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1. INTRODUCTION
A gencral anulyucal procedure has been developed 18] 1o evaluaie the carthyuake sesponse of con-
crete grasity dams, including the effects of dam-water-foundation rock intcraction and of matcrials,
such as alluvium and sediments, at the bouom of reservoirs. This report is concerned with the com-

puter program b ac»-84 that implements the analytical procedure

At small vibration ampiiudes o concrete gravity dam will behave as a solid ¢ven though the joints
between the moncliths may stip [9). However, during large-amplitude motion, the behavint of a dam
Jepends on the extent to which the inertia forces can he transmit’2d a.ross the joints. For dams with
straight contraction joints, vither grouted or ungrouted, the inertia forces that develop during large-
arplitude motioa are much greater than the shear torces that the joins can transmit. Consequently,
the joints would sYi: ond the moenoliths vibrate independently. as evidenced by the spalicd concrete and
waler lcakage at the joints of the Koyna Dam during the Koyna earthquake of 11 December 1967 [21.
For such dams. a two-dimensional, plane siress model of the individual monoliths appears to be
appropriste for predicting the earthquake response. Oa the other hand, for dams with keyed contrac-
tion joints, it may be inapprusriate to assume that the nionoliths vibrate independentlv. A two-
dimensional, plane strain model would be better For such dams. 1ne analytica) procedure and compuier
program are restricted 1o systems assumed to be in generalized plane stress or plane strain. The same

assumption should be chosen for the dam and the foundation rock,

Because the _imensions and dynamic properties of the monoliths differ, the effects that a dam has
on the delormations and stresses in the foundation rock vary along the length of the dam. A three-
dimensional model for the foundation-rock region would seem necessary {or this reason and because
the rock is fractured and fissured, unlike a continuum.

The hydrodynamic effects of the water impounded in the reservoir are assumed to be adequately
modelled by the two-dimensional wave cquation. Water corpressibility is included in the analysis,
because it can significantly affect the earthquake response of concrete gravity dams [1). The system is
analyzed under the assumption of linear behavior for the concrete dam, impounded water and founda-

tion rock. Thus, the passibilities of concrete cracking [8] or water cavitation {11] are not considered.



This report documents the use of the computer program EAGL-84. The development of an
appropriate idealization of the system is discussed, the required input data to the computer program are
described, the output is explained, and the response results from a sample analysis are presented. The

present version of the computer program incorporates major extensions and improvements of the origi-

nal version [3].



2. SYSTEM AND GROUND MOTION

The system considered consists of a concrete gravity dam supporied on the horizontal surface of
underlying flexible foundation rock and impounding a reservoir of water (Figure 1}, The selected
moncolith or dam cross-section 1s idealized as a two-dimensional finite clement system in order to model
arbitrary geometry and elastic material properties of the dam. Hence. noa-overflow sections. overflow
sections and appurtenant structures can be modelled. However, certain restrictions are imposed on the
geometry of the dam 1o permit a continuum solution for hydrodynamic pressure in the impounded
water. For the purpase of determining hydrodynamic effects, and only for this purpose, the upstream
fuce of the dam is assumed 10 be verticai. This assumption is reasonable for actual concrete gravity
dams because their upstream face is vertical or almost vertical for most of the height. and the hydro-
dynamic pressure acting the dam face is insensitive 1o small deparwres of the face slope from vertical,
especially if these departures are near the base of the dam, which is usually the case. The waler
impounded in the reservoir is idealized as a fluid domain of constant depth and infinite length in the
upstream direction. The foundation rock underlying the dam and reservoir bottom materials is ideal-
ized as 4 homogeneous, isotropic, viscoelastic half-plane.

The viscoelastic half-planc ideatization of the foundation-rock region is not appropriate for
representing the effects of interaction between the impounded water and the foundation rock. These
interaction effects are dominated by the overlying reservoir bottom materials that may consist of vari-
able layers of alluvium, silt and other sediments, possibly deposited to a significant depth, which are
highly saturated and have a small shear modulus. A hydrodynamic pressure wave impinging on such
materials will partially rcflect back into the water and partially refract, primarily as a dilatational wave,
into the layers of reservoir bottom matcrials. Because of the considerabie energy dissipation that results
from hysteretic behavior and particle turbulence in the layer of saturated materials, the refracted wave
is essentiatly dissipated belore reaching the underlying foundation rock. The dissipation of hydro-
dynamic pressure waves in the reservoir bottom materials is modelled approximately by a boundary

candition at the reservoir bottom that partially absorbs incident hydrodynamic pressure waves [5].
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Over a long time, sediments may deposit to a significant depth at the bottom of some reservaoirs.
The thickness of the sediment layer can be recognized by defining the rescrvoir bottom at the surface
of the sedirments, which correspondingly reduces the depth of the fluid domain. However, the com-
puter analysis does not consider the influence of the reservoir boitom maierizls on the static siresses
and vibration properties of the dam because these cffects should be small, as the materials are very

soft, highly saturated and exert forces only on the lower part of the dam.

The earthquake excitation for the dam-water-foundation rock system is defined by the two com-
ponents of free-field ground acceleration in a cross-sectional plane of the dam: the horizontal com-
ponent transverse to the dam axis, and the vertical component. The free-field ground acceleration is

assumed to be identical at all pcints on the base of the dam.



3. SYSTEM IDEALIZATION AND PROPERTIES

The dam monolith is idealized as an assemblage of planar, fous-node non-conforming finite ele-
ments [10). The finitc element system is obtained by dividing the dam cross-section into quadnilateral
or triangular elements connected at nodal points. Elements in the shape of parallelogram- with an
aspect ratio near unity give the most accurate resuits. The elastic properties of the materials in the dam
can be defined independently for each finite eiement. Therefore, variations in the properties of the

dam concrete and appurtenant structures can be represented conveniently.

The nodat points in the finite element system are located with reference to an x.y-coordinate sys-
tem. The p-axis must be vertical with the positive direction upwards; the x-axis must be horizuntal
with the positive direction either downstream or upstream. Each nodal point is identified by a nodal
point number and x,y-coordinates. I the effects of dam-foundation rock interaction are included, the
nodal points at the base of the dam must be equally spaced on & horizontal line. Mesh generation facil-
ities are available in EAGD-84 {0 reduce the amount of input data required to describe the finite element

systém.

Each finite element is numbered and defined by the nodal points at its vertices listed by number
in a counter-clockwise direction around the element. Th= numbering of the elements is arbitrary
because it does not influence the computational cost. The numbering of the nodal points, however,
determines the bandwidth of the structural stiffness matrix, and hence it affects the computational cost,
The smallest bandwidth results when the maximum difference in nodal point numbers for each eleme::
is min.mized over all the ¢lements. Judicious numbering of the nodal points can achicve this goal.
Numbering the nodal points in the direction of the monolith cross-section with the smallest numbar of

elements usually results in the mi:...aum bandwidth.

Energy dissipation in the dam concrete is represented by constant hysteretic damping with a
damping factor n,. A viscous damping ratio £, the same for ali the natural vibration modes of the dam
on rigid foundation rock with an emply reservoir, corresponds to a constant hysterctic damping factor
of n,=2¢. Forced vibration fickd tests on dams indicate that the viscous damping ratio is in the range

of 1 to 3 percent, fairly independent of the vibration mode number [9]. A constant hysteretic damping
6



factor of n ~0.1, which corresponds to a 5 percent viscous damping ratio in all vibration modes of the
dam, is a reasonable value for the much larger motion and higher stresses expected in ¢ dam during

strong earthquake ground motion.

The water impounded in the reservoir is idealized as a fluid domain of consiam depth and infinite
length in the upstream direction. The elevation of the free-surface is the only parameter specified for
the impounded water. The computer program uses the following properties for the impounded water:
velocity of pressure waves C=4720 ft/sec, and unit weight =62.4 1b/fi’. The reservoir bottom is

assumed to be horizontal, but it may be specified at any elevation.

The absorptiveness of the reservoir bottom materials is characterized by the wave reflection
coefficient «, which is defined as the ratio of the amplitude of the reflected hydrodynamic pressure
wave to the amplitude of a vertically propagating pressure wave incident on the reservoir bottom. A
wave reflection coefficient of unity indicates that pressure waves are reflected from the reservoir bottom
without atlenuation; a wave reflection coefficient of zero indicates that vertically propagating pressure
waves are fully absorbed into ihe reservoir bottom materials without reflection. The materials at the
bottom of the reservoir determine the value of the wave reflection coefficient a according to the follow-

ing equation [5):

where k=pC/p,C,. C is the velocity of pressure waves and p is the density of water, C, =~/ E.1p

and E, is the Young's moduius of elasticity and p, is the density of the reservoir bottom materivls.

)

A basis needs to be devcloped for the selection of the wave reflection coefficient before raser-
voir bottom absorption effects can be reliably included in practical analyses. Because reservoir bottom
materials may consist of highly variable layers of exposed bedrock, alluvium, silt and other sediments,
it is difficult to estimate the valuc of a based on analysis alone. Ficld tests on existing dams and reser-
voirs may provide useful data that could aid the selection of an appropriate wave reflection coefﬁcien\l

for response analysis.



IF the effecis of dam-foundation rock interaction are included, the dynamic stiffness matrix for the
foundation-rock region appears in the equations of motion for the dam [5). This lrequency-dependent
matrix is defined with respect to the degrees-of-freedom of the nodal points at the dam base. A file of
numerical data is supplied with EAGD- 84 for the frequency-dependent compliance functions, determined
by the procedures described in reference 4, for a4 homogeneous viscoelastic half-plane with Poisson’s
ratio of 1/3 and the following values of the constant hysteretic damping factor: » ,=0.01, 0.10, 0.25 or
0.50. The value of the constant hysteretic damping fictor , for the foundation rock should preferably
be determined from experimenal tests of appropriate rock samples subject to harmonically varying

stress and strain. For such tests. n, can be obtained from:

AW

1
Nr= 3= "w

i W

where A W is the encrgy loss per cycle, given by the area of the stress-strain loop, and W is the strain
energy stored in an elastic material under the same siwress-strain cycle as the viscoelastic material. One
of the available values of %, mentioned above can then be chosen to approximate the experimentally
determined value. Alternatively. the compliance functions for the experimental n , value can be com-

puted by the procedures described in reference 4.

The dam-foundation rock system may be assumed 1o behave in either a state of generalized plane
stress or plane strain. Although the difference betwcen the dam responses computed under the two

assumptions is small [3], the generalized plane stress assumption is. recommended for practical analysis.



4. OUTLINE OF ANALYTICAL PROCEDURE

The analytical procedure, which is described in referrnces 5 and 6. 1s outlined here. The fre-
quency domain equations for the three substructures in the system, dam, impounded water and founda-
tion rock. are formulated from their respective governing equations. The frequency domain equations
for the substructures are then combined 10 obtain the frequency domitin equations for the complete
system. The structurat displacements of the dam are expressed in terms of generalized coordinates.
which results in a large reduction in the number of degrees-of-freedom and corresponding computa-

tional cffort.

If the effects of dam-foundation rock interaction are included in the analysis by recognizing the
flexibility of the foundation rock, the frequency domain equations for the system contain the dynamic
stiffness matrix for the foundation-rock region [31. Reference 4 presents a procedure for evaluating the
compliance functions at uniformly spaced ncdal points on the surface of a homogceneous, isotropic,
viscoelastic half-plane. The compliance function data, which is stored on u file supplied with EAGD-84,
is assembled and inverted in the computer program 10 give the dynamic stiffness matrix for the viscoe-
lastic half-plane idealization of the foundation-rock region. For foundation-rock regions with compli-
cated geomelry or material properties, the dynamic stiffness matrix can be computed by the finite ele-

ment method and the resuits used as input t0 EAGD-84,

To evaluate the dynamic response of dams to earthquake ground motion, the complex-valued fre-
quency response functions for the generalized coordinates are first computed by solving the frequency
domain equations. Fourier synthesis techniques arc then empioyed to compute the response history of
the generalized coordinates due 1o a specified earthquake ground motion. The Fast Fourier Transform
(FFT) algorithm used in £AGD-84 recognizes that ground acceleration records and response histories are
real-valued functions to reduce the computation time ard storage requirements [7]. Nodal point dis-
placement histories are subsequently obtained from the generalized coordinates, and the stresses at the
centroid of each finile element are computed using the elements’ stress-displacement matrix. The
structural displacements due to siatic forces (weight of the dam and hydrostatic pressure of the

impounded water) are computed relative to the rigid-body displacements of the dam [31.
9



5. SELECTION OF RESPONSE PARAMETERS

To ensure that the computer program gives accurate dynamic response of a dam, the parameters

that govern the response computation must be carefully sclected. This section gives guidelines to aid in

the selection of the response parameters.

5.1 Maximum Excitation Frequency

Two considerations govern the selection of the excitation lrequency range 0 10 F for which the

response of the dam is computed:

1.

The maximum excitation frequency F should be greater than the frequencies of all the
significant harmonics contained in the free-field ground acceleration rccords. Earthquake
data processed by modern techniques accurately reproduces frequencies up to about 2§

Hertz. Thus, it is recommended that:

F2 25Hz

The maximum excitation frequency F should be large enough 1o include tne range of fre-
quencies over which the dam has significant dynamic response. This criterion is met in con-
Junction with the selection of the number NEv of generalized coordinates included in the
analysis, as described below. It is recommended that F > fney, Where faey is the vibra-
tion frequency, in Hertz, of the highest vibration mode included in the analysis. EAGD-84
prints the vibration frequencies of the associated dam-foundalion rock system to help in

satisfying this criterion.

5.2 Number of Generalized Coordinates

The number NEV of gencralized coordinates required to represent the earthquake response of a

dam i3 much less than the number of degrees-of-freedom in the finite element system. Each general-

ized coordinate corresponds to a vibration mode (Ritz vector) of an associated dam-foundation rock

system. A general rule is to include all the vibration modes that significantly contribute to the

10



earthquake response of the dam. One or (wo additional modes should be included for accurate
response results at the high-frequency end of the frequency range. Typically, five generalized coordi-
nates arc necessary if the foundation rock is assumed to be rigid; and ten gencralized coordinates are
necessary if foundation-rock flexibility is included. A final check that cnough gencralized coordinates
are used, is 10 ascertain that the maximum stresscs in the dam do not change if the number of general-

ized coordinates is increased.

5.3 Number of Excitation Frequencies and Time Interval

For a specified maximum excitation frequency F, the compuiation of the fraquency response
functions and earthquake response, via the FFT algorithm, depends on two parameters: NEXP, which is
related to the number of excitation frequencies and time intervals; and the time interval DT, in seconds.

These two parameters determine other response parameters as follows (sce Figure 2):

Number of excitation frequencies N 2 NEXP
{and number of time intervals):

Duration of response history; T=N*DT

Frequency increment: Af= L
2T

Maximum frequency represented: F=NAS

A "quiet zone” with N points of zero acceleration is automatically appended at the end of the ground

acceleration records to reduce the aliasing error inhcrent in the discrete Fourier iransform.

It is important to choose the values of NEXP (thus N) and DT that are appropriate for the system

and ground motion. The following considerations govern the selection of NEXP and DT:

1. The frequency increment A/ must be small enough to represent the frequency response
functions for the generalized coordinates. especially near the fundamental resonant peak. It

is recommended that:
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where /1 is the fundaumental resonant frequency, in Hertz, of the associated dam-foundation

rock system.

2.  To reduce further the aliasing error, it 1s recommended that:

where 7, is the constant hysteretic damping factor for the dam concrete.
For a given value of the maximum excitation frequency F, as determined in Section 5.1, the

above guidelines are met if NEXP and DT satisfy the following two conditions:

1
DTiﬁ

pregvexe 3 Loy l 25, 13
fl MNs

5.4 Excliation Frequency Limit of Dynamie Stiffness Matrix

The computer program includes a file of numerica) data for the frequency-dependent compliance
functions for a viscoelastic ha!f-plane idealization of the foundation-rock region. From these compli-
ance functions, EAGD-84 computes the dynamic stiffness matrix S ,(w) for the foundation-rock region.
The compliance functions, and hence 8 {w), are defined for a limited excitation frequency range. The
maximum excitation frequeacy for which they are defined is wm.={(5 )/ b, where C,-mp__,. G,
is the elastic shear modulus and p; is the density of the foundation rock, and & is the distance hetween
the equally spaced nodal points at the dam base. If the effects of dam-foundation rock imteraction are

included, the maximum excitation frequency F must be less than (5C,)/ (2w b), or:

5 Oy

Fs 2xb

in addition ot the aforementioned criteria in Section 5.3.

n



6. INPUT DATA DESCRIPTION

The input data for the computer program EAGD-84 are entered by cards divided into fields accord-
ing to the formais described in this section. Each field is identified by inclusive card column numbers
and one of three feld-types: {1). integer. (F), floating point; or (E), exponential. An integer field (1) is
a number without a decimal point that is right-justified in the field. A floating point field (F) type is a
number with a decimal point located anywhere in the field. An exponentiat field {E) is a numbes
located anywhere in the field with a decimal point and optional exponential specification that follows

FORTRAN rules.

Card Set A - Title

1-80 Title of problem or informational message printed with results of the

analysis.

Card Set B - Program Contrel Data

Specify the parameters for the finite element idcalization of the dam monolith and the control of pro-

gram execution.

1- 511 NUMNP Number of nodal points in the finite element idealization.
6-10 () NUMEL Number of elements in the finite element idealization.
1-15M NUMMAT  Number of different maierials in the finite clement idealization.
16-20 () NBASE Number ol nodal points at the base of the dam, in contact with the

foundation rock.

21-25 (D NEV Number of generalized coordinates included in the response computa-
tion. See Section 5.2 for guidelines.



26 - 35 (F)

Jo-40 (D)

41 - 45 (1)

46 - 50 (F)

51-55

56 - 60 ()

61 - 65 (D

66 - 70 (1)

n-150

WL

NPP

IGRAV

PSP

IRES

IOPR

0P

IRIG

IGEN

Elevation, in feet, of the free-surface of the impounded water.

Number of nodal points at the upstream face of the dam affecied by the
impounded water. NPP=0 indicates an emply reservoir. Sec Card Set

C for definition of the water nodal points.

=0, do not perform siatic analysis.
= |, perform static analysis due to weight of the dam and hydrostatic

pressure of the impounded water.

=0.0, dam and foundation rock are in generalized plane stress.

= 1.0, dam and foundation rock are in plane strain.

=0, compute the dynamic response due to zarthquake ground motion.

=], only perform static analysis a:id compute vibration propertics.

=(), compute vibration frequencies and mode shapes.

= |, vead vibration frequencies and mode shapes from cards.

={), do not punch vibration frequencies and mode shapes.
= ], punch vibration frequencies and mode shapes un cards.

=0, foundation rock is flexible, include dam-foundation rock interac-
tion effects.
=1, foundation rock is rigid, exclude dam-foundation rock interaction

effects.
=0 read the dynamic stiffness matrix from TAPE0.

=1, generate the dynamic stiffness mairix from the dma in TAPESO.
IGEN is ignored if IRIG=1.

15



Card Set C - Foundation Rock Properties

Specify the properties of the foundation rock. Include this card set if the foundation rock is Rexible
(RriG =0, Card Set B).

1-10(F) Young's modulus of clasticity, in ksf, of the foundation rock.
11-20 (F}  Mass density, in k-s 2/t ¥, of the foundation rock.

21 - 30 (F}  Constanl hysterctic darrping factor n, for the foundation rock. See Note C.1

for possible damping coefficients.

31 -40 (F)  Spacing. in feet, between the nodal points at the base ul th? dam. The nodal
points at the base must be equally spaced.

If GEN=1 {Card Sct B). the dynamic stiffness matrix for the foundation-rock region is generated from
the compliance dats on TAPERO and stored on TAPES. if IGEN=Q, EAGD-84 assumes thai the dynamic
stiffness matrix was generated in a previous program execution and is available on TAPES0. The
Young's modulus and density of the foundation rock may differ from the values used in the previous

execution that generated TAPEYQ,

Note C.1: Possible Damping Faciors

Foundation rock compliance data arc available on TArESO for the following constant hysteretic damping
factors: 0.01, 0.10, 0.25, 0.50. Section 3 gives guidelines for selecting the damping factor.

16



Card Set D - Material Properties

Specify material properties used in the finite element idealization of the dam monolith. One card for
cach NUMMAT {Card Set B) materials.

1-5(D Materizl number (less than or equal 10 NUMMAT).
6-15(F) Young's modulus of elasticity, in ksf, of the material.
16 - 25 F) Poisson’s ratia of the material.

26 -35 (F)  Mass density, in k-s 2/t *, of the material.

Card Set E - Nodal Point Coerdinates

Define the x,y-coordinates of the nodal points in the finitc clement idealizaticn of the dam monolith.

1- 5 Nedal point number.
6-10 (F) Displacement bourdary condition code. See Note E.1.
11 - 20 (F)  x-coordinate, in feet, of nodal point.

21 - 30 (F)  y-coordinate, in feet. of nodal point.

Leave remainder of card blank if layer generation of nodal points is not desired (See Note E.3).

31-354D) m, module for nodal point increment {(greater than zero).

36-40({1) NLIM, nodal point limit of layer generation.

4] - 50 (F)  f,, amplification factor for x-coordinate. If blank, assumed to be unity.
51 - 60 (F) f,, amplification factor for y-coordinete. If blank, assumed to be unity.

Repeat cards until all NUMNP (Card Set B) nadal points are specified either explicitly or by nodal point

17



generation. Nodal poirts must be listed in numerically ascending order If cards are omitted and
Columns 31-60 arc blank, the coordinates of the omitted nodal points are generated along the straight
line connecting the defined nodal points (see Note E.2). If Columns 31-60 are used. as described
above, the nodal point coordinates are generaicd in layers (see Note E 3}

Note E.1: Boundary Condition Code

The displacement boundary condition code for a nodal pe.nt is specified in Columns 6-10 as follows:

0.0 Both x, y-direction displacemenis unknown.

10 Zero displacement in the x-direction.

Unknown displacement in the y-direction.

20 Unknown displaccment in the x-direction.

Zero displacement in the y-direction.

kK Zero displacement in the x-direction.

Zero displacement in the p-direction.

Typically, a 0.0 boundary condition code is used for nodal points above the dam base. If the founda-
tion rock is rigid (IRIG=1, Card Set B), 1 boundary condition code of 3.0 is used for thc nodal points
on the base. If the foundation rock is flexible (IRiG =0, Card Set B), a bound'ary condition code of 0.0
is used for the nodal points on the base. Hcwever, various combinations of the boundary condition
code for the nndal points can represent other displacemem boundary conditions appropriate for the sys-
tem.

Note E.2: Straight Line Generation

If the (L-1) cards for nodal points N+1, N+2, - - N+L-1 a¢ omitied and Columns 31 - 60 of the
card for nodal point N are blank, the omitted noda! points are generated at equal intervals on the
straight line joining nodal peints N and N+1. The boundary condition code for the generaied nodal
points is set 10 0.0,

Norse E.3: Layer Generation

Layer generation may be used with two rows of completely defined nodal points. If the parameters in
Columns 31 - 60 are specified on the card for nodal point N, the x,y-coordinates of nodai points N+1,
N+2, - - - NLIM arc generated by the following rule:



Xi™= Xi—mt f.t(x.k—m_xlrl’m)
Yi™Yi-m + /vn (yl—m_yl—lrﬂ)

for k=N+1, -« NLIM. If, NLUIM=NUMNP, no more nodal point cards arc required. If NLIM<NUMNP,
the card for nodal point NLiM + 1 must follow. Tne boundary condition code for generated nodal points

is set to 0.0

Card Set F - Element Definition

List the nodal points at the vertices of each element, in addition to the material number for the ele-

ment.

1- §5() Element number.

6-10() Nodal point number at element vertex I.

1n.15m Nodal point number at element vertex J.

16 - 20 (1) Nodal point number at element vertex K.

21 - 25 (D) Nodal point number at element vertex L.

26 - 30 (1) Material number for element (from Card Set D).

The nodal point numbers at the element vertices ), J, K and L must be ordered in a counter-clockwise
direction around the element (See Figure 3). Triangular elements are permitted; they ure identified by
the same first and Jast nodal point number (.e. 1, ), K and 1).

All NUMEL (Card Sel B) elements must be specified in numerically ascending order, either explicitly or
by element generation. If element cards are omitted, EAGD-84 generates the information for the omit-
ted element numbers by incrementing by one the preceding I, J, K and L nodal point numbers. The
materjal number for the generated elements is set (o the correcsponding value on the last card. The ele-
ment card for element number NUMEL must always be supplied.

The maximum difference between nodal point numbers for each element over all the elements deter-
mines the bandwidth of the structural stiffpess matrix. The bandwidth is minimized by judicious

numbering of the nodal points as described in Section 3.
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FIGURE 3 Order of nodal point numbers for finite elements.
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Card Set G - Water Nodal Points
Specify the nedal points at the upstream face of the dam affected by the water impounded in the reser-
voir. Omit this card set if NPP=0 (Card Set B).

1-5{D =0, the positive x-direction is downstream.

= |, the positive x-direction is upstream.

6-104D
11 - 1S {1}  List of nodal point numbers at the upstream face of the dam that are affected
. by the impounded water. The NpP (Card Sct B) nodal poinis must be listed

. from the free-surface to the reservoir bottom (See Figure 4i. If the free-

surface is between two upstream nodal points, both nodal points must he in-

76 - 80 (D) cluded.

If more than 15 upstream nodal points are affected by the impounded water, repeat this card until all

the nodal points are listed. After the first card, however, the list begins in Columns 1-5.

Card Set H - Base Nodal Points
Specify the nodal points at the buse of the dam in contact with the floxible foundation rock. Include
this card set i IRIG=0 (Card Set B).

1. 5(1)

6-20(D) List of nodal point numbers at the base of the dam that are in contact with the
* flexible foundation rock. The NBASE (Cazrd Set B) nodal points must be listed
R in order of increasing x-coordinate (See Figure 5).

76 - 86 {I)

If there are more than 16 base nodal points, repeat this card until all the nodal points are listed.

21



FIGURE 4 Nodal points at upsiream face of the dam affected by the impounded water.

Ay

NODAL POINTS ON
BASE MUST BE
SPACED EQUALLY

Nupase

FIGURE 5 Nodal points at the base of the dam in contact with flexible foundation rock.
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Card Set I - Vibration Frequencies

Input the natural vibration frequencies of an associated dam-foundation rock system. Include this card
set if 1OPR=1 (Card Set B). Input one vibration frequency per card in order of increasing mode
number. NEV cards are required (Card Set B).

1-12¢D Vibration mode number.

13-27(F) Natural vibration frequency, in radians/sec, of the vibration mode.

Card Set J - Vibration Mode Shapes

Input the natural vibration mode shapes of the associated dam-foundation rock system. Include this
card sat if 10PR=1 (Card Set B). The mode shapes must be normalized such that ¥ "mW¥ = I, where ¥
is the matrix of mode shapes, m is the mass matrix of the dam, and 1 is the identity matrix. 1f the data
for this card set are the punched card outpul from a previous FAGD-84 program execution, the mode

shapes are already normalized.

One card for cach nodal point.
NUMNP (Card Set B) cards required.

-1 Nodal point number.

> One set for each vibration mode shape.
13.27 (E) x-ordinate of mode shape.
NEV {Card Set B) sets required.

28 - 42 {(E)  y-ordinate of mode shape.
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Card Set K - Dynamic Response Parameters

Specify the parameters for the computation of dynamic response.

1- 54D

6-101)
11 -20(F)
21-30(F)
31 - 40 (F)

IHV

NEXP

DT

ALPHA

DFAC

=0, Compute response due to the horizontal componzni, only, of the
ground motion.
=1, Compute response due to the vertical component, unly, of the
ground motion.
=2. Compute response due to the horizontal and vertical components,

simultaneously. of the ground motion.

Compute the compiex frequency response function for the generalized
coordinates at N=2MEXP hurmonic  excitation frequencies. The
response history of the dam is computed a1t N time intervals {See Sec-
tion 5.3).

Time interval, in seconds, for which response history is computed.
Also determines the maximum excitation frequency represanted in the

response (See Section 5.3).
Wave reflection coefficient o for the reservoir bottom materials, such as
aluvium and sediments. Section 3 gives guidelines for the selection of

a. 0< ALPHA <1

Constant hysteretic damping factor 5, for the dam concrete (See Sec-

tion 3).
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Card Set L - Ground Motion Data

Specify the horizonial and vertical components of the free-field ground acceleration at the base of the
dam.

1.  Ground motion parameters

1-5§5() NXUGH  Number of ordinates in the record for the horizontal component of the
free-field ground acceleration. Set NXUGH =0 if iHv =] (Card Set K).

6-10() NXUGY  Number of ordinates in the record for the vertical component of the
{ree-field ground acceleration. Set NXUGV =0 if IHv =0 {Card Set K}.

11 - 20 (F) ™ Duration of response history computation; TD € DT *2NEXF where DT
and NEXP are specified in Card Set K.

2. Record for the horizontal component of free-field ground acceleration
Omit these cards if tHv =1 (Card Set K).

1- 5(F) Time
6-12 (F) Acceleration

13-18 (F) Time
19-24 {F)  Acceleration

*

61-66(F) Time
67 - 72 {F)  Acceleration

List six time-acceleration pairs per card in order of increasing time. Repeat cards until NXUGH pairs are
specified. The ordinates need not be specitied al equal time intervals. Time is in seconus and accelera-
tion is in g's, acceleration due to gravity.
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3. Record for the vertical component of frec-field ground acceleration
Omit these cards if IHV =0 (Card Set K),

1- 5(F) Time
6- 12 (F) Acceleration

13- 18 (F) Time
19 - 24 (F) Acceleration

.

6t - 66 (F) Time
67 - 72 (F) Acceleration

List six time-acceleration pairs per card in order of increasing time. Repeat cards until NXUGV pairs are
specified. The ordinates need not be specified at equa! time intervals. Time is in seconds and accelera-

tion is in g's, acceleration due to gravity.

Card Set M - Output Control Parameters
Specifly parameters that control the printing of response results.

i. Parameters for printed output

1- 50 NPRINT Print nodal point displacements and element siresses every NPRINT time
intervals.
6- 10 (1) 1COMB =(), Compute only dynamic response.

= |, Compute dynamic response and combine with response due 1o the

static loads.

11 - 154D ISEL =(), Print displacements of cach nodal point and siresses in each ele-
ment.
=1, Print displacement. and stresses for selected nodal points and ele-

ments.
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If 1SEL =0, leave the remainder of this card blank.

16 - 20 (1) NNODE  Number of nodal points for which displacements are printed.

21-25 (1) WNELM  Number of elements for which stresses are printed.

2. Nodal point selection
Omit these cards if ISEL =0 or NNODE =(.

1-5(

6-10 (1)
* Nodal point numbers, sixteen per card, for which displacements are printed.
. Repeat cards until NNODE nodal points are specified.

75-80 (I)

3. Element selection
Omit these cards if 1SEL =0 or NNELM =0,

1-5(D

6-10(D
* Element numbers, sixteen per card. for which stresses are printed. Repeat
[ ]
. cards until NNELM elements are specified.

75-80 (1)
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7. DESCRIPYION OF OUTPUT

7.1 Printed Output

EAGD-84 prints the following information. Some ourtput is suppressed according to the oplions

specified in Card Set B.

10,

il

Program control data

Foundation rock properties. including the computed shear wave velocity ¢

Maierial properties, nodal point coordinates and finite element specifications

Hydrostatic oads, i.e. the forces on the nodal points at the upstream face of the dam due o
hydrostatic pressure of the impounded water. These Forces provide 1 convenignt check that
the nodal points affected by the impounded water are specified correctly in Card Set G.
Nodal point displacements and element stresses due to static loads (weight of the dam and
hydrostatic loads)

Natural vibration frequencies and mode shapes of the dam if the foundation rock is assumed
to be rigid, or of an associated dam-foundation rock sysiem il dam-foundation rock interac-
tion effects are included. A check of the orthogonality relation ensures that the structural
stiffness matrix is not numerically ill-conditioned.

Absolute value of the complex-valued frequency response functions for acceleration of the
generalized coordinates at each excitation frequency

The free-field ground acceleration records

Nodal point displacements and element stresses at the specified time intervals

The largest major principal stress and smallest minor principal stress in each finite element
and the times at which they occur

A summary of common storage available and used, and an itemization of CPU time (or the

various computational phases
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7.2 Description of TAPE3 Format

The file associated with TAPE3 contains the history of horizontal and vertical displacements at cach
nodal point and the three plunar stress components at the centroid of cach finite elecment. This data
may be used for plotting and other post-analysis processing if the file is saved alter program execution.
TAPE} is an unformatted FORTRAN file that contains a header record and two records of response results

for cach of NI time intervals, DT in length, starting at time cquals zero. The records are as follows:

Record I NUMNEP, NUMEL. NEV. N, DT
Record 2. X (2*NUMNP}
Record 3: SIINUMEL)
»
L ]
Record (2*ND): X (2*NUMNP}
Record (2*Ni3+-1): S{I"NUMEL)

where NUMNP, NUMLEL and NEV are defined in Card Set B: DT is defined in Card Set K; and ~D is the
number of time intervats for which the response is computed (determined from DT and T, Card Set
L).

X is a one-dimensional array where X(2°1-1) and X(2*D are the x- and y-components of displace-
ment, respectively, at nodal point [, for 1 =1,2, - -, NUMNP.

$ is 4 onc-dimcnsioral array where §(3*°N-2). $(3*N-1t and S(*N) are the o, 0, and o com-

ponents of the stress tensor, respectively, at the centroid of clemen* N, for N = .2, -+ - NUMEL.
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7.3 Tape Disposition

EAGD-34 uses files associzied with the following logical units:

TAPEY -

TAPE2 -

TAPE3 -

TAPES -

TAPES -

TAPESO -

TAPE -

PUNCH -

scrateh tupe

scratch tape

responsc history; the format is described in Section 7.2
input data

printed autpul

Compliance data supplied with EAGD-84 for viscoelastic half-planes. This file is read "

IRIG-0 and 1IGEN=1 (Card Set B).

Dynamic stiffness matrix for the foundation-rock region. This file is read if IRIG=0
and 1GEN==0 (Card Set B). If this file is generated from the compliance data (IRIG-0

and IGEN=1, Card Sct B), save it for subsequent program execution.

Vibration frequencies and mode shapes of the dam-foundation rock system: only pro-

duced il 10PP=1 (Card Set B).
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8. MEMORY STORAGE REQUIREMENTS

The memory storage requirements for EAGD-84 are divided into fixed and variable sectors of core.
The fixed sector consists of executabie instructions, non-subscripted variables and arrays whosc length
are independent of the problem size. The variable sector of core is assigned (0 blank COMMON under
the array name A in the main program. The length of the variable sector can be changed as required by
the size of 1he problem. This is done by changing two statements in the main program, as foliows:
COMMON A(H)

MSTOR = N
where N is the number of words available in blank common.

The number of words of blank common required for each computational phase of EAGD-84
depends on input paramelers that define the size of the problem. The value of N must be greater than
the requirements for all the phases, as specified in the criteria lisied below:

1. $4°NBASE + J2*NBASE*NBASE

2. Ny + 12'NBASE

3.  Nj + ©1*'NUMEL

4, Ny + 6°NUMNP + NEV*NEV

5. 4NUMNP + 6°NBASE + 8*NBASE°NBASE + NBC + NPP + 7T'NEV + 9*NEV'NEV

+ PNEV*NUMNP + 203°NEV'NCOM.- r [0°"Ni1EnM + 4*(NEV°NTERM +1)
6. 202°NEV + 4°NDATA + I*NEV'NDATA + 2*max INXUGH NXUGV)
1. S'HUMNP + 43*NUMEL + 2’NEV*NUMNP + 01°'NEV

where

No = *NUMNP*(MBAND +3} + NBC + NPP + NEV + 2*NBASE + §"NBASE‘NBASE

]|



and

MBAND

NBASE

NBC

NCOMP

NDATA

NEV

NPP

NTERM

NUMEL

NUMMAT

The bandwidth of the structural stiffness matrix. It is equal to:

2 *max (mb,+1), =12 - - NUMEL

where mb, is the difference beiween the largest and smallest nodal point numbers for

element 4.

Number of nodal points at the base of the dam (Card Set B). It is set to zero if
IRIG=1.

Number of displscement consirainis on the nodal points that arise from the boundary
condition codes in Card Set E.

Number of ground motion componenis (one or two) included in the response analysis.
It is determined from IHV, Card Set K.

Number of excitation frequencies and time intervals. It is equal to 2¥EXP | where NEXP
is defined in Card Set K.

Number of generalized coordinales inciuded in the analysis (Card Set B)

Number of nodal points at the upsiream face of the dam that are affected by the
impounded water {Card Sets B and G).

Number of natural vibration modes of the impounded water included in the computa-

tion of the hydrodynamic pressure. It is equal to:

H
C*oT

+3

where H is the depin, in feet, of the impounded water, C—=4720 fi/scc, and DT is the
time interval (Card Set K).

Number of elements (Card Set B).

Number of different materials in the dam (Card Set B).
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NUMNP  Number of nodal points (Card Set B).
NXUGH  Number of horizontal ground acceleration ordinates (Card Set L).
NXUGV ~ Number of vertical ground acceleration ordinates (Card Set L).

If only the static response and vibration properties of the dam are computed {iRFS=1, Card Set B), it
suffices 1o check only criteria (1) 10 (4) above. If the dynamic stiffness matrix is read from TAPESO

(GEN =0, Card Set B), criterion (1) need not be satisfied.
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9. EXAMPLE EARTHQUAKE RESPONSE ANALYSIS OF PINF “LAT DAM

To demonstrate the use of the compuler program EAGD-84, this section presents an carthquake
response analysis of Pine Flat Dam due to the Taft ground motion. The selection of the responsec

parameters is described, the input data card deck is listed, and selected response resulis are plotted.

9.1 Pine Flat Dam and Ground Motion

Pine Flat concrete gravity dam is constructed of thirty-six monoliths and has a total crest length of
1840 ft [9]. The tallest, non-overflow monolith is 400 ft high, and is selected for analysis. The two-
dimensional finite element idealization for this monolith, shown in Figure 6, consists of 136 quadrila-
teral elements with 162 nodal points. With foundation-rock flexibility considered, the finite element
idealization has 324 degrees of freedom. The mass concrete in the dam is assumed to be a homogene-
ous, isotropic, linear elastic solid with the following properties based. in part, on forced vibration tests
of the dam [9]: Young's modulus of elasticity £,=3.25 million psi, unit weight =155 16/f1%, and
Poisson’s ratio =0.2. Energy dissipation in the dam is represented by a constant hysteretic damping
factor of n,=0.10. This value corresponds to a viscous damping ratio of 5% in all natural vibration
modes of the dam (without impounded water) on rigid foundation rock, which is higher than the 2 10
1.5% determined from forced vibration tests because of the much larger motions and stress levels

expected during strong earthquake ground shaking.

The foundation-rock region supporting the dam monolith is idealized as 2 homogeneous, isotro-
pic, viscoelastic half-plane. Thc assumed material properties of the foundation rock are: Young's
modulus of elasticity E,=3.25 million psi, a value which may be reasonable for the fissured granites
and basalis at the site; unit weight = 165 Ib/ft3, Poisson’s ratio = 1/3, which gives C = 5852 fi/sec. and

a constant hysteretic damping factor of y ,=0.10.

The water in the reservoir impounded by the dam is idealized by a fluid domain that exiends to
infinity in the upstream direction and has a constant depth of 381 fi, with the water level at El. 951
(Figure 8). This water level is considered a full reservoir condition. The water is assumed 1o be
compressible and have the following properties: velocity of pressure waves C=4720 ft/sec, and unit
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FIGURE & Finite clement idealization of tallest, non-overflow monolith of Pine Flat Dam.
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weight = 62.4 b/,

The bottom of a reservoir upstream of a dam may consist of highly variable layers of exposed
bedrock, alluvium, silt and other sedimentary material. The value of the wave reflection cocfficient a
that characterizes the reservoir bottom materials should be seleeted based on their actual properties, not
on propertics of the foundation rock. Because there are no available data on the properties of the reser-
voir bottom materials upstream of Pine Flat Dam, a wave reflection cocfficient a=0.5 is arbitrarily

selected for this example analysis.

The dam and foundation rock are assumed to be in a state of gencralized planc stress. This
assumption, though not strictly uppropriate for the foundation rock, is dictated by the expected

behavior of the non-keyed joinis between the gam monoliths [2].

The ground motion recorded at Taft Lincoln School Tunnel during the Kern County, California,
earthquake of 21 July 1552 is selecied as the free-field ground acceleration for analysis of Pinc Flat
Dam. The ground motion acting in the horizontal direction, transverse to the axis of the dum, and in
the vertical direction is defined as the S69E and vertical components of the recorded ground motion,

respectively. These two components and their maximum values of acceleration are shown in Figure 7.

9.2 Response Parameters

The response parameters that govern the computation of the dynamic response must be selected
carefully. The dynamic response of Pine Flat Dam is computed for the excitation frequency range 0 10
25 Hertz, i.e. F£=25 Hz, which is adequate for the recorded Taft ground motion records. To represent
accurately the response of the dam in this frequency range, the first ten generalized coordinates are
included in the analysis, i.c. NEv=10. The vibration frequency of the tenth vibration mede of the asso-
ciated dam-foundation rock system is fjp=23.4 Hz, so the criteria stated in Sections 3.1 and 5.2 are
satisfied. The fundamental vibration frequency of the associated dam-foundation rock system is

Si=2.4 Hz. so according to the criteria in Sections 5.3 and $.4:
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1
€ — - .
DT € a1 251 0.02 sec

-

eonexp s, _ 1 1S .
DT *2 2 Ga max{25, {0‘10)] 10.4 sec
5 5852
F<yzoem TN

The sclection of DT=0.02 seconds and NEXP=10 (hence N=1024 and DT *2N*F=2048 scconds),
satisfies all the aforementioned criteria for the response parameters. With these parameters the
response is computed for 20.48 seconds, which is nearly twice the required 10.4 seconds according to
the criteria above. Thesc paramcters were selected because the number of excitation frequencies (and
time intervals) can not be reduced by setting NEXP 1o 9 withoul violating the second equation above,
and there is no value of setting DT less than 0.02 seconds because the Taft ground motion records are
band-limited to 25 Hz. A "quiet zone” of 20.48 seconds is appended to the ground motion records in

the computer program to reduce further the aliasing error.

The input data card deck for this example analysis is shown in Listing 1.

9.3 Response Results

A complete analysis of Pine Flat Dam was performed using EAGD-84. The horizontal and vertical
displacements, relative to the free-field ground motion, at three levels on the upstream face of the dam
{nodal points 1, 73 and 118) and three locations on the base {nodal points 154, 158 and 162) due to
the S69E and vertical components, simultaneously, of Taft ground motion are shown in Figure 8. It
can be seen that the horizontal and vertical motion of the dam base permitted by foundation-rock flexi-
bility may not be inconsequential compared to the motion in the upper parts of the dam although it is
much smaller. Figure 9 shows the distribution of envelope values of maximum principal stresses.
Stress results such as these, that include the stresses due to the static loads, make it possible to identify
the portions of the dam monolith that may ¢rack during an earthquake. A more complete sct of results

and their interpretation is presented in the companion report [6].
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Listing 1;: Input Card Deck for Example Analysis

EXAMPLE RESPCNSE ANALYSSES OF PINE FLAT DAM OUE TO TAFY GROUND MOTION

l62 13 1 9 1o Jdl.d 17 1 Je a 0 1
»3 00090 Q05124 UelQ 39. 29
1 4685006, .2 04814
1 16.750 %00.000
2 20. 754 4LC.000
) 24,750 4CC.0ud
. 28,750 40¢.0vy
3 32.154 4Cu.0u0
& 36.75¢ 4(0C.000
1 40. 7540 4C6.000
] 4&.75¢ «CC.0ud
9 40,750 40U 0ul
140 16.750 383,300
11 20.15¢ 393.000
12 24,7150 283.000
13 28. 75§ 383.900
14 32.715¢C 382,000
15 36.7150 383,000
11 40.750 283,000
17 44 .750 282.0ud
1e 48,75¢ 293,000
IS 16,750 367.000
24 20,750 247.000
21 0. 13C 3617.4C0
22 20,150 267.0¢0
23 32,75 2¢7,.600
24 36.75C 267.000
25 40.75¢C 2¢1.000
26 44,1750 2£1.,000
27 48,1750 367.000
28 16,75¢C 1%1.000
29 21,158 221,000
30 25,562 351.000
3l 29.50% 281.600
32 34,375 251.000
33 38,781 3%1.999
34 43).187 151.C0¢8
35 67.5% 251.600
3s 52, Qud 251.090
a7 16.75¢ 235,000
38 22.15¢6 335.600
as 27. 5642 235.000
&0 32,569 235,000
ol 38,375 235,000
42 43.701 335,909
% | 49,187 235,000
44 54 .59 335.000
45 60.000 335.000
46 15.900 3118.000
47 224862 218,000
%8 2%.425 218.000
49 36.147 218.0060
50 42.55¢C 318,00
51 .71 218.0u0
52 $6.47% 219.900
53 63,237 318.0u0
54 70.00C 218.0ug
53 15,000 200 .0u0
56 23. 145 3CJ. 00
57 31.25¢ 386,000
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58
59
&6C
61
82
63
[-13
65
66
o7
68
&9
70
71
72
13
T4
15
Te
17
78
T%
a¢
81
az2
33
8+«
as
46
ar
33
39
v

92

$3

9%

95

56

97

98

29
1@
1518
192
193
LGe
195
106
137
1908
iGy
118
111
112
113
Lle
115
ile
111
iis
L9

39,495
4Tetol
55,825
63,59
72.15%
80.320
| LY AT
244240
34,4490
.4, 720
54560
65.5uc
75, 44
85.680
9%.82¢
13,000
25.31¢
37.¢33
49,65
b2.c68
14,515
B6, B4y
99.¢u 5
ll1.53¢C
1l. 750
28 . 658
4l +567
56.47¢
T1.335
86,294
1M .22
116.1114
131.C20
10.55¢
28 +GC.2
45.5.5
63.Cu?
B0:51¢C
98,612
115,515
133.017
150.%52¢

S.25¢
254248
9, 442
69.518
89.63%
199. 121
129.¢€.7
Lle9.524%
1T0.020¢

8.Cul
IGL090
$3.38¢
T6.370
98.7¢
121,459
AL LY L 14
L66.850
189.52¢

[T
32.010

256 0U0
ACG.0uy
30¢.000
308¢.C00
200,000
260.000
283,000
Z80.000
280000
28u.000
286040
c8GQ00
280,000
£8C.6u0
280,000
26C.000
2¢C.300
260 ,.C00
260000
ELC.000
260 .000
&0«
Z€C.0L0
260 .000
235%.000
235,000
235,840
235.udu
¢33.000
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FIGURE 9 Envelope values of maximum principal stresses {in psi) in Pine Flat Dam on flexible foun-
dation rock with full reservoir and absorptive reservoir bottorm (with a=0.5) due 10 S69E and vertical
components, simuitancously, of Taft ground motion. Initia} siatic siresses are included.
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The computation time required to obtain the complete history of displacements and stresses in the
dam tincluding formation of the dynamic stiffness matrix for the foundation-rock region irom the com-
pliance data) is shown in Table 1 for Case 6. Table 1 also includes the computation times required for
response analyses of the dam under the otner assumptions for the impounded water, the foundation
rock and the reservoir bottom materials. Although each of these effects significantly complicate the
analysis, the additional computation time required to include them is small. In particular, the extra cost
of including reservoir bottom absorption is modest. The efficiency of the analytical procedure. s
demonstrated by Table 1, lies in the use of the substructure method along with the transformation of

displacements 1o generalized coordinates.

Table 1 -- Computation Times for Complete Analysis
of Pine Flat Dam to S69E and Vertical Components,
Simultaneously, of Taft Ground Motion

Foundation Reservoir No. of Generalized Central Processor
Case Rock Water Bottom Coordinates Time (sec)
1 rigid none - 5 9.2
2 rigid full rigid 5 10.0
3 rigid full absorptive 5 10.2
4 flexible none - 10 13.0
5 flexible full rigid 10 14.5
6 flexible full absorptive 10 14.8

" coc 7600 Computer
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APPFNTIX B: COMPLIANCE DATA FOR VISCOELASTIC HALF-PLANE
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

NOTE: 9 in P h arw A ton Wumbars a8signed by the Mational Technical Information Service: thease are
tollowed by & price code. Copiss of the reports may be orfdered from the Nstional Technical Information Sevrvice, 5285
Port Roval Road, Springfield, Virginia, 2216l. Accession Numbers should be quoted on orders for reports (PB =e- —w=)]
and refittance Sust accompany each order. Reporis without this infOrmation were not avsilable at time of printing.
Upon requast. EERC will sail inquirers this information when it becomes svailable.

EERC 67-1 “Feasibility Study Larqe-Scals Earthguaka Simulater Facility,” by J. Penzien, J.G. Bouwkamp, R.W. Cloudh
and D. Rea - 1967 (PB 187 905)A07

EERC 60-1 Unassignad
EERC

68-2 “Inelastic Bghavior of Baam-to-Column Subassembleges Under Repeated Loading.” by v.V. Bertero - 1968
{PB 184 B88)AOS

é8=3 “A craphical Methed for Solving the Wave Reflection-Refraction Problem,” by H.D. McNiven and Y. Mengi - 1968
(FB 1B7 943)A03

TERC ¢6-4 “Dynamic Properties of Mokinley Schopl Buildings,” by 0. Rea, J.C. Bouwkamp and R.W. Clouah - 1368
(P8 187 202}a0?

EERC §8-5 “Characteristics of Rock Motions During Esrthquakes,” by H,8. Sead, [.M. Idriss and F.¥, Kiafer - 1968
(PB 188 338)A023
FERC 69-1 “"Earthquake Enginesring Ressarch at Barkeley.™ - 1569 (P8 187 906)All
£9-2 "Nonlinsar Seimmic Sesponsa of Earth Ctructures,” by M. Dibaj and J. Penzien - 135 (PR 187 904)A08

EENC
EERC £9-3  “Probabilistic Study of the Beshavior of Strucrtures During Earthquakes.” by k. Ruiz and J. Penzien - 196%
(P2 187 8B6)A06

3

69-4 “Numerical Solution of Boundary Value Proplems in Structural Mechanics by Reducrion to an Initial valaee
Formulation.” by N. Distefano and J. Schujman - 1963 (PB 187 942)A02

69-5 “Dynamic Programing and the Solution af the Bihareonic Equatiou,” by H. Distefano - 1969 (FB 187 341)A03

id

€9-6 "Scochastic Analysis of Offshore Towsr Structures,”by A.K. Malhotra and J. Penzien - 1969 (PB 187 903}A0<
EERC 697  "Rock Motion Actelerograms for High magnitude Earchquakes,” by K.B. Seed and 1.M. Idriss - 1969 (PB 167 340VA02

EERC 69-8 “Structursl Dynamics Testing Facilitiss &t the University of California, Berkeley,” by R.M. Stephen.
J.G. Bouwkamp, R.W. Clough and J. Penzien - 196% {PB 189 111}AC4

NA ZERC 699 “Seismic Responie of Soll Deposits Underlain by 5loping Aock Soundaries,” by H. Dezfulian and H.B. Seed

1963 (PB 189 L14)A03

NA EERC 69=10 “Dynamic Stress Analysis of Axisymmetric Structures Under Asbitrary Loading,” by 5. Ghosl. and E.L., Wilson

1969 (P® 189 0261A1Q

NA EEAC 69-11 "Saismic Behavior of Multiatory Prames Designed by Different Philosophies,” by J.C. Anderson and

V. V. Bertero - 1969 (PB 190 66.)AL0

NA BT 6§%-12 “Stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexurxl Momsnts,” by

V.V. Bartero, 3. Bresler and H. Ming Liao - 1969 (PP 202 942)A07

NA [EZAC &%+1) “Rasponse of Non-Uniforth Scil Deposits to Travelling Seismic Waves.” by K. Depfulian and H.BA. Ssed - 1969

{PB 191 023}A03

NA EERC 69-14 “Damping Cspacity of a Mods] Stasl Structure,” by D. Rea, R.W. Clough and J.G. Bouwkamp - 1969 (PD 190 6631 AD6

A EERC 69-13 “Influence of Local Soil Conditions on Building Demage Potential during Earthquakes,” by H.B. Seed and

I.M. Idxiss - 1963 (PR 191 UIGIA0D

NA IEXC 6916 “The Behavior of Sands Under Seimmic loading Condicions,” by M.L. Silver and u.B, Seed - 1963 (AD 714 9821207

WA
NA
NA
NA

FERC 70-1 “"Rarthquaks hesponas of Gravicy Dame,” by A.K. Choprs - 1970 (AD 709 S§40)AC3

ZERC 10-2 “Felationships betwessn 5011 Conditions snd Bulilding Damdje in the Caracas Esrthguake of July 2%, 1967." by
K.B. Seed, I.M. Idriss &nd H. Desfulian - 1970 (FB 195 762)A05

EERC =3 “Cyclic Loading of Fvll Size Stesel Connections,” by E.P. Popov and R.N. Stephen -~ 1970 (PR 213 545)A04
EIRC 70~4 "Beishic Analysis of the Charalms Building, Caraballeda, Venszusls,” by Subrommittese of the SEAONC Mesearch

Committee: V.V. Bertero, P.F. Prategss. §.A. Mahin, J.H. Sewton, A.C. Scordelis, E.L. Wilson, L.A. Wyllie,
H.b. Seed and J. Panzien, Chairman - 1370 (PB 201 4535)A06

*Reports markec JA arc no loncer available from EERC.
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12-2

72-3

72-4

72-3

72-6

72-7
72-8

12-9

12-10

72-11

12-12
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"A Computer Program for Earthquake Analvsis of Dama.” by A.K. Chopra and P. Chakrabarti - 137C (AD 721 334)N05

“Tha Propagstion of Love Waves Across Mon-Horirzontally Layersd Structures.” by J. Lysmer and L.A, Orake
1970 (PB 197 B896)A0]

“Influence of Base Rock Charactsristics on Ground Responss,” by J. Lysser, H.B. Seed and P.B. Schnabel
1970 (PB 197 837)AD3

"applicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characterisctics undex Cyclic
loading,”™ by H.B. Seed and W.li. Pemcock - 1970 (PR 198 016)A0)

“A Simplified Procedure for Evaluating Soil Liquefaction Potential.” by #.3. Seed and T.M. Idriss - 1970
{PB 199 009)1A0)

“Soil Moduli and Damping Factors for Dynamic Response Analysis.” by H.B. Seed &nd I.M. Idriss- 1970
{PR 197 869)A03

"Koyna Farthquake of December 11, 1967 and the Perforsance of Xoyna Dam.” by A.K. Chopra and P. Chakrabarti
1971 (AD 731 498}A0e

“Preliminary In-Situ Messurewants of Anelastic Absorption in S0il8 Using a Prototype Earthqueke Simulator,”
by R.D. Borcherdt and P.W., Modgars ~ 1971 (PB 201 454)AD)

"Btatic and Drnamic Analvsis of Inelastic Frame Strustures,” by F.L. Porter and G.ii. Fowell - 197]
{PB 210 135)A06

“Rewedrch Nasds in Limit Design of Reinforced Concrete Structures,” by V.V. Berterc - 1971 (PB 202 941)A04

“Dynanic Behavior of a High-Rise Diagonally Braced Steel Buil@ing,”™ by D. Rea. A.A. Shah end 7.G. Bouwinap
1971 (PP 20} L84)A06

“Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids." by J. Ghaboussi and
E. L. Wilson -~ 1971 (PR 211 396)A06

"tnalastic Bahavior of Steel Baam-to-Column Subassemblages,” by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 (PR 211 335)Al4

"Modification of Selsmograph Records for Effects of Local $50il Conditions.” by P. Schnabel, H.B. Seed ard
J. Lysmer =~ 1971 (PB 214 430)A0]
"Static and Earchquake Analysis of Threwe Dimanzional Frame and Shaar Wall Buildings,” by E.L. Wilson and
H.M. Dovey - 1972 {Pu 212 F04)A0S

"hecelerations in Rock for Earthquakes in the Westarn United States,” by P.B. Schnabel and H.8. Seed - 1972
(P 21 100)A03

“Elastic-Plastic Earthquake Response of S5cil-Building Systems.” by T. Minemi - 1972 (-8 214 868)A00

"Stochastic Inelastic Mnspons~ of Offshcra Towars to Strong Motion Earthquakes,” by M.K. Kaul - 1972
(PR 215 711)A0%

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear,” by E.P. Popov, V.V. Berterc
and H. Krawvinkler - 1972 (PB 214 535)A0%

“Earthq Rasp of Gravity Dams Including Reservoir Interaction Effects.” by P. Chakrabarti and
A.X. Chopra - 1972 (AD 762 1)0)A0B

“Dynamic Properties of Pine Flat Dam,” by D. Mea, C.Y. Liaw and A.K. Chopra ~ 1972 (AD 763 928)A0S
"Three Dimensional Analysis of Building Systems,” by E.L, Wilson and H.H. Dovey - 1972 (PP 222 418)A06

“Rata of Loading Effects on Uncracked and Repaired Reinforced Concrets Members,” by S. Mahin, V.V. Bercero,
D. Ra8 and M. Atalay - 1972 »B 224 5201A08

"Comgputer Progzam for Static and Dynamic Analysis of Linear Structural Systems.” by E.L. Wilson, K-J. Bathe,
J.E. Petezrson and W.H.Dovey - 1972 (PB 220 43T)A04

*Literature Survey -~ Seimmic £ffeces oa Highway Sridges.” by T. Iwasaki, J. Pensisn and R.M. Clough - 1972
(PR 213 613)AL9

"SHAXZ-A Computer Program for Earthquake Rasponse Analysis of Horisontally Leyered Sives,” by 7.9. Schnabel
and J. Lysmar - 1972 (FB 210 207)M06
Unagsigned

*Analytis of the Slides in the San Fernando Dams During the Eaxthquake of Pebruary 9. 1971.7 by N.B. Seed.
K.L. Lee, I.N. Idries and P. Makdisi - 1973 (PB 223 402)Al4
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“Computer Aided Ultimate Load Deaign of Unbraced Multistory Steel Prames,” by M.B. El-Hafe: and G.HM. Powell
1971 (PB 248 3151A09

“Experimental Inwvestigation into the Seismic Behavior of Critical Revions of Reinforced Concrets Components
as Influenced by Momant and Shear.” by M. Celabi and J. Penzien - 1971 (PB 2]5 8B41A09

"Hysterstic Behawior of Epoxy-Repaired Rainforced Concrete Beams.™ by M. Celebi and J. Penzien - 1373}
(PR 239 560)A0)

“General Purpose Computer Program for Inalastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H. Powell - 1973 (PB 221 260)A08

“A Comp Prog for Earthqueke Analysis of Gravity Dams Including Reservoir Interaction,” by
P. Chakvabarti and A.X. Chopra - 1973 (AD 766 271)A0&

"Behsvior of Reinforced Concrete Decp Beam-Column Subassemblages Under Cyclic Loads.” by O. Xustyu and
J.G. Bouwkamp - 1973 (PB 246 117)Al12

*Earthquake Analysis of Structure-Foundation Systems.” by A.K. Vaish and 2.K. Chopra - 1973 (AD 766 2721A07
"peconvelution of Seismic Response for Linear Systess.” by R.B. Reimer - 1973 (PP 227 1791A0A

“SAP IV: A Structurasi Analysis Program for Static and Dynamicr Aesponse of Linear Systems.” by K.-J. Bathe,
E.L. Wilson and F.E. Peterson - 1971 (PB 22] 967)AN9

*Aralytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges.” by W.5. Tsenq
and J. Penzien - 1973 (PR 227 B16)AL0

“Earthquake Analysis of Multi-Story Buildings Including Foundation Ineeraction,” by A.K. Chopra and
J.A, Gutirrrez - 1973 (PB 222 970)A03

“ADAP: A Computer Progras fOT Static #nd Uynamic Analysis of Arch Dams.” by R.W, Clough, J.M. Raphael and
S. Mocjtahedi - 1973 (PR 221 763)A09

"Cyclic Plastic Analysis of Structural Steel Joints.” by R.B. Pipkney and R.W. Clough - 1973 (PB 226 841)A08

“QUAD-4: A Cowputer Program for Fvalusting the Seismic Response of Soil Structures by Variable Dawping

- Finite Element Procedures.” by I.M. Idrise, J. Lyswsr, R, Buang and H.B. Sead - 197) (PB 229 424)A05

"Dynamic Behavior Of a Multi=Story Pyramid Shaped Building,"” by R.M. Stephen, J.P. Hollings and
J.C. Bouwkamp - 1973 (PB 240 718)A06

Unassigned
"0live View Meadical Center Materials Studies, Phase I,” by B. Bresler and V.V. Bertero - 1973 (PB 235 98G)A06
Unassigned

“Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M. KRelly and P.P. Liliis
1973 (2B 226 024)A0)

"DRAIN - 2D Ugser's Gvide." by G.H. Powell - 1971 (PB 227 016)ADS
“Zarthquake Engindering at Berkeley - 1973," (FB 226 03J}1AlLl
Unassigned

"Earthquake Response of Awxisymmsrric Tower Structures Surrcunded by Watar,” by C.Y. Lisw and A.K. Chopra
1973 (aD 77) 052)A09

"Invastigation of the Failures of the Oliwe View Stairtowers During the San Farnando Earthquake and Their
Implications on Seismic Design,” by V.V. Berterc and N.G, Collinm - 1973 (PB 215 10G)AL3

"ructher Studies on Seismic Behavior of Steel Bedd~Column SubsSsesblages,” by V.V. Bertero, H. Krawinkler
and E.P. Popoy - 197) (PR 234 172)1A06
“Seismic Risk Analysis.™ by C.S5. Oliveira - 1974 (PB 2335 920}A06

*Settiement and Ligquefaction of Sands Under Multi~Direccional Shaking,” by R, Pyke, C.K. Chan and H.B, Seed
1974

“Optimum Design of Zartnquake Mesistant Shear Buildings,” by D. Ray, K.5. Pister and A.K. Thopra ~ 1974
s 231 172)A086

“LUsH - R Computar Program for Cosmplex Response Analysis of Scil-Structure Systems. ™ J. Lyssar, T. Uaaka
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