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SOIL STRUCTURE INTERACTION IN DIFFERENT SEISMIC ENVIROMMENTS

Abstract

Presented is a plane-strain method for soil-structure interaction
analysis consisting of the superposition of the free field motions and the

interaction motions, in a generalized seismic environment;

The free field is modeled as a horizontally layered viscoelastic medium
and the seismic environment may consist of a combination of S, P and Rayleigh
waves, The soil-gtructure system is modeled with viscoelastic finite ele-
ments, transmitting boundaries viscous boundaries, and a 3-dimensional simula-

tion.

Comparative analyses of the same structure are conducted for an input of
R waves and for vertically propagating 8 and P waves in a rock site and sand
site. 1In the rock site the R waves produce higher peak horizontal spectral
acceleration up to 25% and a significant rocking effect at points away from
the center of gravity of the structure. However, the S and P waves show
higher peak vertical spectral acceleration by up to 15% at the center of the
structure, Very similar horizontal response, but higher vertical response
only at the center of the structure for S and P waves, are obtained for the

sand site.
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SOIL STRUCTURE INTERACTION IN DIFFERENT
SEISMIC ENVIRONMENTS
By
Alberto Gomez-Massol, A. M. ASCE, John Lysmerz, M. ASCE,

Jian-Chu Chen>, and H. Bolton Seed2, F. ASCE

INTRODUCTION

The current strong interest in nuclear power and the concerns regarding
the seismic safety of the facilities involved has generated the develcopment of
improved methods of seismic socil-structure interaction amalysis. A complete
analysis of this problem consists of several parts. First, the seismic
environment must be defined. Second, an analytical model must be designed for
the soil=-structure systems, and, third, the model must be analyzed by some
effective and accurate numerical technique. Direct solutions of the complete
interaction approach carried out by the finite element method for simplified
seismic environments have been applied to a wide range of problems with
different geometries (Kausel and Roesset, 1974; Seed et al, 1975; Lysmer et
al, 1975).

However, earthquake motions result from a complex pattern of body and
surface waves whose nature and magnitude will depend on factors such as the
fault rupture mechanism, the focal depth, the regional geology, the epicentral

distance and the local soil conditions. The control motion for seismic

1
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analysis of nuclear power plants is usually specified by the U. 5. Nuclear
Regulatory Commission in the form of a broad-band acceleration spectrum. A
time~history of ground accelerations is then developed which produces the
desired spectral shape. No requirement is made concerning the nature of the
wave systems producing these motions. Thus at the present time the assumption
is often made that soil motions are primarily due to vertically propagating
shear waves and compression waves. On the basis of this assumption,
analytical techniques have been developed to calculate the motions everywhere
in the free field based on one~dimensional wave propagation theory and the use
of equivalent linear soil modeling techniques for a viscoelastic layered
system, Results obtained by this approach have been found to be in good
agreement with field observations of ground response (Schnabel, 1972}, énd
soil-structure interaction {(Valera, 1977), during actual earthquakes.

However, some authors, e.g., Wong and Trifunac (1974}, Luco (1976), have
argued that consideration of oblique body waves and surface waves wmay produce
results significantly different from those obtained by assuming vertically
propagating waves, In fact, low frequency surface waves have been observed in
several earthquakes such as El Centro, 1940 (Trifunac, 1971), Parkfield, 1966
(Anderson, 1974), Koyna, 1967 (Singh et al, 1975) and San Fernando, 1971
(Hanks, 1975).

Methods for approximating the effects of horizontally propagating waves
on structures and earth dams have been proposed by Scavuzzo (1967), Dezfulian
and Seed (196%), Dibaj and Penzien (1969), Udaka (l1975), Scanlan (1976},
Werner et al (1977) and others. All of these methods assume either specified
traveling base motions or use theories dInvolving a uniform half space and

extremely simple wave forms.



It appears, therefore, that there is a need for both a better
determination of the seismic environment in layered scil systems for use in
design studies and also for methods of soil-structure interaction analysis
capable of handling a wider range of input motions. As a step in this
direction an analysis method has been developed to accept any type of plane
strain body waves or Rayleigh waves or a combination of these as input free
field motions. This method of analysis makes use of viscoelastic finite
elements, solves the quilibrium equations following the complex response
method, and uses the equivalent linear method to approximate the non-linear
material behavior. 1In addition, this method includes the use of transmitting
boundaries to simulate the existence of semi-infinite multilayered free field
deposits, the use of transmitting and/or viscous boundaries in the direction
prependicular to the plane of analysis to simulate 3~diwmensional effects in
the ground and the wuse of viscous boundaries to model the half-space
underlying the soil-structure system.

A method is also presented for calculating R-wave motions and oblique
body wave motions in a horizontally layered free field. These different wave
fields may be superimposed to produce a more generalized seismic environment.

Finally, two soil-structure interaction analyses ars presented herein
which assess the difference in response produced by an input consisting of
Rayleigh waves and by a combination of vertically propagating shear and
compression waves on the same given structure in a rock site and in a sand

site, respectively,

METHOD OF ANALYSIS - A TWO STEP PROCEDURE

The proposed method of analysis computes the total wmotions by



superimposing the free field mwotions and the soil-structure interaction
motions. The superposition technique has been described by Clough and Penzien
(l975),Gdﬁez-Massg (1978), and Lysmer (1978) for the analysis of discretized
systems and it has been used by Aydinoglu et al (1977) to approximate the
modal behavior of buildings resting on an elastic soil layer over a half-space
and subjected to harmonic excitations.

A schematic representation of the model with the input and radiated waves
considered in the present method of analysis is shown in Fig. (l). The theory
presented here refers to plane~strain finite-element models consisting of
three regions. A central zone within which elements of irregular shapes can
be used, and two adjacent free-field regions. Each one of the "blocks" next
to the structure-and-soil model in Fig.(l) represents a numerical boundary
condition to account for the dissipation of energy in the form of waves.

A diagram of the global method of solution is presented in Fig. (2). The
system to be analyzed is represented by the structure and the surrounding soil
(S88). All materials are assumed to have viscoelastic properties and the
analysis is carried out in two steps. The finite-element system, SSS, is
decomposed into two finite-element models, namely the free-field system, FFS,
and the incremental system, NET, as shown in Fig. (2). The NET system has
material properties resulting from subtraction of those of the FFS system from
those of the SS88 system. The first step of analysis is Step A—The Free=-Field
Analysis—— in which the temporal and spatial variation of the seismic motions,
ug, in the FFS model are determined. The second step is Step B~The Finite-
Element Analysis——in which the interaction motions, uy, caused by the presence
of the structure are calculated. Once the interaction motions are obtained,

the total displacements, u, for the complete interaction analysis of the 558
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model are obtaimed by the following superposition:
u(x, y, t) = uf(x, ¥y, t) + ui(x, y, t) (1)

where all displacements in Eq. (l) are absolute in the sense that they refer
to the same fixed set of coordinate axes.

The governing equations in Steps A and B are solved by means of the
method of complex response extended to transient motions, together with
complex stiffness expressions to aliow for frequency independent material
damping. Material nonlinearities are modeled using the eguivalent linear

method {(Seed and ldriss, 1969) in both Steps A and B.

COMPUTATION OF FREE FIELD MOTIONS

The types of waves considered are inclined or vertically-propagating §
and P waves and horizontally traveling R waves. The free field consists of a
plane-strain system of homogeneous linearly viscoelastic layers overlying a
homogeneous viscoelastic halfspace. Because of limitations in the present
state of the art the coumputations are developed only for horizontally layered
sites.

Let the control motion H(t) consist of a seismic accelerogram recorded on
top of the % th layer. 1f the record has N points digitized at equal time
intervals, o t, i.e. d(jAt), j = 0,1,2,...8~1, then it can be expressed in the
form of a finite Fourier series of N/2 + 1 harmonics as follows:

N/2

dy = Re } Dy exp(iuwgt) $=0,1...8-1 (2)

s=0



where Wy 1s the circular frequency of each harmonic, we = g%g, for s =

0,1,2...K/2; T = NAt is the duration of the earthquake and BS are the complex
amplitudes.

The free field displacements u, Can be expressed by superimposing the

f
individual harmonic components as a finite Fourier series of the form
N/2
{uf}= Re i {Uf}sexp(ﬂnst) (3)
s=0

where the free-field complex amplitudes, Ug, are calculated in the frequency

domain and are given by:
fugl, =lpl, b (4)

{P}

s is the vector of the free-field amplification functions also known as
transfer functions for each frequency.

Equation (4) expresses free field motions determined by one control
motion. However, in cases where both 5 and P waves propagate simultaneously
in the free-field or both horizontal and vertical components of the Rayleigh
wave motions at the control point are known, then the control motions will
consist of a horizontal acceleration time history, ah(t), and a vertical

acceleration time history Hv(t). If both of these time histories have the

same duration and time interval At, then Eq. (4) will be replaced by:
h ooh LTI V4
{ug}, = {pg} , Ds + {p¥} _ Ds (5)

The computation of the free-field transfer fumctions is different for §

and P waves than for R waves, but once this step is completed, the rest of the



computations are identical in &all cases. The computation of transfer
functions for the different types of waves 1is presented in the following

sections.

Site Transfer Functions for Body Waves - The equation of motion for a

discretized n-layer system assuming linear variatjon of displacement within

each layer, is as follows:
(K] - o2 | (¢} s{,g} (6)

in which [K] and [M] are the global stiffness and mass matrices of order Zn +
2, The vector {¢} contains 2n + 2 normalized complex displacement amplitudes
for the layers and the boundary, ¥ is the load vector consisting of the last
two boundary forces between the layered system and the half-space. For the
case of inclined body waves the stiffness matrix can be decomposed into three

parts:
K] = [A] k% + [B]k + [G) D

where k is the complex wave number defining the phase velocity and attenuation
factor of horizontal propagation. For the case of vertical incidence, i.e. k
= (, the matrices [A] and [B] drop out of this eqﬁation, and the S wave and P
wave are completely uncoupled.

The normalized boundary forces and the boundary displacement amplitudes
are calculated by using the theory for waves obliquely incident to a boundary
between two media. Then, by solving Eq (6) for each frequency the rest of the

complex amplitudes ¢ are determined, and from these, the transfer functions
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are readily obtained (Chen, 1979). The numerical examples presented herein

are restricted, however, to the case of vertically incident S and P waves.

Site Transfer Function for R Waves = The free field is treated as a continuum

in the horizontal direction but discretized into a finite number, n, of semi-
infinite layers underlain by a rigid base, as shown in Fig. (3). Each layer
is modeled with two nodal points each having two degrees of freedom, namely
the horizontal and vertical displacements. The equilibrium equation for a
harmonic R wave is written as the following complex eigenvalue problem (Waas,

1972);

Alk2 + i[Blk + [G] -w2M] )V} = {0} (8)

in which i =\/:I, matrices [A]l, [B] and [G] are formed with the damping and
stiffness properties of the layers, [M] is the global mass matrix, and {V}
contains the 2n complex displacement amplitudes at the layer interfaces. For
a givenw , Eq. (8) can be soclved for the 2n possible eigenvalues, {wave
numbers) k_, and the corresponding eigenvectors (mode shapes), {V},, s =
1,2,...2n.

The nodal point displacements can be expressed as the sum of the

contributions of the different mode shapes as follows:

2n

{u} = E aj{v}jexP(imt - iij) @)
j=1

where 0y are unknown mode participation factors. Equation (9) represents a
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superposition of generalized R-waves each with its own mode shape and wave
number. For a viscoelastic system the wave numbers are complex with negative
imaginary parts, since these waves decay as they travel in the positive X-
direction. In general, it is not possible to find these mode participation
factors. However, 1if it is assumed that the fundamental mode dominates the

response at all frequencies, Eq. (9) reduces to:
{u} = ul{v}lexp(ﬂut - iklx) {10)

where ap, {V}l and k; correspond to the fundamental mode. If the control
motion is specified at the top of the j-th layer,q is given for each frequency

by:
ay = Dl/Vlj (a1}

and hence

{P} = {V}, exp(-—iklx)/vlj 12)

The computation of free field R or body wave motions is carried out by

the computer program SITE (Chen, 1979).

COMPUTATION OF THE INTERACTION MOTIONS

Assuming that the energy dissipation in the 3rd direction (the 2Z-
direction) or through the system base occurs only for non-zero interaction
displacements, Uy, the finite element equilibrium equation of the SSS system

in Fig., (2) can be written as follows:
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IMI{u)} + [E] {u;} + [K] {u} = {Q} (13)

where [M] and [K] are the global mass and stiffness matrix, respectively. The
vector {Q} represents the locading forces on the boundaries of the system, and
[E] is the generalized matrix accounting for the energy dissipation in the Z-
direction and through the system base, and will be discussed later. Likewise,
the dynamic equilibrium equation of the discretized FFS model, shown in Fig.

(2) is the following:

where [Ms] and [Kg] are the global mass and stiffness matrix, respectively,
and the load vector is the same as in the SSS model.
Substitution of Eqs. (1) and (l4) into Eq. (13) leads to the following

expression in uyl

[M] {iii} + [E] {“1} + [K] {ui} = {£} (15)
where

{£} = - (u%g {Upy + K] {ugd - ae
and M ] = (Ml - [Mg] an

K] = Kl - [K] (18)

in which the n subscript refers to the NET system. The magnitude of the
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interaction load vector {f} depends on the free field wmotions and the
properties of the NET system.

The so-called "transmitting boundaries" are dynamic stiffness matrices
which have been successfully used to represent mathematically the semi-
infinite free-field layers and allow a size reduction of the mesh for analysis
with the subsequent savings in computation time (Lysmer and Waas, 1972; Kausel
et al, 1974; Lysmer et al, 1975). Therefore, this technique is also used in
this study and transmitting boundary matrices are assembled with the stiffness
matrix for the central block in Fig. (1) to form the complete global stiffness
matrix.

The complex response method together with complex stiffness expressions
is used to solve Eq. (15) for any given transient free field motions. The

interaction displacements can be expressed in the following form:

N/2
{u;} = Re E {u; } exp(in_t) (19)
s=0
By expressing Eq. (15) in terms of finite Fourier series and substituting

the above equation one obtains:

N/2
Re E (—w§ M1+ [E7] + [K*]) (U, ) exp(in_t) =
=0
N/2
= Re z (7" exp (1w, t) (20)
s=0

where
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* 2 *
(F}g =fwl M1 - [K7] ) {Ug) (21)
: s
and the asterisk,*, indicates a matrix, with complex elementé.
Expression (20) can be written in terms of the complex amplitudes T.Ii for

one particular frequency

* * %
(—wi Ml + [E7) + (K ]) Uy =AHF 3, (22)
s
Upon sclution of Eq. (22) for the amplitudes, Ui’ the total motions can

be calculated as follows:

N/2

{u} = Re i (;Uf} + {Ui} )exp(iwst) (23)
s S

s=0

The computer program CREAM (Gdmez-Massd, 1978) has been developed to
accept an arbitrary seismic¢ input, calculate the interaction motions and

obtain the total motions by superposition according to this equation.

3-D Simulation - Viscous Boundaries vs Trapsmitting Boundaries - As shown in

Fig. (1), the input R~waves travel in the X-direction and the radiated surface
waves travel in the X- and Z-directions, whereas the incident and reflected
body waves are contained in the X-Y plane. If a flexible base in considered,
body waves will also propagate through the underlying half-space. The wave
energy reaching the free field boundaries in the X-direction can be absorbed
by R~wave transmitting boundaries.

At the base the viscous boundaries developed by Lysmer and Kuhlemeyer

{1969) can be used to absorb the energy reaching the halfspace.
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Viscous boundaries may also be used to absorb the radiated energy inm the
Z-direction assuming that this energy is dissipated in the form of plane shear
waves (Lysmer et al 1975). The dynamic stiffness matrix for the boundary can
be expressed as follows:

* iw

(E°] = [cl (24)

where i =‘V/:;: w 1is the frequency, [C] is the diagonal matrix of damping
coefficients and H is the thickness of the structure in the Z-direction.

A theoretically more attractive boundary condition is the use of L- and
R«wave transmitting boundaries to absorb also the energy propzgated in the Z-
directions. For a given frequency such boundaries can be expressed as

follows:

m

%] =2 ) ax, (w1, + &) @25)

H J h| h|
j=1

where [L]j and [R], are the L and R-wave boundary matrices developed by Waas
and Lysmer (1972) for a soil profile corresponding to the j-th vertical column
of nodal points. All of the matrices IL]j and [R]j will be similar except for

*
the position of the terms in the [E ] matrix. AX

3

elements adjoining the j-th column of nodal points.

is the average width of the

It is interesting to compare the viscous and the transmitting boundaries
used for 3-D simulation. For this purpose two comparative analyses were
carried out using the model shown in Fig. {(4) and a synthetic accelerogram
with a . = 0.25g. First, the L~wave boundaries were compared with the

horizontal viscous boundaries using a seismic input consisting of vertically

propagating shear waves. Second, the R-wave boundaries were compared with the
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vertical viscous boundaries using an input of vertical P waves. The results
obtained using the viscous and the transmitting boundaries show peak
accelerations within 5% to 77 and spectral acceleration curves within 5% to
15% in all cases as shown in Fig. (3). It thus appears that the viscous
boundaries are a good approximation to the more realistic L- and R-wave
transmitting boundaries. Viscous boundaries have the advantages of being more
economical, not requiring vertical nodal point columns.and éllowing a viscous
base to be considered in the model. Therefore, the viscous boundaries were

used for 3-D simulation in all subsequent analysis presented herein.

SURFACE WAVES VS. VERTICALLY PROPAGATING WAVES IN A ROCK SITE

The results of a soil-structure interaction analysis using a cowmbined
excitation of S and P waves were compared to the results of ah analysis
obtained for an input of consisting only of Rayleigh waves. This latter case
may be considered an extreme case, since no strong motion seismic environment
is likely to consist entirely of a Rayleigh wave field, but it provides a

limiting bound in assessing the gignificance of this type of motion.

Computational Model - The soil=-structure finite element model used is shown in

Fig., (4). The material properties of the structure were typically those of
steel and reinforced concrete. The free field consisted of two rock layers of
50 ft and 320 ft in thickness with shear wave velocities of about 3600 fps and
5600 fps, respectively and with a damping ratio of 2%.

The control motion used in this analysis was a synthetic record with a
peak acceleration scaled to 0.2> g, and having a spectrum similar to that
specified by the Nuclear Regulatory Commission. This control motion was also

used to calculate the free-field S and P waves. The input of combined in-
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phase S and P waves represents the upper limit of body wave excitations and

will be referred to as the S + P wave case.

R-Wave Free Field Motions for the Rock Site - The control moticon for the

Rayleigh wave analysis was the same as used above. It represents the
horizontal surface component of R waves which travel from left te right. The
location of the control point along the X-axis is of no practical significance
because the surface waves attenuate slowly due to the low material damping of
the rock. The control point was therefore placed at the free field location
corresponding to nodal point G. Spectral acceleration curves for the free
field motions at nodal points E, G, and I are shown in Fig. (4). The small
attenuation in the X-direction observed is due to the very low damping ratio
values of 27 used throughout the rock material. Vertical spectral curves are
similar in frequency content to the corresponding horizontal curves but about

15% higher in magnitude.

Comparison of Response Using S + P Waves and R Waves - A comparison of the

response of the structure subjected to combined S5 + P waves and R waves is
shown in Figs (5) through (8). The maximum horizontal accelerations computed
at points on the slab for both cases of analysis were identical. The strong
similarity observed in the horizontal response spectra at points on the slab
for the § + P wave and the R-wave cases 1s shown in Fig. (5).

The vertical response of the slab was, however, somewhat higher for the
Rayleigh wave excitation and decreased in the direction of wave propagation.
Maximum accelerations were about 20% higher for R-wave case. Vertical

response spectra computed at the two ends of the slab, points E and I, and at
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the center of the slab, point G, for both excitations are shown in Fig. (6).
The first and second plots in Fig. (6) 'show the comparison of the three
spectra for the S + P waves and the R-waves, respectively. The difference in
response spectra between the two ends at the peak frequencies was 25% for the
5 + P wave analysis vs. 60% for the R-wave case. This indicates a stronger
rocking effect in the latter case. Further, since both R-wave and S + P wave
motions can be i1nput in two different directions iIn the soil-structure
interaction analysis, the envelope of the response spectra for these two cases
should be used rather than a single curve for the comparison of the response
of nodal points away from the center of gravity of the structure. Differences
between the envelope curves for vertical response of the slab shown in the
third plot in Fig. (6) indicate that the Rayleigh wave analysis produced
responses about 30% higher at the peak frequency than the $ + P wave analysis.

Results obtained from the R-wave analysis for the vertical beam elements
showed higher peak horizontal accelerations, by up to 50%, and higher
horizontal response spectra. A comparison of the horizontal response spectra
at the highest point in the beam, point A, and at a point at about one~third
of the height, point B, is shown in Fig. (7). The R-wave spectra at points A
and B were respectively 25% and 15% higher at the peak frequency. However,
the vertical peak accelerations computed at the beam elements were higher for
the S 4+ P wave case by up to 22%. A comparison of the vertical response
spectra at points A and B,also plotted in Fig. (7),shows values from the S + P
wave analysis to be higher at frequencies above 6 Hz and by 15% at the peak
frequency, whereas the opposite occurred at low frequencies.

The maximum beam bending moment and shear and axial forces are plotted in

Fig. (8) where the results for the R-wave case are shown to be higher than
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those of the S + P wave case by up to 35%.

The effect of a wave field consisting solely of traveling R waves in a
rock site would therefore appear to be more severe on some parts of the
structures, than the effect of simultaneous S and P waves. In addition, the
low attenuation observed in the spectral curves for the R-wave free field
motion indicates that the location of the surface control point is unimportant
for structures founded on materials with relatively high stiffness
characteristics. Hence, this example analysis illustrates a case in which the
results of design computations using a pure R-wave input motion are, for sonme
parts of the structure, significantly different from those of an S + P wave
analysis. Clearly, however, the significance of this result depends on the
validity of the assumption that R waves constitute the primary component of

the seisuic environment.

Effect of Rigid Base of Finite Element Model -~ All of the above calculations

were obtained using a finite element model with a rigid base at a depth of 370
ft below the ground surface. However, the R-wave analysis was repeated using
a viscous boundary at this depth in order to study the effects of possible
reflections at the rigid boundary on the interaction motions. The structural
responses computed by the two methods were virtually identical and it may thus
be concluded that reflections from the rigid base of the finite element model

are unimportant for practical calculations.

SURFACE WAVES VS. VERTICALLY PROPAGATING WAVES IN A SAND SITE

Soil structure interaction analyses were also conducted for S + P wave

input and for R-wave input for the purpose of assessing the influence of the
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traveling waves in a shallow, relatively soft soil layer résting on a very

stiff rock halfspace.

Computational Model - The idealized geometry of the site 1s shown in Fig. (9).

The structure had the same dimensions and material properties as the model
previously used for the rock site. The s01l consisted of a 128 ft thick layer
of homogeneous dense sand overlying the bedrock. The soil properties were
those typical of dense sand to a depth of 48 ft and of a very dense sand for
the remaining soil.

The control motion was a time history with a peak acceleration of 0.25g
anq a spectral form similar to that of the NRC Regulatory Guide. Contrary to
the analysis of the rock site previously studied, at this site the location of
the control point was found to be of crucial impo’rtance for the the frequency
dispersion and significant material damping of the sand layer. Therefore, in
order to make a meaningful comparison between the R-wave and S + P wave
effects the control point was located at a distance of 200 ft., away from the
center of the structure to allow for some motion decay in the sand deposit and
the free field horizontal amd vertical R-wave motions were calculated at the
center of the glab and then used as control motions for the S + P wave

analysis.

R-Wave Free Field Motions for Sand Site - The particular configuration of this

site, which consists of a relatively soft soil layer underlain by a much
stiffer rock mass, implies R-wave modes which at low frequencies show much
higher horizontal components than vertical components. The characteristics of

the horizontal and vertical free field motions of the R-wave field which
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propagates from the left to the right are shown in Fig. (9) for nodal points
E, G and I. A4s can be seen the higher damping and relative softness of the
site as compared to the rock site previously studied produces a remarkable

motion attenuation with distance in the direction of wave propagatiom.

Comparison of Response Using § + P Waves and R Waves - A comparison of the

response of the structure under the effects of S + P waves and R waves is
presented in Figs. (10) through Fig. (13). All peak horizontal and vertical
accelerations were within 5% or 10% in both cases. The horizontal response
spectra at points on the slab were very similar for both cases of excitation
as 1s shown in Fig. (10).

Some rocking oscillations of the concrete slab were observed in both
analyses. The difference between the peak vertical accelerations at points on
the slab was within 20%. The vertical response spectra at the ends and the
center of the slab are shown in Fig. (l1l). The first and second plots in Fig.
(11) show the response spectra at these three points on the slab as obtained
for the S + P wave case and the R-wave case, respectively.

The first plot indicates that the highest peak in the response spectra
for the two ends of the slab were of about the same magnitude for the S + P
wave analysis, while the second plot shows that the R~wave analysis produced
differences in those peaks of about 35%, indicating some attenuation effect.
However, comparison of the envelope curves of the vertical spectra at the slab
ends presented in the third plot shows the R-wave envelope to be higher by
about 10% at fregquencies less than 1.5 Hz. The S + P envelope was higher by
about 20% at frequencies between 1.5 and 8 Hz.

Horizontal and vertical spectral curves obtained in both analyses for the
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vertical beam element are plotted in Fig. (12). The horizontal response
spectra differ by less than 13% at peak frequencies. The vertical response
spectra showed very similar shapes in the low frequency range. At frequencies
higher than 4 Hz, the R-wave analysis yielded practically no response.
However, in the 4 Hz to 15 Hz range, the S + P wave analysis showed the high
response peaks which were nonexistent in the R-wave results.

The maximum beam bending moments and shear and axial forces calculated
for the R-wave and S + P wave analyses are shown in Fig. (13). These results
indicate that the differences between the two cases were within 5% or 10%.

The main characteristics of the free fleld R-wave motions in the sand
site were, first that the particular soil profile configuration consisting of
a shallow sand layer overlaying bedrock prevents the propagation of low
frequency vertical motions which seem to be a primary factor in the overall
rocking motion of structures. Second, the material properties of the sand
produce a remarkable motion attenuation in the direction of wave propagation.
The results of analyses using S + P and R wave fields are not significantly
different. Therefore, this case 1llustrates a situation in which the
assumption of vertically propagating waves would be entirely adequate for
design purposes of stiff heavy structures with shallow embedment even if

Rayleigh waves were in fact the primary source of excitation.

SUMMARY AND CONCLUSIONS

Presented herein 1is a method for soll-structure-interaction analysis
valid for a completely arbitrary seismic excitation in a plane-strain geometry
with an approximation for 3-dimensional effects. This method is carried out

in two steps. In the first step, the free field motions are calculated. In
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the second step, the interaction motions are calculated and superimposed on
the free field motions 1in order to obtain the total motions. Strain
compatibility is achieved by using the equivalent linear method.

The method of solution described above uses some of the most efficient
techniques currently available to produce a high quality and reasonably
economic soil-structure I1nteraction analysis. This method can be easily
extended to other geometries such as inclined free field layers, once the
required theories to determine free field motions become part of the state-of-

the-art, and also to a truly 3-dimensional geometry.

The wmain conclusions of this study are the following:

1. 501l structure interaction problems with an arbitrary seismic environment
can be solved by use of the complex response method and the superposition
principle developed in this paper.

2. An d1mportant aspect of any analysis is the selection of a realistic
seismic environment. This environment must satisfy the equations of
motion for the free field, and may consist of both vertically propagating
and horizontally propagating seismic waves.

3. A seismic environment which 1s composed only of Rayleigh waves may
produce higher response of a shallow-embedment structure built in rock,
than a selsmic environement formed only be vertically propagating S and P
waves.

4. Rayleigh wave effects are relatively unimportant for the design of rigid,
shallow-embedment structures built in a shallow layer of sand overlying
rock.

5. The 3-~dimensional ground simulation by a 2-dimensional model may be
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achieved by use of viscous boundaries or the more exact transmitting

boundaries. However, the two methods give nearly 1identical results and the

simpler viscous boundaries are therefore adequate for practical analyses.

6.

The energy reflections from the bottom rigid boundary of a soil-structure
finite element model have only a minor effect on the computed seismic
response of the structure and need not be considered in mest cases. 1In
any event their effects can be eliminated by incorporating a transmitting

boundary at the base of the finite element mesh.

All of the above conclusions are based on a comparison of two
extreme load cases: a system composed entirely of vertically propagating
body waves and a system composed entirely of horizontally propagating
Rayleigh waves. Neither of these cases are likely to occur in nature.
In reality, Rayleigh waves have not been observed in the frequency range
above 1 or 2 Hz. On the other hand, calculations have shown that the
seismic enviromments produced by slightly inclined body waves are very
similar to those produced by vertically propagating waves. It,
therefore, seems reasonable to conclude that soil-structure interaction
response analyses based on the assumption of vertically propagating body
waves provides an appropriate design procedure for most practical

purposes.
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APPENDIX I
NOTATION

The following symbols are used in this paper:

A, B

gtiffness components of the free field;

dashpot coefficients;

40

complex amplitude of the control motion in the frequency domain;

control motion in the time domain;

matrix accounting for energy dissipation in the Z-direction and

through the system base;

equivalent load vector in the soil-structure system;

stiffness component of the free field;

thickness of the structure in the Z-direction;

stiffness matrix;

wave number;

L-wave transmitting boundary;

mass matrix;

number of vertical columns of nodal points in the finite

mesh ;

number of points in a digitized accelerogram ;

element
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Subscripts
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number of layers in the free field;

free field transfer functions;

load vector in the soil-structure system;

Rayleigh wave trnasmitting boundary;

duration of the earthquake;

time;

displacements;

complex amplitude of seismic displacements;

free field eigenvectors for Rayleigh waves;

space coordinates;

free field mode participation factor for R-waves;

free field normalized displacement amplitudes for body waves;

earthquake frequency (Hz);

earthquake frequency (rad/sec)

free field;

interaction

net properties;



8 =
Superscripts
h =
v =
* =

corresponds to the sth frequency

horizontal;
vertical;
complex finite element matrix;

acceleration
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E. L. Wilson - 1971 (PB 211 396)A06

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

“"Modification of Seismograph Records for Effects of Local Soil Conditicns,” by P. Schnabel, H.B. Seed and
J. Lysmer — 1971 (PB 214 450)A03
"Static and EBarthquake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and

H.H. Dovey = 1972 (PB 212 3904)A05

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

"Elastic-Plastic Earthquake Response of Soil-Building Systems,” by T. Minami - 1972 (PB 214 868)A08

"Stochastic Inelastic Response of Offshore Towers to $trong Motion Earthquakes," by M.K. Kaul - 1972
(pB 215 713)A0S

"Cyclic Behavioxr of Three Reinforced Concrete Flexural Members with High Shear," by E.F. Popov, V.V. Berterc
and H. Krawinkler - 1972 (PB 214 555)A05

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

"Dynamic Properties of Fine Flat Dam,” by D. Rea, C.Y. Liaw and A.X. Chopra - 1972 (AD 763 928)A05
"Three Dimensional Analysis of Building Systems,”™ by E.L. Wilson and H.H. Dovey - 1972 (PB 222 43B)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)A0B

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems," by E.L, Wilson, K.-J. Bathe,
J,E. Peterson and H.H.Dovey - 1972 (FBE 220 437}A04

“Literature Survey - Seismic Effects on Highway Bridges," by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 613)A19

"SHAKE-A Computer Program for Earthquake Response Analysis of Horizontally Layered Sites," by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
"Optimal Seismic Design of Multistory Frames,”" by V.V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams During the Earthquake of February 9, 1971," by H.B. Seed,
K.L. Lee, I.M. Idriss and F. Makdisi - 1973 (PB 223 402)Al4
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EERC 73-3 "Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

EERC 73-4 "Experimental Investigation into the Seismic Behavior of Critical Reqgions of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and .J. Penzien - 1973 (PB 215 884)A09

EERC 73=% "Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien - 1973
(PB 232 S56B8}A03

EERC 73-6 "General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H., Powell~ 1973 (PB 221 260)}A08

EERC 73-7 "A Computetr Program for Earthquake Analysis of Gravity Dams Including Reservolr Interaction," by
P. Chakrabarti and A.K. Chopra - 1973 {(AD 766 271)a04

EERC 73-8 "Behavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Loads," by O. Kustu and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

EERC 73-9 "Earthquake Analysis of Structure-Foundation Systems," by A.K. Vaish and A.K. Chaopra - 1973 (AD 766 272)A07
EERC 73-10 "Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer - 1973 (PB 227 179)A08

EERC 73-11 "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

EERC 73-12 "Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.S. Tseng
and J. Penzien - 1973 (PR 227 816)Al0

EERC 73-13 "Earthquake Analysis of Multi-5tory Buildings Including Foundation Interxaction," by A.X. Chopra and
J.A. Gutierrez - 1973 (FB 222 970)A03

EERC 73-14 "ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
$. Mojtahedi - 1973 (PB 223 763)A09

EERC 73-1% "Cyclic Plastic Analysis of Structural Steel Joints.," by R.B. Pinkney and R.W. Clough - 1973 (PB 226 842)A08

EERC 73-16 "QUMAD-4: A Computer Program for Evaluating the Seismic Response of Soi) Structures by Variable Dawping
Finite Element Procedures," by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PR 229 424)R05

EERC 73-17 '"Dynamic uwchavior of a Multi-Story Pyramid Shaped Building,"™ by R.M. Stephen, J.P. Bollings and
J.G. Bouwkamp -~ 1973 (PB 240 71B}AD6

EERC 73-18 "Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columnsg," by V.V, Bertero,
J. Hollings, ©. Kisti, R.M. Stephen and J.G. Bouwkamp - 1973

EERC 73-19 "Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V, Bertero - 1973 (PB 235 986)A06

EERC 73-20 "Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.S. Tseng and J. Penzien -1973

EERC 73-21 "Constitutive Models for Cyclic Plastic Deformation of Engineering Materials," by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)Aa03

EERC 73-22 "DRAIN - 2D User’s Guide,” by G.H. Powell - 1973 (PB 227 016)A05
EERC 73-23 "Farthquake Engineering at Berkeley = 1973," (PB 226 033)All
EERC 73-24 Unassigned

EERC 73-2% "Earthquake Response ©f Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K. Chopra
1973 (AD 773 052)A09

EERC 73-26 "Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthguake and Their
Implications on Seismic Design,” by V.V, Bertero and R.G, Collins -~ 1973 (PB 235 1G€)Al3

EERC 73-27 "Further studies on Seismic Behavicor of Steel Beam~Column Subassemblages," by V.V. Bertero, H. Krawinkler
and E.P. Popov - 1973 (PB 234 172}a06
EERC 74-1  "Seismic Risk Analysis," by C.S. Oliveira - 1974 (PB 235 920)A06

EERC 74-2 "Settlement and Liquefaction of Sands Under Multi-Directional Shaking,"” by R. Pyke, C.K. Chan and H.B. Seed
1974

EERC 74-3  "Optimum Design of Earthguake Resistant Shear Buildings," by D. Ray, K.5. Pister and A.K. Chopra - 1974
(PD 231 172)A06

EERC 74-4 "LUSH ~ A Computer Program for Complex Response Analysis of Soil-Structure Systems,” by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (PB 236 796)A05
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"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering.” by D. Ray
1974 (PB 233 213}A06

"Soil Structure Interaction Analyses for Evaluating Seismic Response,” by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

Unassigned
"Shaking Table Tests of = Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 B62)A02

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement," by
V.V. Bertero, E.P. Popov and T.Y. Wang - 1974 (PB 236 797)A07

"applications of Reliability-Based, Global Cost Optimization to Design of Barthquake Resistant Structures,”
by E. Vitislle and K.S. Pister - 1974 (PB 237 231)A06

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

"site-Dependent Spectra for Earthquake-Resistant Design," by H.B. Seed, €, Ugas and J. Lysmer - 1974
(PB 240 253)A03

"Farthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalge and R.W. Clough - 1274
(PB 241 824)A13

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

“Modeling and Identification in Nenlinear Structural Dynamics - I. One Degree of Freedom Models," by

N. Distefano and A. Rath - 1974 ({PB 241 54B8)A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters," by F. Baron and S.-H. Pang -~ 1975 (PR 259 4071415
"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 (PE 259 408)all

(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 - 1375 (PR 241 454)A09

"“An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Conerete Buildings," by S.A,
Mahin and V.V, Bertero - 1975 (PB 246 306)Ale

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (FB 243 9811A13

" "Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 (AD/AO0S 406)

AOS

"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)A07

“"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
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 (PR 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.F. Popov, V.V. Berterc and S. Chandramouli - 1975 (PB 252 365)All
"BEarthquake Engineering Research Center Library Printed Cataleg,"” = 1975 (PB 243 711)A26

"Three Dimensional Analysis of Building Systems (Extended Version),” by E.L. Wilscn, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 989)A07

“petermination of Soil Liquefaction Characteristics by Large-Scale lLaboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed - 1975 (NUREG 0027)3208

"A Literatura Survey - Compressive, Tensile, Bond and Shear Strength of Masonyy," by R.L. Mayes and R.W.
Clough - 1975 (PB 246 292)Al0

"Hysteretic Behavior of Ductile Moment Resisting Reinforeced Concrete Frame Components," by V.V. Bertero and
E.P. Popov ~ 1975 (PB 246 38B)A05

"Relationships Between Maximum Acceleration, Maximum Velocity, 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 Cyclic Stress-Strain Behavior of Sands," by J. Mulilis,
C.XK. Chan and H.B. Seed - 1975 {Summarized in EERC 75-28)
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"The Seismic Behavior of Critical Regions of Reinforced Concrete Compenents as Influenced by Moment, Shear
and Axial Force," by M.B, Atalay and J. Penzien - 1975 {PB 258 842)All

"Dynamic Properties of an Eleven Story Masonry Building,” by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukovski ~ 1975 (PB 246 9245)204

"State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (PB 249 040)A07

"Frequency Dependent Stiffress Matrices for Viscoelastic Half-Plane Foundations," by A.K, Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)A0Q7

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Berterc and E.P. Popov - 1975
“Testing Facility for Subassemblages of Frame-wWall Structural Systems," by V.V. Bertero, E.P. Popov and
T. Endo - 1975

"Influence of Seismic History on the Liquefaction Characteristics of Sands," by H.B. Seed, K. Mori and
C.K. Chan - 1975 (Swmmarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction," by H.B. Seed, P.P. Martin
and J. Lysmer - 1975 (PB 252 648)A03

"Identification of Research Needs for Improving Aseismic Design of Building Structures," by V.V. Bertero
1975 (PB 248 136)A05

“Evaluation of Soil Liquefacticn Potential during Earthquakes," by H.B. Seed, I. Arango and C.K. Chan ~ 1975
(NUREG 0026)}Al13

“"Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses," by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1375 (PB 252 635)A03

“FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems,"” by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332)a07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems," by
E. Berger, J. Lysmer and H.B. Seed ~ 1975

“TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves,”" by T. Udaka, J. Jwvsmer and H.B. Seed - 1975

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien -1975 (PB 248 130)A03

"Efficient Finite Element Analysis of Seismic Structure - Soil - Direction," by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C,-¥. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading,”
by R.W. Clough and L.-Y¥. Li -~ 1975 (PE 248 841)A05

"Earthquake Simulator Study of a Steel Frame Structure, Volume IT - Analytical Results," by D.T. Tang - 1975
(PB 252 926)Al0

"ANSR-1 General Purpose Computer Program for Analysis of Non-Linear Structural Response," by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 386)A08

"Nonlinear Response Spectra for Probahi}istic Seismic Design and Damage Assessment of Reinforced Concrete
structures,” by M, Murakami and J. Penzien - 1975 (PB 259 530)A05

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Earth-
quake Loading," by N.D. Walker and K.S. Pister - 1975 (PB 257 7Bl)A06

"An Alternative Representation of the Elastic~Viscoelastic Analogy,” by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173)A03

"Effect of Multi-Directicnal Shaking on Liquefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin - 1975
(PB 25B 781)A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method," by

T. Okada and B. Bresler - 1976 (PB 257 906)All

"Experimental and analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-Y.M. Ma, E.P., Popov and V.V. Berters - 197¢ (PB 260 843)Al2

"Dynamic Behavior of a Multistory Triangular~-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 (PB 273 279}A07

"Farthquake Induced Deformations of Earth Dams," by N. Serff, H.B. Seed, F.I. Makdisi & C.-¥. Chang - 1976
(PB 292 065)A08B



48

EERC 76-5 "analysiz and Design of Tube-Type Tall Building Structures,” by H. de Clercq and G.H. Powell - 1976 (PB 252 220)
AlC

ELRC 76-6 "Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthguake,” by T. Kubo
and J. Penzien (PB 260 556)Al1

EERC 76-7 "Expucted Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, S.W. Chen
and R.W. Clough ~ 1976 (PB 270 098)AD5

EERC 76-8 "Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results,” by R.L. Mayes, Y. Omote, R.W.
Clough - 1976 (PB 264 424)A06

EERC 76=9 A Substructure Method for Earthguake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.K. Chopra - 1976 (PR 257 783)A08

EERC 76-10 "Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems," by H.B. Seed and
J,.R, Booker - 1976 (PB 258 £20)A04

EERC 76~11 ™"Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames,” by
G.H. Powell and D.G. Row - 1976 (PB 271 409)A06

EERC 76-12 “Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and
E. Polak - 1976 (PB 262 859)AC4

EERC 76~13 "Coupled Lateral Tersicnal Response of Buildings te Ground Shaking,” by C.L. Kan and A.K. Chopra -
1976 (PR 257 907 ALY

EERC 76-14 "Seismic Analyses of the Banco de Amerieca,” by V.V. Bertero, S.A. Mahin and J.A. Hollings - 1976

EERC 76-15 "Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08

EERC 76-16 "Cyclie Shear Tests of Masonry Piers, volume 2 - Analysis of Test Results,” by R.L. Mayes, Y. Omote
and R.W. Clough -~ 1976

EERC 76-17 "Structural Steel Bracing Systems: Behavior Under Cyclic Loading," by E.F. Popov, K. Takanashi and
C.W. Roeder - 1976 {(PB 260 715)A05

EERC 76-18 "Experimental Model Studies on Seismic Response of High Curved Overcrossings," by D. Williams and
W.G. Godden - 1976 (PB 269 548)a08

EERC 76-19 "Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure,” by
F. Baron and R.E. Hamati{ - 1876 {PB 282 981}Alé

FERC 76-20 "Investigation of the Inelastic Characteristics of a Single Story S$Steel Structure Using System
Tdentification and Shaking Table Experiments,” by V.C. Matzen and H.D. McNiven - 1976 (PB 258 453)A07

EERC 76-21 "Capacity of Columns with Splice Imperfections,” by E.P. Popov, R.M. Stephen and R. Philbrick - 197%
{PB 260 378B)A04

EERC 76-22 "Response of the Olive View Hospital Main Building during the San Pernando Earthquake,” by &. A. Mahin,
V.V. Berterc, A.K. Chopra and R. Collins - 1876 (PR 271 425)a14

EERC 76-23 "A Study on the Major Factors Influencing the Strength of Masonry Prisms,” by N.M. Mostaghal,
R.L. Mayes, R. W. Clough and §.W. Chen - 1976 (Not published)

EERC 76-24 "GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthquake Loading," by J.R. Booker, M.5. Rahman and H.B. Seed ~ 1976 (PB 263 947)AC4

EERC 76-25 ‘“Seismic Safety Evaluation of a R/C School Building,” by B. Bresler and J. Axley - 1976

EERC 76-26 "Correlative Investigations on Theoretical and Experimental pynamic Behavior of a Model Bridge
Structure," by K. Kawashima and J. Penzien - 1976 {(PB 263 388}All

EERC 76-27 "Earthquake Response of Coupled Shear Wall Buildings,"” by T. Srichatrapimuk - 1976 (PR 285 157)}R07
EERC 76-28 “Tensile Capacity of Partial Penetration Welds,” by E.P. Popov and R.M, Stephen - 1976 (PB 262 899)A03

EERC 76-29 "Analysis and Design of Numerical Integration Methods in Structural Dynamics,” by H.M. Hilber - 1976
(PB 264 410)A06

EERC 76-30 "Contribution of a Floor System to the pynamic Characteristics of Reinforced Concrete Buildings, " by
L.E. Malik and V.V. Berteroc - 1975 (PB 272 247)A13

EERC 76-31 "The Effects of Seismic Disturbances on the Golden Gate Bridge,” by F. Baron, M. Arikan and R.E. Hamati -
1976 (PB 272 279)A09

EERC 76-32 "Infilled Frames in Earthquake Resistant Construction," by R.E. Klingner and V.V. Bertero - 1976
(PB 265 892)Al3
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"PLUSH -~ A Computer Program for Prchabilistic Finite Element Analysis of Seismic Soil-Structure. Intex-
action,” by M.P. Romo Organista, J. Lysmer and H.B. Seed - 1977

"Soil-structure Interaction Effects at the Humboldt Bay Power Flant in the Ferndale Earthquake of June
7, 1975," by J.E. Valera, H.B. Seed, C.F. Tsai and J, Lysmer - 1977 (PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Loading," by K. Mori, H.B. Seed and C.K.
Chan -~ 1977 (rB 267 352)a04

"Seismological Studies of Strong Motion Records,” by J. Sheja-Taheri - 1977 (PBE 269 655)AlD

"Testing Facility for Coupled-Shear Walls," by L. Li-Hyung, V.V. Berterc and E.P. Popov - 1977

"Developing Methodologies for Evaluating the Rarthquake Safety of Existing Buildings," by No. 1 -
B. Bresler; No. 2 - B. Bresler, T. Okada and D. Zisling; No. 3 - T. Okada and B, Bresler; No. 4 - V.V.
Bertero and B, Bresler - 1977 (PB 267 354)A08

"A Literature Survey - Transverse Strength of Masonry Walls," by Y. Omote, R.L. Mayes, S§.W. Chen and
R.W. Clough = 1977 (PB 277 933)R07

"DRAIN-TABS: A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildings," by
R. Guendelman-Israel and G.H. Powell - 1977 (PB 270 693)A07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option," by D.Q. Le, H. Peterson and E.P. Popov - 1977
(PB 270 567)A0S

"Experimental Evaluation of Seismic bDesign Methods for Broad Cylindyical Tanks,” by D.P. Clough
(PB 272 280)al13

"Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507}A09

"Automated Design of Earthquake Resistant Multistory Steel Building Frames,™ by N.D. Walker, Jr. ~ 1977
(PB 276 526)A09

"Cencrete Confined by Rectangular Hocps Subjected to Axial Loads," by J. Vallenas, V.V. Bertero and
E.FP. Popov -~ 1977 (PB 275 l65)AC6

"Seismic Strain Induced in the Ground During Earthquakes," by Y. Sugimura - 1977 (PB 284 201)A04

“Bond beterioration under Generalized Loading,” by V.V. Bertero, E.P. Popov and §. Viwathanatepa - 1977

"Computer Aided Optimum Design of Ductile Reinforced Concrete Moment Resisting Frames," by S.W.
Zagajeski and V.V. Bertero - 1977 (PB 280 137)A07

"Earthgquake Simulation Testing of a Stepping Frame with Energy-Absorbing Devices," by J.M. Kelly and

N.F. Tsztoo - 1977 (PB 273 506)A04

"Inelastic Behavior of Eccentrically Braced Steel Frames under Cyclic Loadings," by C.W. Roeder and
E.P. Popov - 1977 (PB 275 526)al5

"A Simplified Procedure for Estimating Earthquake-Induced Deformations in Dams and Embankments,™ by F.I.
Makdisi and H.B. Seed - 1977 (PB 276 320)A04
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