earthgquake Resistant Structures,”
by E. Vitiello and K.$. Pister - 1974 (PE 237 231)AC6

“Licquefaction of Gravelly Scils Under Cyclic Loading Conditions," by R.T. Wong, H.B. Seed and ¢.K, Chan
1974 (PB 242 042)A03

"Site-Dependent Spectra for Earthquake-Resistant Design,” by H.B. Seed, C. Ugas and J. Lysmer - 1974
{PB 240 953)A03

"garthguake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalgo and R.W. Clough - 1974
{(PB 241 S9¢4)A13

"Nonlinear Earthquake Response of Concrete Gravity Dams,® by N. Pal - 1974 (AD/A 006 583)A06

"Modeling and Identification in Nonlinear Structural Dynamics - I. One Deqree of Freedom Models,” by

N. Distefano and A. Rath - 1974 {(PB 241 S548)A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Descriptiom,
Theory and Bnalytical Modeling of Bridge and Parameters," by P. Baron and S.-H. Pang - 1975 (PB 259 407)al5
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.II: Numerical
Studies and Establishment of Seismic Design Criteria," by F. Baron and S.=H. Pang - 1975 (PB 252 408)A1l
(For set of EERC 75-1 and 75-2 (PB 259 406))

“Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.S. Oliveira - 1975 (PB 248 134)A09

“analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
M.-C. Chen and J. Penzien - 1975 (PB 241 454)A09

“An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.A,
Mahin and V.V. Bertero ~ 1875 (PB 246 306)Als

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results," by R.W. Clough and
D.T. Tang - 1975 {(PB 243 981)Al13

"Dynamic Properties of San Bernardino Intake Tower," by D. Rea, €.-Y¥Y., Liaw and A.X. Chopra - 19738 (AD/AQORB 408)
A0S

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components," by F. Baron and R.E. Hamati ~ 1975 (PB 251 539)AC7

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numeriecal
Studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E. Hamati - 1975 (PB 251 540}Al0

"Static and Dynamic Analysis of Nonlinear Structures,” by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
“Hysteretic Behavior of Steel Columns,” by E.P. Popov, V.V. Bertero and 9. Chandramouli - 1975 (PB 252 365)All
"farthquake Engineering Research Center Library Printed Catalog," - 1975 (PB 243 71l}A26

"Three Dimensional Analysis of Building Systems (Extanded Version}," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 2989)A07

"Determination of 30il Liguefaction Characteristics by Large-Scale Laboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed = 1975 (NUREG 0027)}A08

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Maseonry.,” by R.L. Maves and R.W.
Clough - 1975 (PB 246 292)Al0

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Bertero and
E.P. Popov - 1975 (PB 246 3BB}AODS

"Relationships Between Maximum Acceleration, Maximum vVelocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes," by H.B. Seed, R. Murarka, J. Lysmer and I.M., Idriss - 1975 (PB 248 172)a03

"The Effects of Method of Sample Preparation on the Cvelic Stress~Strain Behavior of Sands,” by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Summarigzed in EERC 75-28}
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