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The views and opinions of authors expressed herein do not necessari'y state
or reflect those of the United States Government or any agency thereof.

I
This work was supported by the United States Nuclear Regulatory
Commission under a Memorandum of Understanding with the
United States Department of Energy.

.

e

.



- . - - ,

SEISMIC SAFETY MARGINS RESEARCH PROGRAM *

(PHASE I)

Project III - Soil-Structure Interaction

THE SEISMIC SOIL-STRUCTURE INTERACTION-

PROBLEM FOR NUCLEAR FACILITIES

April 1980*

-

Prepared by

University of California
Berkeley, California

'
H. Bolton Seed and John Lysmer
Professor of Civil Engineering

Prepared for

Nuclear Test Engineering Division
Mechanical Engineering Department

Lawrence Livermore Laboratory
Livermore, California

.

.

NRC LLL
Program Manager Program Leader-

J. E. Richardson F. J. Tokar:
Project Manager Program Manager
J. F. Costello P. D. Smith

Project Manager

_ J. J. Johnson >

*This work was supported by the U.S. Nuclear Regulatory Commission under a
memorandum of understanding with the U.S. Department of Energy.



,, __ _ _ _ ,

FOREWORD

This report is one of a number of reports on the same topic, namely, a

general review of soil structure interaction, as part of the scope of work

on the Seismic Safety Margins'Research-Program (SSMRP). Because of the

controversial nature of the subject, reports were solicited from a vide
.

range of individuals familiar with the topic, and.they were encouraged to

^

present their views and positions. Accordingly, the material in this report

is the responsibility of the authors and the reader should not imply that

this report represents the views or positions of.the SSMRP staff.
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Part I

GENERAL CONSIDERATIONS
.

The basic problem of soil-structure interaction is illustrated in

Fig.'l. It involves the determination of the motions of one or more struc-
.

tures at a given site from a knowledge of a given motion (the control motion)

at a specified point (the control point) of the site prior to construction
"

(the free field) .

-~A complete soil-structure interaction analysis for any structure must

necessarily consist of two distinct parts; a site response analysis and an

interaction analysis. Unless the nature of the seismic wave field into which

the structure is being placed is known with a reasonable degree of accuracy,
-

there is no way in which the resulting interaction of the structure with the

soil deposit and the wave field can be determined.

The site response analysis involves the determination of the temporal

and spatial variations of the free-field motions. The interaction analysis

involves the determination of the motions of a structure placed in the above

seismic environment. These are different types of problems but each needs*

to be addressed to determine a solution to the soil-structure interaction
,

problem.

Each of the above problem types can in principle be formulated in

terms 'of continuum models or discretized models, and it is not possible here

to describe all of the possible forms of equations of motion which have been

proposed. It is, however, useful for a better understanding of the nature

of and the connection between the two problem types to consider the equations

of motion for the three linear models shown in Fig. 2. The models are
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identical in the sense that all are of the finite element type and all are

spanned by the -same finite element mesh. Also, all masses and stiffnesses

are the same, except that the structural part of the model shown in Fig. 2(b)

-

has no stiffness and mass, and that for this model the structural nodes

above ground level are assumed to be fixed in space (actually these points

can be given any specified motion without loss of generality) .
.

Since the fixed nodes have no influence on the motion of the ground

Fig. 2(b) represents a free-field site response problem. It has t..e equation--

'

~of motion

[M ]{U } + [C ]{0 } + (K l{u } = {Q } (1)g g g g g g g

where.(M ], (C ], (K ] are the mass, damping, and stiffness matrix, respec-g g g

;tively, for the free field, and {u } is a vector containing the nodal pointg

displacements. Since the source of excitation is outside the model the load

vector {Q } has non-zero elements on the external boundary only. Solutionsg

to the equation of motion, Eq. (1), can be obtained by the methods described

in Part II of this report and it will here be assumed that a free-field

solution is available. Thus {u } and {Q } are known.g g

Figure 2(a) represents.the corresponding interaction problem. The

'

total displacements can be written

{u} = {u } + {u } (2).

f g

where {u } are the known free-field displacements and {u } are the inter-g g

action displacements. Assuming that the external boundary is very far away

from the structure the. equation of motion for the interaction problem is

(M]{U} + (C]{0}'+ [K]{u} = {Q } (3)g

( where {Q } is the same load vector as in Eq. (1) and (M), [C], and (K] areg
<

p c , , . ~ - - - - , _ . . - . -- , ,-c... . . . , . ,.
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the. total mass, damping, and stiffness matrices, respectively. Substitu-

tion of Eqs. ; (1) and (2) into Eq. (3) yields

(M]{U } + [C]{n } + [K] {u } = {Q } (4)g g g g

where

{Q } = ((M ] - (M])(U } + ((C l - (C])(O } + ((K ] - [K])(u } . (5)g f f f f g g

The' load vector, {Q }, in Eq. (5), can be computed from the known free- -

_

- field displacements. It ' depends only on the difference in properties '

between the~ structure and the excavated soil. Thus {Q } has non-zero

elements only at the structure and Eq. (4) is the equation of motion for

the source problem illustrated by Fig. 2(c) . This problem is well-posed

and can be solved for the interaction displacements, {u }. The total dis-g

placements for the soil-structure interaction problem can be found by super-
,

position as indicated by Eq. (2).-

Equations (2) and (4) remain valid even as the distance to the boun-

dary goes to infinity and the mesh size shrinks to infinitesimal dimensions.

Hence, the above formulation can be' extended to continuum mechanics and

three dimensions. A similar substructure formulation for the interaction

problem is given in Part III of this report, see Fig. 4. '

The above formulations reveal three important characteristics of the

'

soil-structure-interaction phenomenon:

'

l .- The only free field ground motions which are of inportance for
.

the interaction phenomena are those within the volume to be

excavated for the embedded part of the structure.

2. For the-embedded structures the amount of interaction depends on

the difference in mass and stiffness between the structure and
.

!

[ the volume of excavated soil, see Eqs. (4) and (5).

'
,

4

g - - , - , . , , . - _ . - . _ _ . , - . , - . - - .,,,-_---f - - - . , <v , , ,,m,. ,m, --._ __.
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-3.~ Soil'-structure interaction analysis implies in many-cases the

use of superposition, see Eq. (2). Thus true nonlinear analyses

may, for many types of motion specification, not be possible.

The first observation has far reaching consequences; especially for

embedded structures on relatively soft sites since, for such site, both

d2eory and observation indicate that the free-field motions vary signifi-
.

cantly with depth. This implies that the site response analysis is an
,

important, and in the opinion of the writers perhaps the most important,-

part of a soil-structure interaction analysis.

The second observation is perhaps self-evident. However, it high-

lights the importance of embedment which for compensated (or nearly compen-

sated) structures will tend to reduce t'.e interaction effects. In buildings

where total compensation is achieved, soil-structure intelaction effects' are

likely to be insignificant.

The third observation may not be too important for nuclear structures

which are not usually designed to accept large soil deformations and thus

nonlinear effects can be handled by approximate methods. Furthermore, as

will be discussed below, site response problems cannot in' general be solved

by' the nonlinear methods. Therefore, it is in many cases esot'eric to even-

consider a true nonlinear interaction analysis.
.

The considerations outlined above are discussed in detail in the subse-
>

quent five parts of this report:

Part II The Site Response Problem

Part III The Interaction Problem

Part IV Interaction with Body Waves

Part V Interaction with Rayleigh Warus
s

Part VI The Humboldt Bay Power Plant Case Study

I ,-
5

L
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and our conclusions are presented-in Part VII. It is hoped that the general

understanding of soil-structure interaction provided by this report will be
..

enhanced to the point where such studies can be made with greater confidence

by engineers concerned with the design of nuclear power plants. However it

is also hoped that the present report will also be useful in dealing with

all-types of soil-structure interaction effects during earthquakes.
.-

O

%
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Part II,.

THE SITE RESPONSE PROBLEM

Site response problems involve the determination of the temporal and
i

. spatial variation of motions within a site. In principle, these motions
O

can be determined from a large model which includes the source of the earth-

* quake. However, in practice the source parameters and the regional geology
~

cannot be determined in sufficient detail to solve this problem with a high

degree'of accurac1 in the frequency range of interest for design. Thus,

current methods of site response analysis normally attempt to predict the

above variation of motions from a single specified control motion at some

control point within the site. This problem is mathematically ill-posed

and unique solutions can be obtained only by the introduction of restrictive

assumptions regarding the geometry of the site and the nature of the wave

field causing the control motion. In practice, consistent solutions can be

obtained only for horizontally layered sites. Possible wave patterns

include: vertically propagating or inclined plane body waves, and horizon-

' tally propagating surface waves. Only the case of vertically propagating+

waves can currently be solved by truly nonlinear methods.,

CONTROL MOTION AND CONTROL P'OINT

The inherent problem in site resNhssc matysis is the choice of wave

field to be used in the analysis an; A To eterefore natural to classify

; and discuss the different available methods according to the type of wave

field assumed. However, before doing so it should be mentioned that the

choice of an appropriate control motion and control point is just as, and

.
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in most cases, more important than the choice of wave field.

The control motion should be chosen with due respect to observed

relations between earthquake magnitude, epicentral distance, maximum

acceleration, duration, frequency content, see Idriss (1978) and Ref. 1,

and the site-dependent characteristics established by Hayashi et al. (1971),

Seed et al. .(1976a,1976b) , Faccioli (1978) , and Ref. ~1.

.

Except.for the obvious case in which the control motion is an observed

record at the control point, the preferable control point is a point either -

at the ground surface or, as discussed below, at an assumed rock outcrop at-

the depth of which the motion is specified. This is so because most of our

data base of strong motion earthquake records from which the control motion

has to be estimated was obtained at surface stations and, even more impor-

tant, because the frequency content of motions at points below the ground

surface is strongly influenced by reflections at the free surface. Thus the

specification that the control motion at depth should be a broad-band

spectrum or.a motion recorded at another site or depth may result in
.

completely unrealistic computed motions for the site.

At the present time, the control motion for the design of nuclear

power plants is usually specified as a broad-band spectrum at the ground sur- .

face in the free field as shown in Fig. 1 or Part I.
.

With the control motion and control point fixed, the solution to the

site response problem depends entirely on the nature of the wave field pro-

ducing the ground surface motions. This wave field may consist of many com-

ponents including:
4

(1) some Rayleigh waves

(2) some Love waves

,

e - . +
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.

|(3)) ?some plane vertically propagating . waves

.(4). some plane' body waves; inclined at an angle to the vertical

and- ('5) -some other' wave types such as spherical and cylindrical waves-

, which are usually not considered.

At the-present time seismologists cannot advise engineers in suf-

ficient detail' on' the relative contents of the dif ferent possible wave

, forms'which make up the surface motion. Thus, even though soil-structure-

'

interaction analyses can be performed for an arbitrary wave field, in '

. practice,. such analyses cannot -be made due to lack of data on the char-

acteristics of.the wave field involved.

Under these conditions,.a-typical engineering approach is to make

analyses for extreme cases of possible wave fields, e.g. , for a motion

- represented by_all Rayleigh' waves or for a motion represented entirely by

a' system of body waves, and to determine the influence of the motion

specification on the results of the analysis. If the differences are small,

then precise specification _of the components of the wave field is considered

'

,

unnecessary. If the differences are large, then increasing efforts must be
.

i
~

made to determine even a crude assessment of the relative components of dif-
:

ferent wave types, or alternatively, conservative choices of wave components
,

.
'

.may have to be made for different_ parts of the analysis. It is important:,-

; .:

~ therefore to examine the characteristics of'the different wave forms which
[ ,

~ .might contribute to the surface control motion.
.

.

.

I [HORIZONTAI.I.Y, PROPAGATING WAVES

N For horizontally layered sites it is relatively easy to set up linear

[ methods of. analysis for horizontally propagating waves. However, many

L possible choices of wave patterns exist (inclined body waves at different
L
1
:
p:. '

i- -

!

E
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angles of incidence, different modes of surface waves, etc.) and it is

currently impossible to determine from available seismological data the

. exact contributions of each wave type to earthquake motions near the

surface in the frequency range of interest to earthquake engineers. However,

some estimates have been made (Tri funac and Brune,1970; Randall, 1971;

Chandra,1972; Nair and Emery,1975; Liang and Duke,1977; and Toki,1977) .

These estimates involve considerable uncertainties however; in view of these -

uncertainties analysis of site response for motions represented only by
,

horizontally propagating waves is mainly an academic exercise based on

-assumed data. Nevertheless, as will be discussed below, some practical con-

~ clusions can be drawn from such analyses.

The free-field motions caused by horizontally propagating waves will

be discussed in.three parts: Surface waves are discussed immediately below,
.

inclined body waves are discussed after the section on vertically propagat-

ing waves and,. finally, the three wave types are discussed together in a

section on motions at shallow depths.

Surface Waves

Rayleigh waves in a perfect elastic half-space are well-known and the

theory for these are given in standard textbooks, e.g., Richart et al., -

(1970). However, for obvious reasons soil dynamics analysts are much more
.

. -

interested in surface waves in multi-layered systems, Thomson (1950),

Haskell (1953) , Ewing et al. (1957). Two types of waves may occur in such

systems: Love waves, in which the motions are horizontal.and perpendicular

to the direction, X, of wave propagation, and Rayleigh waves which involve

both vertical and horizontal motions in the vertical XZ-plane. For plane

harmonic waves the displacement fields are of the form:

.

. . , . _ _ . _ , - . _ _ , ~. - , .-- r -,-.
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i(wt - c x)m

)] L h (z) e (1)
s*

Love waves: u =

Y s ss=1

i(wt - k x)=
,

)[ R s
f (z) eu = -

s sx ,,y
Rayleigh waves: > (2)

| |

1(wt - k x)=

)) R g (z) e i

su =~
6 z s s,,7

.

where W and t are the frequency and time, respectively, and L, and R are

unknown mode participation factors. The infinite sets of wave numbers, c,

and k,, and mode shapes , h,(z) , f (*} ' ""d 9 (z), may in Prin i le bePs s

determined by methods developed by Thompson (1950) and Haskell (1953) . The

wave numbers are directly related to the phase velocities of the dif ferent

wave modes.through V{ = w/c and V = w/k. Thus the fundamental problem of
R

site response analysis with surface waves is to determine the infinite set

of factors L and R., from a single given amplitude of the control point.s

This is clearly an ill-posed problem and solutions can only be obtained by

further assumptions, the most common of which is to assume that only the

fundamental Rayleigh or Love mode, corresponding to s = 1, exists. For

undamped systems the frequency-dependent phase velocity and mode shape can
.

be found by the Thomson-Haskell method and the amplitude L or R may be
1 7

~

determined from the control motion.

Continuum analyses are possible for the case of viscoelastic layers

over.an undamped half-space (Ewing et al. (1957) , Boncheva (1977)) . How-

ever, for this case it is more practical to first discretize the semi-

finite system by the use of finite elements as proposed by Lysmer (1970)

and Waas (1972) for Rayleigh waves and Waas (1972), Lysmer and Waas (1972)

for Love waves. Only Rayleigh waves will be discussed here. The theoretical

.

L
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: model11s shown in Fig.1. It involves the assumption of a linear variation
~

nof1 displacements between layer interfaces and the existence of a stationary )

rigid. base at_some finite depth. If_this depth is chosen to be consider-

bly larger than theiwave length of the Rayleigh waves of interest, a half-a

~

. space is simulated by this model..

For an N-layer system these assumptions reduce the equation of motion
.. -.

for.the layered system to a quadratic eigenvalue problem:

([A]k2+ (B]k + (C] - W2 (M]) {v} = .{0} (3)
' ''

'where [A], (B ] , (C) and. [M] are simple 2N x 2N matrices which can be formed

from the stiffnesses, danping ratios and mass- densities of the . layered:

system;'and {v}-is-an eigenvector (mode shape) which contains the 2N dis-

_ placement amplitudes of the layer interfaces. The mod'e shape represents

. the' functions f,(z) and g,(z) 'in -Eq. (2). For a given frequency, W,

Eq. (3) . can be _ solved by methods developed by Waas (1972) . The solution

consists of 2N possible wave numbers, k,, 'and associated mode shapes {v},

and, in analogy with Eq. (2), the ~ general solution to the equation of motion

may be expressed in the form:

2N i(Wt - k x)
. . . .

{u} = { R,{v} s .e (4).g

,,y
s
D .

I For a damped system all the wave numbers will be complex with negative

~ imaginary parts. Hence, Eq. (4) can also be written

2N im(k ) i(Wt - Re (k ) x)
-{u} =- [ e * R, {v}, e (5)

s s

sul

which represents a system of generalized Rayleigh waves (modes) which

propagate in the positive x-direction, each with its own mode shape, {v} ,
,

.

,%c -- w--- . - a
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phase velocity, W/Re (k,) , and decay factor, exp(2WIm(k,)/Re (k,) } , per . wave

length, A = 2W/Re(k,). Experience with the method'has shown that most of
.

the Rayleigh modes decay extremely rapidly in the frequency range of interest-

to earthquake engineers and only a few terms of Eq. (4) need therefore be

considered. If it is assumed that only the fundamental mode (defined as

the mode with the' largest value of Re(k,)) is present, Eq. (4) reduces to
.

i(wt - k x)
{u} =.R * {v} e (6)1 .

.

and the mode participation factor, g, can be determined at each frequency

from the amplitude of the control motion at say the surface at x = 0. This

method has been used by Chen and Lysmer (1979) to determine possible

Rayleigh motion fields for several sites.

Higher-order Surface Waves

The fundamental Rayleigh mode defined above'is as shown by Lysmer (1970)

identical. to the fundamental mode considered by seismologists in layered

systems overlying a deformable half space. The rest of the terms of Eq. (5)

represent higher-order Rayleigh modes (in the terminology of seismologists)

and body waves. These modes.will have longer wavelength and will propa-

gate faster than the fundamental mode which by definition has the shortest
~ '

wavelength and thus the lowest phase velocity. While most of these higher .

modes can be neglected, since they decay rapidly in the direction of

wave propagation,' others may decay less rapidly than the fundamental mode.

This phenomenon occurs only at relatively high frequencies on sites with a

marked increase in stiffness with- depth; say a sand profile over rock.

These low-decay modes could conceivably contribute significantly to the

motion at a surface control point. However, studies by Chen and Lysmer (1979)

.

.

,

~_ e 1
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. have -shown that such ~ modes, when they occur, are associated with energy :

- propagation in deeper high-velocity-layers and that they cause near surface

motions' which are similar to those . caused by vertical or slightly inclined ;

body waves. 'Ihat this .is so is not surprising when'one '~ considers the

- propagation mechanism-of these modes. The very facts that the waves travel
_ .

at' high velocities and decay slowly indicate that the major part of the :

. . .

: energy propagation occurs in deeper layers with high body wave velocities

'and low damping. This inunediately implies that insignificant amounts of
=

.

' energy are propagated horizontally in the softer surface layers or,in'

Lother words, that' the higher -frequency. motions in the surface' layers are .

maintained.through nearly vertical energy propagation through a. mechanism

similar to that of slightly inclined body waves. The result is that the-

upper parts of. the mode shapes, i.e. the variation of displacements with

depth, are virtually identical to those found in analyzing vertically pro-

pagating or--slightly.' inclined body waves.,

Thus, in practical calculations the effects of higher-order surface-

~

wave components can be considered by assuming a certain content of slightly

inclined or vertical body waves.in the control motion. In view of this

- +- observation only. Rayleigh wave fields consisting of fundamental modes will
~

be considered'in the following sections.
,

Effect of Layering

The importance of using layered system theory, rather than the simpler
^

' half-space - theory, in dealing with structures on a layer of soil overlyings

--rock is : illustrated by the computed variations of accelerations and shear

stresses with depth for the cases of (1) a homogeneous half-space and (2) ~ a

128 ft layer of' sand overlying a half-space shown in Figs. 2 and 3, respectively.

L
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Figure 2 shows the computed results for a uniform half-space with

properties similar to those of an average soil deposit. It may be seen that

. analyses for a typical control motion with a peak horizontal acceleration of

0.25g at the 7round surface in such a half-space indicate that: (a) if the
4

motion is assumed .o consist entirely of Rayleigh waves, the vertical

component of acceleration at any depth will be 2 to 4 times greater than the
.

horizontal component of acceleration at the same depth; (b) if the motion is

assumed to result solely from vertically propagating shear waves, the hori-- -

zontal accelerations at any depth will be greater than those computed at-the
..

same depth for the Rayleigh wave assumption; and (c) the values of horizontal

shear stress computed for a control motion represented entirely by Rayleigh

waves will be about 50% greater than those computed on the assumption that

the control motion is produced by vertically propagating shear waves.

A totally different picture is_ obtained if similar analyses are made

for a 128 ft layer of sand overlying a rock formation, for which computed

response values are shown in Fig. 3. In this analysis the stiffness and

damping of the sand was allowed to vary with depth and with the cyclic strain

level developed due to the motion. For this more realistic representation

of the case of a soil deposit overlying rock it may be seen that (a) if the -

control motion is represented by a system of Rayleigh waves, the vertical
,

components of motion are about two thirds of the horizontal components at

any depth--a result more consistent with the observed ratio of horizontal

to vertical accelerations in a large number of earthquakes; (b) down to

depth of about 60 ft, there is no great difference in the values of peak

horizontal accelerations whether the computations are based either on the

assumption that the control motion results only from Rayleigh waves or only

,- - _ __ -_ -. . _ . --
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from vertically propagating shear waves; and (c) the values of maximum

horizontal shear stress computed for a control motion represented entirely

by Rayleigh waves are typically about 30% less than those computed on the

assumption that the control motion is produced only by vertically propagat-

ing shear waves.

It is clear from the above examples, that for soil deposits, it is
.

more conservative to compute maximum horizontal shear stresses based on

*
the assumption that the motions result from vertically propagating waves

than it is to assume a field consisting of Rayleigh waves--yet the opposite

result would be obtained if the layering of the system were not considered.

Similarly, erroneous conclusions concerning vertical motions could result

from the use of a homogeneous half-space to represent a _ layered soil

deposit. Finally, it may be seen that if the system layering is

correctly considered, horizontal accelerations will vary with depth but

they will not differ significantly whether the motions are represented

entirely by Rayleigh waves or entirely by vertically propagating waves.

This topic will be discussed at length in a later section of this part of

the report.

.

Effect of Distance of Propagation

It is important to note that Figs. 2 and 3 show only the variation of*

response with depth directly under the point on the ground surface where the

control motion is specified. In dealing with horizontally propagating

Rayleigh waves, it_is also important to consider the manner in which the

motions will vary with distance of propagation. The results of such a study

are shown in Fig. 4. In this analysis a typical NRC control motion with a

peak acceleration of 0.25g was represented by a system of Rayleigh waves

l
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which .were then allowed to propagate horizontally from the control point
i

!

location across a horizontal ' deposit of sand overlying rock. The figure
i

shows the changes in surface motion characteristics with distance of- )

propagation. It is readily apparent that in such a system, ths high

frequency components of the fundamental Rayleigh waves are rapidly damped

. out as a result of the relatively high damping characteristics of the soil
.

and in fact, at a distance of a few hundred feet, virtually all motions with

*
frequencies higher than 1 to 2 Hz have decayed to insignificant values.

Since most soil deposits' extend horizontally for thousands of feet, it is

thus unrealistic to expect that the high frequency components of motions in

such deposits could result from horizontal propagation of fundamental
i

Rayleigh waves.

As to the higher-order surface waves discussed in a previous section,

p. II-8,.some of these modes may not decay as rapidly as the fundamental

modes. However, as discussed, if such waves do occur, they will, at shallow
I

depths, be similar to slightly inclined body waves and they can be treated
,

They will, because of their lo' g wavelengths produce motions whichas such. n

are, essentially in phase at any shallow depth within reasonable horizontal i

* ' - distances. Thus they are unlikely to produce significant rocking and/or

, . torsion in nuclear structures.

Thus for structures on soil deposits and cases wher.. the frequencies

of concern are greater than 1 or 2 Hz, there is no realistic basis for con-

- sidering that Rayleigh waves make any significant contribution to the site

response. The same logic would also apply to Iove waves.
I

However there are two cases where this argtznent would not necessarily
'

- apply:

i
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(1) for surface motions propagating in rock where the much lower

damping and much higher wave velocities would lead to very low

rates of horizontal attenuation of motions

and (2) for structures whose response is primarily dependent on the long

period components of motion (say below 1 Hz) since such components

are apparently not damped out readily even in soil deposits.
.

The tbove observations are apparently consistent with seismological
*

observations of earthquake ground motions which do not indicate any signifi-

cant contributions of Rayleigh waves in the high frequency range.

With regard to the design of nuclear power plants, the above discussion

leads to two impcrtant conclusions:

'

(1) For structures located on soil deposits, there is no need to

consider Rayleigh or IcVe waves as making any significant con-

tribution to the ground motions for the purpose of evaluating

soil-structure interaction effects.

and (2) For structures located on rock, surface waves may contribute to

the ground motions but not at the highest frequencies required

to be considered in design. Never-the-less consideration of the

*possible effects of some components of surface waves may be

warranted in design. .

Additional evidence supporting these statements will be presented in Part V

of this report.

|
VERTICALLY PROPAGATING WAVES

| The great majority of methods for site response analysis use Kanai's
!

(1952) assumption of vertically propagating shear waves. This assumption

leads to simple one-dimensional mathematical models for horizontally layered

o
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isystems and has, partly because of the similarity between motions caused
,

by different wave fields, led to remarkable success in predicting the major

features of site response during earthquakes, especially since the analyti-

cal procedure was modified by introduction of the equivalent linear method

by Seed and Idriss (1969) .

. Linear site response problems with vertically propagating waves can
,

be solved by a multitude of numerical techniques which are described in
,

texts on soil dynamics, e.g., Desai and Christian (1976). The most efficient.

method for computing free-field motions from a specified surface control

motion appears to be'the complex response Mod used in the program SHAKE,

Schnabel et al. (1972). With these methods it is currently possible to

analyze any layered viscoelastic soil system overlaying a viscoelastic

. half-space. The control motion can be specified at the ground surface, at

any depth in the soil deposit or as an outcrop motion. Nonlinear effects

can be approximated by the equivalent linear method.

Regent efforts have been directed towards the development of true non-

linear methods of analysis. Several methods have been proposed for perform--

ing nonlinear total stress analysis of site response problems with vertically

.

propagating shear waves. The most important of these are: The method of

characteristics, Streeter et al. (1974), Idriss et al. (1976), Taylor and-

Larkin (1978); the finite difference method, Joyner (1977); and implicit

integration schemes, Martin (1975) . In addition several methods of

effective stress analysis have been proposed, Ghaboussi and Dikmen (1978),

Zienkiewicz et al. (1978), Finn et al. (1977), Liou'et al. (1977), and

Martin and Seed (1979), which can predict the pore pressure build-up in

saturated sands during seismic excitation.

-
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Comparative studies of ground motion characteristics computed by the

equivalent linear method and non-linear methods show relatively small dif-

ferences except where motions are very strong and soils relatively weak--a

situation not likely to occur at a nuclear plant site. Thus the development

of non-linear analysis techniques has further confirmed the fact that

equivalent linear methods are sufficiently accurate for virtually all

practical purposes in evaluating the response of nuclear power plant sites.
~

A major problem of current methods of nonlinear site response analysis .

is a limitation on the location of the control poi t. It is not currently

possible to specify the control motion at the surface, and specification at

a deeper point within the profile is, for reasons to be discussed in the

follcwing section, not desirable. However, the motion may be specified at

a deep outcrop. This problem has been solved by Joyner and Chen (1975) for

the special case of a layered nonlinear system overlying a uniform linearly

elastic half-space, see Fig. 5(a) . Joyner and Chen specify the outcrop

control motion, y(t), at the surface of the elastic half-space shown in

Fig. 5(b). The horizontal motions in the half-space, Fig. 5(b) , are by

simple wave theory

g(z,t) = h y(t + z/V,)
*

y ( t - z/V,) (7)+

.

where V, is the shear wave velocity for the half-space. In the combined

system, Fig. 5(a), an additional downward propagating wave occurs due to

reflections from the upper soil layer. Hence the motions in that system

are:

1
u,( z , t) = 7 y ( t + z/V ) + u(t - z/V,) (8)

The function u(t) must be such thats u (o , t) = u (t) , where u (t) is thea

! actual motion of z = 0. Hence, u(t) = u (t) y(t) and-

!
k
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l 1
u,(z,t) = y y(t + z/V,) - _ y ( t - z/V ) + u (t - z/V ) (9)

This leads to the following shear stress at z = 0

T (t) = DV, i(t) - pV, 6 (t) (10)

where p is 'the mass density of the half-space. Joyner and Chen apply this

stress boundary condition' at the base of the upper soil column and thus
,

achieve a system which can be analyzed by nonlinear methods and which cor-
.

rectly accounts for the effects of the underlying half-space.-

' The boundary condition expressed by Eq. _ (10) may be achieved by the
,

physical model shown in Fig. 5(c) . In'this model the upper soil column is

supported on a Lysmer-Kuhlemeyer (1969) dashpot and excited by a horizontal

force at the base proportional to .the known outcrop velocity time history.

~The Joyner-Chen model is an important contribution to the art of non- ]

linear site response analysis and may, as suggested by Joyner (1975), be

extended to approximately two-and three-dimensional soil-structitre inter-

action analyses of nonlinear regions overlying a linear half-space for the

special case of vertically propagating waves arriving from the half-space

(see discussion related to Fig. '10 of Part III of this report) .

.

. INCLINED BODY WAVES

*

Some energy may be arriving at the control point in the form of non-

vertically propagating body waves. There is in fact evidence to suggest

that most of the energy approaching the ground surface results from body-

-waves inclined within about 30' of the vertical. This includes the effect-

of the high-order surface wave modes discussed in a previous section.

The response of horizontally layered sites to plane harmonic body waves

arriving at a specified incident angle through an underlying elastic half-space
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has been investigated by several researchers. The fundamental work was done-

by Thomson (1950) and Haskell (1960,1962) who developed an efficient matrix

method for computing the frequency-dependent transmission coefficients in a

layered continuum for incident SH, SV and P-waves. Efficient computer codes

for the Thomson-Haskell method were developed by Hannon (1964) and Teng (1967) .

Silva (1976) extended the Thomson-Haskell method to include damping in the

soil layers. With this method it is possible to. solve linear or equivalent
.

linear site response problems with inclined body waves for systems consisting

of viscoelastic soil layers overlying 'a uniform undamped half-space, provided*

the incident angle in the half-space is known. Since no damping is included

in the half-space the resulting surface motions do not decay in the horizontal

direction. More recently, Chen and Lysmer (1979), have developed a. method

which includes damping in the underlying half-space.

Analyses of surface response to inclined body waves have also been

made by Joyner et al. (1976), who determined the transfer functions from

bedrock to the soil surface for a soil deposit-186 m in depth for shear

waves propagating at various angles to the vertical. The results of this

*

study are shown in Fig. 6, and it is apparent that for angles of incidence

up to 45*, there is a negligible difference between the motions computed for

inclined waves and for vertically propagating waves.
*

It is reasonable to conclude therefore that the variation of horizontal

motions with depth within a soil deposit are for all practical purposes the-

same, whether they are computed for vertical or inclined directions of

propagation within the depth range of interest to engineers. On this basis

it is appropriate to use analyses for vertically propagating waves because

of their greater simplicity and availability of solutions.

MOTIONS OF SHALLOW DEPTH

As discussed in Part I of this report only the motions within a rela-

tively shallow depth (the projected depth of embedment) of the free-field
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will influence the motions of structures. The same discussion also indicates

that both the spatial and temporal variation of the free-field motions

within this depth are of importance in evaluating soil-structure interaction

effects. It is therefore appropriate to discuss in more detail how the

amplitude and frequency content of free-field motions vary with depth and in

particular how they vary near the free ground surface.

Not to consider this variation would be equivalent to assuming that,

the soil mass behaves like a rigid body in which case no interaction would
.

take place and an analysis of the problem would be unnecessary. The belief

that it is necessary to analyze soil-structure interaction therefore implies

the tacit assumption that motions will vary with depth and appropriate con-

sideration of this fact must be included in any analytical procedure.

As will be shown in the following, the presence of the strong discon-

tinuity represented by the free ground surface imposes predictable and

observable limitations on how horizontal amplitudes and the frequency content

of motions vary with depth near the ground surface.

Theoretical Considerations .

The potential effects of the free ground surface on the amplitude and

frequency content of waves at various depths in a uniform deposit is shown
.

in Figs. 7 and 8. Both figures show the variation of amplitude with the

dimensionless depth z/A, in a perfect half-space, where A, = V,/f is the-

wavelength of shear waves at the ' frequency, f[Hz), considered.

Figure 7 corresponds to the case of vertically propagating shear waves

for which the horizontal amplitude is

U=U cos 2n ) - (11)

and Fig.' 8 corresponds to the case of horizontally propagating Rayleigh

waves.
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fi The two types of wave fields are obviously quite different. It is

remarkable, however, that both the shear wave field and the Rayleigh wave

field produce monotonically decreasing horizontal displacements within the

approximate depth

f A,A, toz=

(12). y

*$ b**
.

and that all horizontal displacements vanish at this depth. A similar

phenomenon occurs for inclined shear waves and for layered soil systems

where V, in Eq. (12) can be replaced by the average shear wave velocity, V,

above the depth z. As can be seen from the dotted curve shown in Fig. 7

the existence of material damping does not change the substance of these

observations.

Two important conclusions can be drawn from these analyses:

(1) Any horizontal motion computed (or observed) at the depth z must
.

be deficient of components of the frequency

V V
f= to (13)

. .

i.e., its response spectrum will have a dip at the approximate
'

frequency f, which incidentally is equa'l to the fixed base natural
_

frequency of the soil column above the depth z. Thus, the only

level at which a smooth spectrum can exist is at a free surface,

and specifying a control motion with a smooth spectrum at any

other depth will, as experience has shown, lead to completely un-

realistic results. This free surface can be the actual ground

I surface or a real or imaginary rock outcrop; however a smooth

i.
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spectrum cannot exist within a soil deposit, whether the motions

be due to near-vertically propagating body waves or to horizon-

tally propagating Rayleigh waves.

'

(2) In a deposit with uniform properties, seismic motions will

decrease with depth below the ground surface at least down to

the depth

V V
*

Z to (14)4f Sf -

where f,, is the highest frequency present in the motion.

This follows directly from Eq. (11) which shows that all components decrease

in amplitude within the above depth. Because of variations in soil char-

acteristics with depth this predicted reduction will often extend to depths

greater than those indicated by Eq. (14). For a typical soil site, with say

V, = 1000 fps, and a. seismic environment, with say f , = 20 Hz, the above

formula shows that a significant reduction in the free field motion may

occur within the upper 10 ft (or deeper if the predominant frequency is

lower) of the site. Thus in view of the discussion in connection with

Eq. (4) of Part I, even relatively shallow embedment may significantly in-
.

fluence the seismic response of structures on sof t sites and both the embed-

ment and the reduction in the amplitude of the seismic environment with *

depth should be considered in a rational interaction analysis.

Substitution of realistic values of V, and f into Eq. (12) will show
that z is typically larger than 20 ft for soil sites and 60 ft for rock sites.

Thus typical structures experience only the upper part (z/A, < 0.2) of the

motions shown in Figs. 7 and 8. In this " shallow" depth range horizontal

motions produced by any seismic environment with the same horizontal surface

L
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6

control motion are quite similar. It is therefore to be expected that the

horizontal motions produced at points below the ground surface during earth-

quakes will be relatively independent of the type of wave field p'roducing
.

the motion. t{$

The above observations were made for motions 'in a uniform half-space.

For layered systems, the -stiffness of which usually increases with depth,
'

.

~ calculations have shown that the similarity between motions prpduced at
).

shallow depth by different types of wave fields is even more pronounced.*

An interesting example of these effects in a 6DO feet deep soil deposit

overlying a rigid half-space is shown by the analytical results presented

in Figs. 9, 10, and 11. To study the response at different depths

3
in this deposit, analyses were made using vertically' propagating shear wave

theory for 15 different excitation records. In eight of the analyses,

existing records obtained on deep soil deposits were scaled to have a peak

acceleration of 0.20g and considered to the-developed at the ground surface.

The distribution of acceleration with depth and the frequency characteris-
e

tics of the motions developed at depths of 40 and 76 ft were then ' determined

by deconvolution analyses.

For the same soil deposit, a second study was made in which seven*

records representative of rock motions were used as base excitation and the
,

base motions were scaled in each case to produce a dk acceleration of

0.20g at the ground surface.

There was surprisingly little difference in the computed distribu-

tion of motions whether the excitation was applied at the ground surface

or whether it was applied at the base of the soil deposit. The results of

the two sets of studies were analyzed statistically to determine the .nean
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acceleration distribution separately for the deconvolution analyses and for

the base input analyses. The results of this analysis are shown in Fig. 9.

On the whole the results are remarkably similar, all showing a marked drop

in peak acceleration within the upper 100 ft.

The response spectra for the motions developed at depths of 40 and

76 f t were also computed and analyzed statistically for the two different

.-

groups. The 84 percentile spectra for surface motions, motions at 40 ft

depth and motions at 76 ft depth for the deconvolution analyses are shown*

in Fig. 10. It may be seen that while the spectrum for the surface motions

is of the broad band type, the spectrum for motions at a depth of. 40 ft

contains a marked suppression of frequencies corresponding to a period of

about 0.18 second while that for motions at a depth of 76 ft shows a marked

suppression of frequencies corresponding to a period of about 0.3 second.

The fixed base natural periods of this deposit for 40 ft of soil and 76 ft

of soil were about 0.18 and 0.3 seconds respectively. Similar results are

shown in Fig.11 for the base excitation analyses. Thus it may'be seen that

the frequency suppression effect, as predicted by Eq. (13), is mainly a

feature of the geometry and material characteristics of the deposit and

' depends only slightly on the type of wave motions involved.

In a deposit 600 ft deep extending to substantial distances'in all
,

directions there would not be expected to be any substantial contribution

of surface waves to the motions in the frequency range of 1 to 20 Hz, the

types of motions primarily investigated in this study, and thus the use of.

vertically propagating shear waves as the primary wave field is appropriate.

Never-the-less the effect of the discontinuity provided by the ground surface

on the amplitudes of motions and the frequency characteristics of motions at

different depths is clearly illustrated by this example.
'
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Field Evidence

Despite the fact that no concerted ef fort has been made to date to

obtain field data to confirm the above theoretical predictions, a substan-
.

tial body of field data does in fact exist.

,

Variation of peak acceleration uith-depth

The best data to show the variation of peak accelerations with depth is

that obtained from vertical arrays of instruments, which only in recent years .

have been installed at a number of locations to record earthquake motions.
.

Probably the most successful array has been that installed by the U.S. Geologi-

cal Survey near Menlo Park, California,' Joyner et al. (1976). Details of the

'instrunent locations at depths of 0,12 m, 40 m, and 186 m in relation to the

soil profile are shown in Fig. 12 and the characteristics of the deposit in

which they were installed are shown in Fig. 13. A number of records of small

earthquakes were obtained from the instruments in this array during the period

1972 to 1977. 'Three typical records are shown in Figs.14,15 and 16. The

marked decrease in amplitude of the recorded motions with depth is readily

apparent.
,

Similar decreases of motion amplitude with depth have been observe'd in

four earthquakes recorded in a similar array at Richmond, California by the

University of California Seismological Laboratory. *

.

For somewhat stronger motions, an excellent set of data was obtained
,

by records obtained in the basements of buildings in Tokyo in the Tokyo-

Higashi-Matsuyama earthquake of July 1,1968- Ohsaki and Higawara (1970) .

The recorded values of maximum acceleration for different basement depths

are shown in Fig. 17. Although there is considerable scatter in the data,~

. peak accelerations at a depth of 70 ft are typically only about 25% of those

recor'ded at the ground surface. It may be argued that these results are in-

fluenced by soil-structure interaction effects, but such effects are likely

. _ . - _ _
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to be small and in any case would t'end to minimize the variation of peak

acceleration with depth' rather than amplify the effect.

Yet another-source of data can be.obtained from records obtained in

nearby pairs of buildings, each pair involving one constructed at the

ground surface and the other at a depth of about 15 ft below the ground

- surface, in the San Fernando, California earthquake of 1971.. Such records -

for eight ' sets of buildings are listed in Table 1 It may be seen that in *

~ 7. of the 8 cases listed, the peak acceleration recorded in the building.
,

with a basement was substantially less than that in the building constructed

on the ground surface. While some variation of motions would be due to dif-

ferent spatial locations of these buildings, a statistical study of this data

clearly shows that the substantial decrease in acceleration with depth is not

a chance phenomenon but a pattern attributable to deterministic

. effects.

Finally,. for very strong motions, an excellent set of records was

obtained at the Humboldt' Bay Power Station in'the 1975 Ferndale earthquake.
.

One of these records was obtained at a free-field ground surface location

and another at the base of a caisson structure at a depth of 80 ft. The

full set of records is shown in Fig. 18. The average maximum acceleration
,

at the ground surface was 0.30g while the -average at'a depth of 80 ft was
.

0.13g. - Clearly this. difference needs to be taken into account if the effects

of soil-structure interaction are to be analyzed in a meaningful way in this

case.

Other data are available to show similar affects to those discussed

above but it is believed that the cases presented provide sufficient valida-

-. tion that variations in ground motion with depth are not randomly variable,

but characteristically decrease in the range of engineering interest, except
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Table 1

Change in Maximum Acceleration Between Ground Level and Base: tent Level

Maximum Acceleration Percent Change in

~ Location '## ## ##* #* *

Ground
asemnt at Basem nt W el

Surface,

'

8244 Orion Blvd. 0.26g
15107 Vanowen Blvd. 0.12g -54% .

14724 Ventura Blvd. 0.26g
15250 Ventura Blvd. 0.23g -12%

Hollywood Storage Bldg. 0.22g. 0.15g -32%

'(6466SunsetBlvd.
6430 Sunset Blvd. 0.19g

0.12g -37%

f1880CenturyParkEast 0.13g
11800 Century Park East 0.10g -23%

(222 South Figueroa 0.15g
q234 South Figueroa 0.20g -20%
t445 South Figueroa 0.14g

,

3407 West Sixth 0.18g
616 S. Normandie 0.12g -33%
3470 Wilshire 0.,14g -22%
3550 Wilshire 0.17g - 6%



l

II-40

',"
. i a3' 'g' - i

, ,

~ ~ M. ,

Cl- I | ~ 01-
f

.
[
,

r;, j-f |,b,NJ 7,;.,,jjg_ .g _

h k '," . ,- z- - i
O .i,",.'''

|y-
p",,,.. p' ''

,ui<__-
-os - _

,
_o

8 l14 -

|g

**~ ~ oca - .

. ,- i,, , , , , ,. 43 t 43 ' ' ' ' ' ' i 4

3 03 . a-- . .

*
i i i; wi i i ,

\iu- l
- gu . .

i <
C'- ,F, - 08 - . .

i- n , j-
- | y

q ,. ~',',' , 'r,# ". ",. ^. ^ , - -
' - '

'0 w 0 - ,-
48 - - -os - . ,

-02 ~ - es .

' ' ' ' ' ' ' ' ' i i i . . , i , , ,c3 p-- _ _. . .g3

f, * * * 5-*- =
* * * " " " # ' 0 2 4 6 8 0 2 M m e m

; r=.
, , ,

O I
e I
e i

O d d7 %.-_ _ __.p.n.L.........- - - - - - - - - - -
_

Medium to sliff Cloy
~

'~

u dium dense sand
..--

Dense sand
50-

. -_ verv stif f elav

75 -
, ,

w , ,

meem.* G3,
' ' ' ' ig funmemmi sweeg

02 - .n
" O.e .

~

.

1 M. b _ ,: -- - -0
. , . y,, , , . , .

-a, -
.

150-
42 - . -

| 43 i i . , i - i

in - ;m
.

. _' ' '
.

Dense sand * 02 - -

200- ,3 as . _

g_ lita
.t

O ,g, . ::. .

225- os - 'I
_

-02 -
-

210 - os i - - i i e i i i

0 2 4 6 8 C 12 se is e m
Time.esumies

Fig. 18 GROUND MOTION RECORDS AT HUMBOLDT BAY NPS



p

II-41

- for sites with unusual variations in soil characteristics with depth.

Variation of frequency characteristics with depth

Analytical considerations show not only a variation of peak horizon-

tal accelerations with depth but 'also a deterministic variation of frequency

content, and therefore of spectral shape at different depths below the ground

surface. Specifically it is to be expected that at any depth. z below the

~

ground ' surface,. frequencies of the order of f = V /4z (Hz).will be sup-
s

pressed due to ground surface reflection' effects. (For Rayleigh waves thea

suppressed. frequency would be approximately v /5z but it has already been
s

shown that Rayleigh waves with frequencies above about 1 Hz could not persist

in an. extensive soil deposit due to the rapid attenuation of high frequencies

in relatively short horizontal distances).

Corroborative evidence of this effect is provided by the data obtained

from the Menlo Park array for the recorded motions shown in Figs.14,15, and

16. Acceleration _ response spectra for the motions recorded in these events

are plotted in Figs. 19 to 21, and normalized spectra, obtained by dividing

the spectral' ordinates for any period by the spectral ordinate for the surface

motions at that frequency are shown in Figs. 22 to 24. It may be seen that

using this technique, the normalized surface spectrum becomes a broad band--

_ spectrum and the spectra at.other depths are scaled proportionally. It may

.also be seen that for all three earthquakes, the normalized spectra for

motions at a depth of 12 m show a marked suppression of frequencies (evidenced

by a dip in the spectrum) corresponding to a period of 0.5 sec, which corres-

ponds to the value 4z/Y for this deposit. Similarly the normalized spectra
s

for a depth of 40 m show a suppression of frequencies corresponding to
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a period of 0.75 seconds, which corresponds to the value of 4z/7 for the~

s

same deposit. The deterministic value of the frequency suppression effect

is clearly evident from this data.

Similar results are also obtained from an analysis of spectra for the

motions recorded at Humboldt Bay Power Station (Fig. 18). The spectra for

the transverse and longitudinal records of horizontal ground motions at the
.

ground surface and at a depth of 80 ft are shown in Figs. 25 and 26 and the

normalized spectra for the same mot' ions are shown in Figs. 27 and 28. Again -

it is apparent that there is a strong frequency suppression for both trans-

verse and longitudinal motions at a period of about 0.5 sec, which corres-

ponds closely to the computed value of 4z/7 for the soil deposit at this
s

site. The great similarity in normalized spectra for transverse and longi-

tudinal motions is shown more clearly in Fig. 29, where the spectra are

plotted together.and show almost identical characteristics, again illustrat-

ing the deterministic nature of this effect.

Hays et al. (1979) and Gazetas and Bianchini (1979) have

recently reported data showing similar effects for motions recorded at depths

below the ground surface. The data presented.by Murphy and West is the

average recorded at a distant site for eight nuclear detonations, which -

closely simulate earthquake effects at such distances. The average normalized
.

spectra for the eight' events are shown in Fig. 30, and the frequency sup-

pression corresponding to the period 4z/7 is readily apparent,
s

The same is also true of the motions recorded at Ohgishima Station,

Japan and analyzed by Gazetas and Bianchini. The site conditions are shown

in Fig. 31 and the normalized spectra in Fig. 32. The frequency suppression

effect at a period of 0.3 second at a depth of 15 m is readily apparent.
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Gazetas-and Bianchini also made ground response analyses for the Ohgishima

. site.using vertically propagating shear wave procedures and computed a .

simil'ar suppress' ion of frequencies at a period of 0.3.sec. by this proce-

dure.. They. concluded that analyses of this' type tend to underestimate the .

. magnitude of the frequency suppression effect but that in general they pro-

vide a reasonable basis for evaluation.

In smanary it seems apparent that the frequency suppression effect in

soil deposits is not merely.an analytical concept but that it is also
...

apparent.in recorded data. This agreement between analytical concepts and

, observational data clearly indicates the need to consider this phenomenon

'in evaluating site response or soil-structure interaction effects for embedded

structures.

Sununary and Conclusions ,
~

g
- At the outset of this- section it was shown' that any analyses of soil-

! structure interaction.must necessarily be based on a.kbowledge of the

seismic environment to which the stiructure will be subje'cted. This requires

an understanding of the spatial distribution of motions ,in the ground sur--

rounding and underlying the structure.
-

g> . ,,

'

In the light of the discussion of this subject presented in the preced->.

9
-

'

ing.pages it seems ieasonable to draw the following conclusions concerning x...

the role of the; seismic environment in soil-structure intSraction analyses.
1. On rock sites structures are likely to be founded near the surface.

For.such sites, earthquake motions may consist'of an unknown mixture

of Rayleigh waves, Love waves and near-vertically propagating body
'

\Because of the low denpi..kg in the rock, attenuation orwaves. c
\>

Rayleigh and Love waves will bc vnall. within the general area of the

site but- the contribution of thest types of waves to the total ground

k. -. -- - - . _ - . - . ._. - --
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motion, within the frequencies of interest for nuclear power plants,

will never-the-less be small. The presence of such waves will tend

to increase the rocking and torsional excitation on the base of the

structure due to out of phase effects as the waves pass across the

base. Thus structures located on rock should be analyzed for these

motions to determine the potential severity of their contributions
.

to the total response of the structure. However, the greater part

of the response can be considered to result from vertically propagat- *

ing body waves.

In analyses using vertically propagating waves, however, it should

be noted that because of the fact that these waves will in reality

be inclined at different angles to the vertical and will be out-of-

phase at different points on the base of the structure due to non-

homogeneities in the rock through which they must travel, some

allowance could be made for the " base-slab averaging effect" which

will cause the~ average motions developed in a stiff base slab to be

somewhat less than those developed at individual points on the rock

surface.

2. For soil sites, structures are likely to be embedded at some depth *

(say 20 to 80 ft) below the ground surface. The effects of fundamental
,

Rayleigh and Love waves need not be considered at such sites in the

design of nuclear plants because the high frequency components of these

waves (greater than 1 Hz) will have been damped out by the soil if it

extends to any.significant distance (say 1000 ft) around the location

of the plant. Higher order Rayleigh modes can be simulated by

inclined body waves. Thus the main source of excitation will be in-

clined body waves and for all practical purposes, these can be

analyzed as if they propagated in a vertical direction. However in
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,

soil deposits there will be an important variation in motion char-

acteristics with depth and this should be considered in the analysis

if meaningful results are to be obtained. The assumption of: uniform

motions in the upper layers of a soil deposit is inconsistent with

the physical nature of wave mechanics and observations in the field

and can only lead to misleading results unless the specified

+ ' control motion is intended to take the natural variations in motion

characteristics into account in some way. Without knowing something
,

about the variations in motion it is difficult to see how this can
]

be done realistically without introducing an unwarranted degree of

conservatism into the soil-structure analysis procedure.

It should not be construed from the above statements that the asstaption

of vertically propagating. waves at soil sites is appropriate for all types of

structures. The long-period components of horizontally propagating waves. may

be extremely important for the design of buried pipelines, tunnel linings and

earth retaining structures. However, except for increased stresses in the

. walls of buried or embedded structures the change in the stress field due to

these waves appear to have little effect on the overall horizontal motions of

such structures.
.

The propagating nature of the displacement field may also induce
,

+

additional disp'acements and stresses in long above-ground structures suchl|

as bridges, Bogdanoff et al. (1965) , Johnson and Galletly (1972) , Abdel - Ghaffar
|.

, . and Trifunac (1976); and rocking and torsional motions in long period single

j structures, Wong (1975) , Scanlan (1976) and Wong and Luco (1976).

Finally, and perhaps most important, control motions should be chosen'

with due respect to site conditions and, if a broad band design spectrum is

used the. control point should be located at the ground surface or, alternatively,
!

L._.
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i i i h._at an mag nary outcrop,w ere, it could conceivably exist,and.not at'some

. arbitrary -depth below the ground surface where the boundary- conditions

resulting simply from the existence of a ground surface preclude this
'

possibility.
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Part III'
<

1 METHODS OF SOIL-STRUCTURE INTERACTION ANALYSIS

The topic of soil-structure interaction analysis is ext'remely broad

and it is not possible herein to report on all the types of soil-structure

*
interaction problems which may occur in practice - and all of the sophisticated

.- methods of analysis which have been proposed in the literature. Rather, the

authors will' continue the generic discussion started in'Part I, highlighting

some important developments and considerations. Readers interested in

-further details are referred to 'several' recent state-of-the-art reports on

~ the topic, Refs.1 and 2, Yoshimi et al. (1977), and Lysmer (1978) .

As discussed in Part I most true interaction problems can only be

solved by linear or equivalent linear methods. When this fact is considered

together with the significant mathematical advantages of the assumption of ~

linearity it is not surprising that the greater part of the literature on

soil-structure interaction refers to linear systems and so will most of this

chapter.

'' SUBSTRUCTURE METHODS

The mathematical problems involved in modeling the essentially semi-,

infinite soil mass and a desire to break complicated soil-structure inter-

' action problems into more manageable parts have led to a large number of

methods in which the soil mass is treated as a continuum and the structure l

as a discretized model. The half-space is analyzed first, usually in the

frequency domain, and the impedance and scattering properties at the soil-

structure interface are established. In the second step these properties

are used as boundary conditions in a dynamic analysis of the structure with
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| .a.' loading which depends on the free-field motions. .-In recent years several .

substructure-methods have appeared-in which the half-space' solution is

.'obtained'by-finite. element analysis with transmitting boundaries.

Surface Structures

--For the case of structures founded at the ' surface, substructuring -

becomes Lextremely simple. According to the theory given in Part I, the-

tinteraction displacements may be found from the ~ simple model shown in .

Fig. < l(a) where all forces, Q , 'act at the base 'and. the first story of the
.

'

structure.- These forces can be computed from Eq. (5) (Part I) which ~ for.

"this' case' reduces to

-{Q }-= - [M,} G } - (C,] M } - W ,]{u } (1)g g g g

4 !where the matrices (M,], (C,], and (K,] depend on the properties of the

structure only, and_ (u } need to be known only at the ground surface. This-g

model-is valid for any wave pattern in the free field, but has, as far as

the writers can ascertain, rarely been used in engineering practice..

For the special case of vertically propagating body waves (only shear

' waves. will be considered here) the model shown in Fig.1(a) can be further,

simplified. As mentioned in connection with the discussion of Eq. (1) in --

Part I, the free field displacements for the upper nodes of the structure '
,

can be chosen completely arbitrarily. Thus, if all horizontal free-field
.

'

displacements of the structure are chosen equal-to the free-field horizontal

surface control . motion, y(t) , and the vertica] displacements are set equal
~

to zero, the structure does not deform when subjected to the free-field

motions and Eq. (5) of Part I reduces to:

{Q ) = - (M,] {B } (2)g. g

Thus the relative displacements can be computed by the well-known inertial
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p
b
b
b^ interaction model shown in Fig.1(b) where all forces are the product of

the -local mass and the free field surface acceleration.

With a. finite element representation of the soil mass the flexibility,

r-
r

!" of the base slab can be easily considered with both of the above models.
I

However, by assuming a' rigid base slab the last model may be reduced to the
-

even simpler model shown in Fig.1(c) . 'The frequency dependent impedances

k and k an be determined from the impedance coefficients in the corres-y 2 -

ponding foundation vibration problem, and so can the thickness h of the mass-
.

less base slab. The parameter h represents the interaction between sliding
.

and rocking and is in general a complex-valued function of frequency. In

practice, it is common to neglect this interaction, i.e., to set h = 0. This

is often justified by the work of Veletsos and Wei (1971) , who have shown

that the cross-interaction is relatively weak for surface structures. Also,
! it is common to use constant springs, i.e. , to neglect the frequency

dependency of k and k , see Ref. (1).
2

Recently, se'reral continuum solutions have been presented for the

response of rigid surface foundations to horizontally propagating waves in

a half-space:

Strip footings: Flitman (1962) , Olen (1971)
.

Circular footings: Kobori et al. (1973,1976) , Luco (1976)

.

. Recta,ngular footings: . Savidis and Richter (1977) , Luco and
| Wong (1977), Wong and Luco (1978)

Arbitrary shape: Wong (1975), Wong and Luoo (1976)

The latter work has resulted in the development of a computer code

CLASSI which can handle structures with rigid foundations of arbitrary shape

| on the surface of a layered viscoelastic half-space. However, none of the

above methods can be used to analyze embedded structures which therefore
f
'

merit special discussion.

t

|
I.
L.
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Embedded Structures

Most real structures are embedded in the ground. The effects of

embedment can be _quite strong and are not easily considered by substructure

me thods . The. basic difficulty in solving the embedded soil-structure inter-

action problem is that, because the free-field motions vary considerably

with depth, especially in softer materials, it is difficult. to specify the

-

distribution of the free-field forces on the embedded part of the structure.

.This observation has led Hall and Kissenpfenning (1975) to modify the model.,

shown in Fig.1(c) to the model shown in Fig. 2. In this model, which

assumes the control motion, y, at the base level of the structure and verti-

cally propagating shear waves, the masses m and m2' represent a lumped massy

model of the free field. These masses are chosen so large that they are not

influenced by the motion of the structure and they will therefore have the

correct relative free-field displacements. The impedances, k , are usually

assumed constant and are obtained from approximate theories, say Johnson

et al. (1975) or Novak and Beredugo (1972) . While this method cannot be
.

justified rigorously it has been shown to work reasonably well for a number of

cases when checked against more complete finite element analysis. Rigorous

substructure methods for embedded foundations have been proposed by several

authors. They fall into three distinct groups according to the number of
.

degrees-of-freedom at which the half-space and the structure int eracts. A

comparison of the methods will be given at the end of this noction.

Rigid boundary methoda

Kausel and Roesset (1974) have proposed a rigorous 3-step method for

the case of rigid embedded foundations. This procedure is illustrated in

Fig. 3. The first step is a site response (scattering) problem in which the

site includes a rigid massless foundation with the same shape as the actual
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, ~

foundation. The solution to this problem produces a set of rigi'd body free-

~ field accelerations,'' U , - for points in the structure. The second step is ag

foundation vibration (impedance) problem the solution to which produces the

. impedance matrix for the foundation and with this the springs and' dashpots

to be used in the last step of the analysis where the loading on the struc-
.

ture is computed from the free-field motions obtained from Step 1 using

.
,

' The total displacements follow from Eq. (2) (Part I) . While theEq.'(2).
. . .

Kausel-Roesset method has been presented here only for the case of verticallya

propagating shear waves it is in fact applicable with other wave fields.<

Unfortunately, rigorous solutions to the first step are difficult to obtain'

except by finite element methods and since the second step also requires a

finite element analysis the complete 3-step method is hardly competit'ive

with other finite element methods discussed below for obtaining rigorous

solutions. However, with approximate solutions to Step 1, Kausel et al.

(1978) , and Step 2, Novak and Beredugo (1972) , Novak (1974), Kausel and

Roesset (1975), the method does lead to very economical analysis for the

*

case of vertically propagating waves.

A different, but similar,- formulation of the rigid embedded founda-

i tion interaction problem has been proposed by Luco et al. (1975) and used by

Day (1977,1978) to determine the response of structures on cylindrical

embedded foundations subjected to inclined SH-waves. The method is similar

to the 3-step method discussed above in that it usually requires two finite

element analyses of the models shown in Fig. 3(a) and Fig. 3(b) . The first

analysis (the scattering problem) involves determining the forces which the

free-field motions exert on the footing when this is held fixed in space.

The second analysis (the impedance problem) is identical to that of the above

' procedure. The third step, which involves matrix algebra is as simple to
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solve as Step ' 3 in Fig. 3(c) . Structural engineers may recognize this

method as a sophisticated version of the slope-deflection method. The

~ method can, in principle, consider structure-soil-structure interaction.

A few continuum solutions have been obtained to the above scattering

and impedance problems for embedded shapes in a' perfect half-space. Thus,

Thau and Umek (1973,1974) , Thau et al. (1974), Dravinski and Thau (1976a,.

1976b) , Luco et al. (1975), and Trifunac (1972) have developed solutions- *

for a number of plane-strain problems involving rigid footings of rectan- .

gular and' semi-circular cross sections. The most common excitation is
.

The only_ three' dimensional problems which have been solved bySH-waves.. -

continuum methods are: rigid semi-spherical and -ellipsoidal foundations,

Luco (1976b) , Apsel and Luco (1976) and embedded cylinders, Apsel (1979) .

The latter provides a solution for the impedance problem only. Considering

the mathematical difficulties in obtaining continuum solutions for more

complicated shapes embedded in layered systems and excited by different

seismic environments, it must realistically be assumed that for practical

problems both the scattering problem and the impedance problem have to be

solved by finite element or finite difference methods.

The major disadvantage of the rigid boundary methods is of course that ,

they assume a rigid basement. Thus, unless it can be shown in each case
.

that this assumption is valid, these methods provide no means of evaluating

the actual deformations and stresses in the embedded part of the structure.

Flexible boundary me&da

If the flexibility of the embedded part of the structure is to be

considered a flexible boundary method must be used. The basic elements of

a theory for a rigorous finite element flexible boundary method has been

developed by Gutierrez (1976) and Gutierrez and Chopra (1977, 1978).
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As with the methods discussed above, the complete solution of a soil--

structure interaction problem by the flexible boundary method requires first

the elevation of a site response (scattering) problem similar to that shown

in Fig. 3(a) to determine the motion of the now flexible boundary, and
.

second the solution of an impedance problem similar to the one stated in

Fig. 3(b). .The latter problem now involves more degrees-of-freedom and

leads to a larger impedance matrix. The third step involves _an analysis-

=of the structure alone and is only slightly more complicated than the problem,.

shown in Fig. 3(c) . =

Unfortunately, as of this time, no satisfactory method has emerged

for the solution of the scattering part of the problem. Thus the method has

only been used for the analysis of surface structures, excited by vertically

propagating body waves, Chopra and Gutierrez (1973) and Aydinoglu and-

Cakiroglu (1977) .

Flexible voitone methods

Both the scattering and impedance , problems for the above methods can

be greatly simplified if more common. degrees-of-freedom between the half-

space and the structure are included in the' interaction problem. Let the

soil and the structure be partitioned not at the interface but according to-

the partitioning shown in Fig. 4. In this partitioning the structure,
e

' Fig. 4 (c) , consists of the superstructure plus the basement minus the exca-

vated soil, and the foundation consists of the original site, Fig. 4(b) ,

i.e., the soil to be excavated is retained with the foundation. Inte r-

action between the structure and the foundation occurs at all basement nodes.

The equation of motion for the complete problem, Fig. 4(a) is:

[M]{b}+[Kl{0}={Q} (3)b
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where (M]- and (K]' are the total mass and stiffness matrices, respectively.

{0} 'is the vector of nodal point displacements and {h } are the external
b

- fo rces . Since the source of excitement is outside the model, {Q } has non-
b

zero elements only at the degrees of freedom corresponding to boundary

nodes, which are assumed to be far away from the structure..

For harmonic excitation of the frequency a the load and displacement

.

vectors can be written

'

{Q } " (Q }* {4}b b

and

{B} = {u}e (5)

where {Q } and {u} now contain . complex force and displacement amplitudes.
b

Hence, for each frequency the equation of motion takes the form

(C]{u}={g} (6)

where (C] is a complex, frequency dependent stiffness matrix:

(C] = (K] - W* (M] (7)
..

Similar equations of motion can be written for each of the substruc-

tures in Fig. 4. Introducing the following subscripts which refer to
.

degrees of freedom (DOF) associated with different nodes:
.

Subscript Nodes

s superstructure

i basement g,, ,1,, pig, 4

f excavated soil

b external boundary

g remaining soil

the equation of motion for the foundation in Fig. 4(b) can be written
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L

~C C, C ~ u, ' Q <

gg g

C C C 'u 1 J0 I (8).=,

gf _gg gb i gi i [

- C C C (u \Ebf g, b '4 b ,

where {Q } are the interaction forces from the structure in Fig. 4(c) .g

Similarly, the equation of motion for the structure in Fig. 4(c) can be

written:
.

~C C
~ u O

ss si s
" '

(9)
- g, yg gg) , g gC (C -C u -Q

.

where compatibility of displacements (u =u) and equilibrium (Q + Q = 0)g g

has been enforced. The term (C -Cg gg) simply indicates the stated partition-
ing according to which the stiffness and mass of the excavated soil is sub-

tracted from the stiffness of the structure.

Assuming that the external boundary is very far away from the structure

the equation of motion for the free field (Fig. 4(b) can be written:

gg g g up i '0C C C - r <

C C C ) u' I J0 I (10)=
gf gg gb gL '

- bf bg bb- b, bi, ,

.

where (u'} are the free-field motions (the solution to the site response
.

problem) . Subtraction of Eq. (10) from Eq. (8) yields:

gg gg g g' Q
~ ' '~C C IC r g

~ "C"b / r ~{
~~~ ~ J0 ~IC C (11)8 =

,

9f ! 9 i99 , g

C C *C ,tbf by , b > '-

where {r} = {u} - {u'} are the interaction displacements. By partitioning

Eq. (11) as indicated {r } and (r } can be eliminated and {Q } can beb g

expressed in the form
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{Q}=(X}{r}=(Xl((u}-{up}) (12)g g g f g

The frequency dependent matrix (X ] is the impedance matrix corresponding to-
f

the nodal points indicated by heavy dots in the foundation (free field)

model, Fig. 4(b) . It can be determined as the inverse of- the flexibility

matrix for this model, i.e. from the solution for point loads in a uni-

formly layered system.
. .

Substitution of Eq. (12) into Eq. (9) yields:

.

"C,, C,1
~

0u,
(13)=

(X]{uj}.C, (C -Cgg + X ). gug gg f g

from which the final motions of the structure can be determined. Except

for the term C which corresponds to the excavated soil this equation isgg

similar to that used in the general substructure method proposed by

Gutierrez (1976) .

Thus the solution of the soil-structure interaction problem has been

reduced to three steps:

.

1. Solve the site response problem
,

todeterminethefreefieldmotions(uj}w'inintheembedded
part of the structure, see Fig. 5(a) ..

2. Solve the impedance problem
.

to determine the matrix ' [X ] , see Fig. 5(f) .
g

3. Solve the structural problem

This involves forming the complex stiffness matrices and load

vector shown in Eq. (13) and solving this equation for the final

displacements.

For horizontally layered sites the site response problem can be solved

by the methods described in Part I. Current state-of-the-art would allow

s.

m _ _ - - _ - - - _ .---_ _ _ _ - - . _ _ _ . . _ - _ _ _ - - ___ . __ _-_ ._ - _ _ -
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the consideration of any superposition in three dimensions of plane vertical-

and~ inclined body waves and surface waves in horizontally layered visco-

elastic systems with nonlinearities considered by the-equivalent linear

method.

The scattering problem has been eliminated, see Fig. 5, since it is

' identical to the site response problem. And the impedance problem is.

,

..

simpler than any of the problems shown in Figs. 5(c) and 5(e) because of'

the more regular surface boundary. It can be solved as the inverse of the*

flexibility problem by state-of-the-art methods for plane systems, Waas

(1972), for axisymmetric systems, Kausel (1974) , and approximately for

general three-dimensional configurations by appropriate use of the axi-

symmetric solution, Wolf and von Arx (1978) .

The structural analysis step is only slighly complicated by the

addition of more interacting nodes and follows the same procedure as for the

flexible boundary methods.

A finite element computer code, SASSI, which implements the flexible

volume method in three dimensions is currently being developed by the writers

at the University of California at Berkeley.

~

Overview of Substructure Methods

. A major argument for using substructure methods in design has been.-

that they are simpler and cheaper to perform. This is obviously so for the

case of a single structure with rigid foundation on the surface of a uniform

half-space. However, most real structures have flexible basements of

complicated shapes embedded in a layered half-space and for such situations

substructure interaction analysis is anything but simple. Simplified methods

have been devised for single embedded structuros on rigid foundations of

regular shape, Hall and Kissenpfennig (1975), Kausel et al. (1978) . However,
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these methods work only for. vertically propagating waves and cannot con-

sider structure-structure interaction. This leaves us for more general

situations with the three methods shown in Fig. 5, all of which for. practical

situations require finite element, finite difference or other complicated

-methods of analysis.

The rigid boundary ' methods obviously cannot consider the flexibility
..

of the basement and like the flexible boundary methods they involve two

complicated problems (scattering and impedance) which for general geometries -

! require two finite element analyses.
.

It would therefore appear that for embedded structures the rigid and

flexible boundary methods are not competitive cost-wise with the equally or

more rigorous complete methods described below (unless simplifying assumptions

are made), but that the flexible volume method might be.

Actually, the substructure methods apply only to linear problems.

'If the nonlinear properties of the soil deposit have to be considered in

detail, say by the equivalent linear method, it is preferable to use one of

the complete methods described in the following section. On the other hand,

a major advantage of the sabstructure methods is that once the scattering

and impedance problems have been solved they do not have to be repeated if -

the properties of the structure are changed in the design process. Similarly,
,

if the seismic environment is changed the impedance analysis does not have
,

to be repeated.

COMPLETE METHODS

complete methods are here defined as methods in which the motions of

the soil mass and the structure are determined simultaneously. cnmplete

methods are most of ten of the finite element type and only this type will be
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discussed in this section. The complete methods fall into two groups

(a) Pseudo-interaction methods, which do not allow for energy dissipation

through all boundaries of the finite element model and (b) True interaction

methods which do. The pseudo methods are by far the most commonly used in

current practice.

Pseudo-Interaction Methods
O

Figure 6 shows a typical computation scheme for pseudo-interaction
~

analysis of a structure for vertically propagating waves, first introduced

by Seed and Idriss (1973) and Seed et al. (1975), (see also Part IV of this'

report) . In this procedure the site response problem is solved first,

see Fig. 6(a) , by deconvolution of the surface control motion to some level

below the ground surface where it can be assumed that the presence of the

structure will not influence the ground motion. A typical depth is one

structure dismeter below the base of the structure.

In the second step the computed base motion is used as a specified

boundary motion for a finite element analysis of the soil-structure system
,

shown in Fig. 6(b) .

The finite element model used must be very wide or must be equipped
~

with transmitting lateral boundaries in order to avoid reflections,

Lysmer et al. (1975) , Seed et al. (1975) . However, numerous computations,,

e.g. , Gomez-Masso (1978) , have shown that for typical seismic motions only

insignificant reflections will occur frem the lower rigid boundary on which

the control motion is specified. This is so because the interaction wave
l
jfield consists mainly of surface waves which do not penetrate deeply into

the ground. Thus, this pseudo method is essentially a true method when it

is used correc ;1y.
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The computational scheme indicated in Fig. 6 may in principle be used
.

.to analyze any three-dimensional soil-structure interaction problem in-

volving vertically propagating waves and a horizontally layered site.

However, well-known restrictions on computer cost and capacity limit our

current ability _in treating the third dimension rigorously except for the
i t,.

case of axial symmetry of the structur'e, 'kausel and Roesset (1974) , Berger
i ,,

(1976) , Berger et al. (1975a,1975b) , Tajimi and Shimomura (1976) , Shimizu
'

! et al. (1977). An appro:cimate method for three-dimensional analysis has
~

r

been presented by Hwang et al. (1975). The modeltused by Hwang is shown in
/ )

Fig. 7. The three-dimensional effect is achieve (i by placing Lysmer-

Kuhlemeyer (1969). dashpots at all nodal points c f the plane-strain finite |-

element since' analyzed. These dashpots are only active on the interaction

velocities and simulate the propagation of shear waves in the direction per-

pendicular to the plane of analysis. Structure-soil-structure interaction

can be handled by this method for several structures in the plane of

analy-ts.
,

,

Although usually applied to the case of vertically propgating wave

fields only, the model shown in Fig. 6(b) may be used to study # the effects
" of travelling waves. However, . in such analyses the usual transmitting

lateral boundaries cannot be used and the lateral extent of' the finite.

element model must be kept larger even then, special methods must be used to

evaluate the free-field motions to be specified on the lateral boundaries,

Udaka (1975) . Special problems occur when the boundary o,n which the motion
t I

is specified is not horizontal. For such cases the specification of appro-

.priate boundary motions becomes very difficult without a prior scattering

analysis to determine the motion of the boundary. Since this would involve

an additional ef fort of the same order of magnitude, it is therefore better
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x,

to keep the control boundary horizontal even if it requires a larger model.

The pseudo-interaction methods can, in principle, handle general non-

linear soil properties for the region inside the lateral transmitting

boundaries. However, equivalent linear analysis is more common in practice

since the perfect transmitting boundary can only be defined fkr this case,
i

True Interaction Methods -

.

When a pseudo-interaction method is conducted in such a way, either

through the use of an extensive mesh or by the use of bcundaries which

represent the radiation of waves into the half-space, it may be considered

\

a true interaction method. In this sense the methods discussed in connection

with Figs. 6 and 7 might be classified as true interaction methods when

lateral boundaries are used to absorb tha surface waves and the control

boundary is kept sufficiently deep.

The scheme illustrated by Fig. 2 (Part I) has been used by Gomez-Masso

\
(1978) and Gomez-Masso et al. (1979) to solve a number of soil-structure

interaction problems involving transient vertically propagating waves and .

Rayleigh waves in soil and rock sites. A typical model for the interaction

part of the analysis is shown in Fig. 8. The model was equipped with trans-

-4

mitting boundaries as indicated in the figure and also viscous boundaries ,

as indicated in Fig. 7 to account for three-dimensional effects. The site.

response problem, Fig. 2(b) (Part I) , was solved using a much deeper model

of varying depth according to the wave length of the Rayleigh waves con-

sidered. Typical mode shapes for Rayleigh waves in a rock site are shown

in Fig. 9. The results obtained showed that the motions of the structure

were independent of whether or not a viscous boundary was used at the base

of' the model, indicating that most of the interaction displacements consist

of surface waves which dissipate through the lateral boundaries rather than

|

|
_ _

!
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the base of the model. Control computations using the pseudo-interaction

procedure illustrated by Fig. 6 and vertically propagating waves indicated,

as expected, identical results for the two methods. A more complete

presentation .of the method and the results obtained is provided in Part V

of this report.

.Because of the superposition scheme involved, the above method is

applicable only to linear or equivalent linear problems. However, as
,

suggested by Joyner (1975), Herrera and Bielak (1977) and Toki and Sato

.

(1977)' nonlinear analysis of the region surrounding the structure might be

possible as long as the half-space surrounding this region is linear. Only

the writers' interpretation of the Joyner scheme will be given here. The

method has its origin in the Joyner-Chen model shown in Fig. 7 (Part II) .

Consider fit at the case of vertically propagating waves and a model

of the type shown in Fig.10(a) . In this model the seismic excitation is

applied in the form of a shear stress, T = 6V,9 (t) , at the base of theH

model, where H(t) is the horizontal outcrop control motion and the radiation

damping is accounted for by a Lysmer-Kuhlemeyer viscous boundary. A similar

scheme is used for the vertical control motion. According ~to the theory
'

presented in Part II (Eqs. (7) (10)), this model will for all practical-

purposes account for the existence of a uniform elastic half-space below the ~

boundary. Also, since linearity and horizontal layering need not be assumed
,

for the-region above the boundary and the calculations can be carried out in

terms of total displacements, the method appears to be an excellent candidate

for nonlinear analysis of interaction and scattering problems involving

vertically propagating waves. However, the method is not exact since it

assumes normal incidence of the waves reflected from the structure. As shown

by Lysmer and Kuhlemeyer (1969), this may not be too critical since the waves
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radiating from the structure will impinge at near normal incidence in the

region near'the structure.

Joyner (1975) has also suggested an approximate method for analysis

of irregular regions surrounded by a uniform elastic half-space. Consider

the model shown in Fig. 10(b), and let it be assumed that the scattering

problem involving the half-space in the absence of the structure and tho'

nonlinear region has been solved, resulting in the velocities v along the '

free boundary. If it is now assumed for each segment of the boundary that .

this motion is generated by the normal reflections of an S-wave and 'a P-wave,

Eq. (10) (Part II) would apply and the nonlinear region could be analyzed

as indicated in Fig.10(b) . The method is approximate since the assumption
n

I of normal incidence of both the seismic waves and the waves reflected from

the structure is known to be in error. However, some realistic results have

been obtained by the method, Joyner (1975), and similar methods, Toki and

Sato (1977) , Ayala and Aranda (1977) .

COMPLETE VS. SUBSTRUCTURE METHODS

The major advantage of complete methods over the substructure methods

is that the analysis is performed at the actual stress level for all soil

elements and that it is therefore possible with these methods to consider *

the spatial effects of nonlinearity, say by the equivalent linear method.
,

A disadvantage of the complete methods _is that more computer time and

storage are required to perform the analysis of the larger models involved.

However, as pointed out by Wight (1977), experience has shown that while

- the complete methods are computer-intensive, the substructure methods, even

the approximate rigid base methods, are manpower-intensive and the total

dollar cost of analysis will be about the same for the two methods.
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Wight (1977) has also pointed out that "the judgment required for

each approach varied appreciably. The finite element approach (complete

analysis similar to Fig. 6] is relatively straightforward in implementation,

and very little is required of the analyst. On the other hand, the lumped

mass approach requires that the analyst quantify the effects of layers on

the springs and da'shpots,. determine the appropriate input excitation, and
.

establish a radiation damping coefficient."

The final test, of course, is the ability of the different methods*

to predict what actually happens in the field during an earthquake. This

requires -case studies, too few of which are performed, although a notable
'

example is.the study of the motions of the Humboldt Bay Nuclear Power Plant,

see Part VI. This case, which was studied by the pseudo-interaction proce-

dure ~ shown in Fig. 6, showed that realistic motions can indeed be computed

- by that procedure. It is clearly desirable that other procedures be checked

against this. benchmark case.

O

e
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Abstract

In this paper the authors have attempted to summarize the current capability for

evaluating soil-structure interaction effects during earthquakes using finite element proce-

dures. A concise summary of methods available, together with their capabilities and rela-

tive costs is presented. It is suqqested that finite element procedures provide a powerful

tool for use in the design of nuclear plants, especially for embedded structures, and their

applicability in this respect is illustrated by comparing computed results with those

recorded in a nuclear plant during a strong motion earthquake. It is concluded that when

the methods are 'used in conjunction with good engineering judgment and with full recognition

of their limitations, they provide evaluations of response with a level of accuracy entirely *

adequate for engineering design.

.

Introduction

Analyses of soil-structure interaction effects during earthquakes for nuclear power

plant structures are usually made by one of two methods-either by means of a complete inter-

actioh analysis involving consideration of the variation of motions in the structure and the

adjacent soil, or by an inertial analysis in which the motions in the adjacent soil are

assumed to be the same at all points above _ foundation depth. For surface structures, the

'distributton of free field motions with depth in the underlying soils has no influence on the

structural response and thus, provtded the analyses are made in accordance with good practice

good results may be obtained using either method of approach. For embedded structures, hcw-

ever, consideration of the variation of ground motions with depth is essential if adequate

evaluations of soil and structural response are to be obtained without undue conservatism.

At the.present time, a variety of methods of analysis including these effects have been

developed using finite element techniques. Not only do finite element methods provide an

excellent tool by means of which the significant aspects of an idealized complete interaction

analysis for embedded structures may be considered with a high degree of accuracy on theo-

recical grounds, but recent observations of the response of the Numboldt Bay Nuclear Power

Station to strong shaking induced by the Ferndale, California earthquake of June, 197$ show
that this method of approach provides response evaluations which are in good accord with

those observed under field conditions. ,

This does not mean that all finite element analyses of soil-structure interaction

provide adequate evaluations of response. Like all analyses, they can be performed with
,

i different degrees of approximation or sophistication. The basic requirements for a good

i analytical procedure may be summarized as follows:

1. The analysis should censider the variation of soil characteristics with depth for

the soil profile existing at the preposed site.

2. The analysis should consider the non-linear and energy-absorbing characteristics
of the different soil strata comprising the soil deposit.

3. For embedded structures, the analysis should consider the variation of ground

I motions with depths this variation should be consistent with established theories

; of engineering mechanics for evaluating the response of the continuous soil-
structure system and be in reasonable accord with available knowlsdge concerning

t
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the variation of ground motion characteristics with depth during earthquakes.

4. The_ analysis should be capable of taking into account the three-dimensional nature
of the problem.

5. The analysis should be capable of considering the effects of adjacent structures
on each other.

d It is not always necessary to meet all of these requirements-for example, where a
. simple structure is involved, accurate evaluations of the motions at the base of a structure

can be obtained using a two-dimensional analytical model--but, in general, all of the
*

requirements listed above should be taken into account.

One of the primary arguments against the use of finite element methods of analysis is
their high cost. This of course depends on the efficiency of the computer program used but
it is true that in the recent past, analyses of this type have been substantially more costly
than analyses using the inertial interaction approach in conjunction with half space theories,
this limitation now seems to have been overcome through the development of more efficient
computer techniques.

. It is the purpose of this paper to review the current level of accomplishment which may
i

be achieved using finite element techniques for the perfomance of complets interaction
,

analyses. It is hoped to show that they provide an efficient procedure for evaluating trans-
lational, vertical and rocking modes of excitation in accordance with all the desirable
requirements listed above without incurring excessive costs for design and analysis.

Two-dimensional Finite Element Analyses

A complete analysis of the soil-structure interaction problem would involve a deter-
mination of the response of a structure when it is subjected to earthquake ground motions
which very from point to point in the soil and rock around and underlying the structure and
travel in some unknown way across the base of the structure (see Fig.1(a)) .

This admittedly complex problem is usually idealized for purpose of analysis so that
motions in the vicinity of the structure are considered to be due to vertical propagation of
body waves from underlying stiffer formations (see Fig.1(al) . This is clearly an approxi-

*

motion and is justified on the grounds that (1) it is believed to be sufficiently accurate
for engineering purposess (2) there is a growing body of evidence to show that variations of

'

motions with depth computed in this way are in reasonable accord with field observations of,

ground response during actual earthquakes: and (3) for computations of translational,
vertical and rocking modes of structural response, the assumption that all ground motions are
due to vertically propagating shear waves is usually conservative (1,uco,1977),

on the basis of the above approximation, finite element analysis orocedures satisfying
the first three of the basic requirements for an adequate procedure have been available for
a number of years (Seed et al,1974 and 1975) . The basic problem is illustrated in Fig.1(b).
A control motion is defined at some point in the free-field and it is desired to determine
the corresponding motions at the base of a structure and within the rtructure.

4

The general method of analysis is shown schematically in Fig. 2. The specified control

motion is deconvolved in a free-field analysis of the soil deposit only,to detem ice the
!

- - - , . - - - . . ,. - -- .- - - . - - - . - - - - - - -- . - . ~ - - - - -



. _ -

IV-4

O Control Motion
T

L w 1

| | (a) Complete Solution

1 /

%tY
W .

O Control Motion
*

W
#' (b) Idealised Complete Solution<

l i

J
Vertical wave propogotion is
used to reploce Cetual complex

f ground motion pottern, but still
-- ( produce specified motion at

_

control point

Fig. 1(a) COMPLETE AND IDEALIZED COMPLETE ANALYSES OF
S0IL-STRUCTURE INTERACTION

| Control
Motion
se

'' s s t # 'sts/frerritif ' !! ! !!! ! ! !! ' '// / I!! !! ! ' ''' *

2
'

3

4
5

pimvravvrrAwc A5 y/as v/4W/ A5 V/4%V/A% V/ AL VIAhV/ A % V/ A %F/Ah YI41'///4h V//L' Y/AkV//

Rock

Fig. 1(b) SOIL-STRUCTURE INTERACTION PROBLEM

|

|
-

__ _ _ . . _ _ _ _ _ _ _ . _ -



.

e * 4

m

3

fh nd t hn

7. . . _ _ . .a. . .e. .o. .e-._-.......
3

I I
Acca Spe;trum Aczn S scirun , Accn specs,,,

& con:ra Moe.on j r,se .eid 8 a,eas m
o o o

_-.; a &
| I * s
. s n u
e q q q
.
e frequency a frequenc y | Frequency-
a a e
a

.e e.
.
*

.',
s

,

: i, e

a Control | Free fees go,, ,, j free fised**a b ': __.......J." Structure * h
L________... ------- J 4m

A 4

!
!. I., f

.; :. .
,

i ! 1 .

e I' | !
i'.

.
- ... _ . . _ - . . . . _ , , , ,,... . . . , . . . .

BaseIMen aose Masaan Ekne Mosun Boss Mosaan
'........ _ _____.... -_ ...p .___.._....__.... .._...__ ___.......

: : | .
. . . .

Acca Spectrun | Acen Spectaan e

ame nee.on ; g ease Moon |
4 u__...E. oo g ___.____ ;

2 To

k
4......_....s,.o.me.__________,,,

'

frequency frequency

(al Sod Depos.t Model S.) rende EJament Model of Sod-Saructure System

Fig. 2 SCHEMATIC REPRESENTATION OF S0Il-STRUCTURE INTERACTION ANALYSIS USING
FINITE ELEMENT

H
<
I
ut



IV-6

moticas at some depth, suen as a soil-roc!c interface, which would be required to produce the

required control motions at the ground surface. One-dimensional amplification theory can be
used for this purpose (Schnabel et al, 1972a and 1972b). Then the motion computed at this
depth is used as input to a finite element model of the soil-structure system, and the
response computed at points of special interest. Another method of approach is to compute
transfer functions relating the motions and forces at desired points in the soil or structure

to the control motion applied at a point on the surface of the soil well away from the struc-

ture (Kausel and Roesset , 1974). In either case, the analysis should be perfor: sed iterative-

ly to allow for the strain dependent nature of the nonlinear soil characteristics (Seed and
Idries, 1%9 Schnabel et al,1972) . In each iteration the analysis is linear but the soil

'

properties are adjusted from iteration to iteration until the computed strains are compat-
ible with the soil properties used in the analysis.

'

Using this approach, different soil properties may be assigned to every element, if
desired, so that there is no difficulty in considering the variation of soil characteristics

with depth, while the iteration procedure pantL" 7.onsideration of the non-linear stress-
strain and damping characteristics of the soils. In order to control the damping ratios to

the desired values it has been found desirable to use the complex response method of analysis

and the computer program LUSH (Lysmer et al,1974) has been widely used for analyses of this
. type. Other methods of analysis (modal analyses, methods using Rayleigh damping, etc.) do

| not always provide the necessary freedom to adjust damping ratios to specified values in
each. element.

In the LUSH-approach thJ Soil-structure system is represented as a two-dimensional
finite element model. It has been shown that such two-dimensional representations of the
soil-structure system can provide good evaluations of the response at the base of the struc-
ture (Berger et al,1975) but, not necessarily within the structure. Thus in order to
obtain adequate evt.luations of response using this approach it has been necessary to ccmpute
the overall response of structures which cannot be considered plane in two stages: (1) a
two-dimensional analysis of the soil-structure system to determine the motions in the portion
of the structure below the ground surface and (2) a three-dimensional analysis of the struc-
ture to deterair.e its response to the base actions eceputed in stage (1) .

f clearly the main limitations of this approach are that it fails to satisfy fully the
'last two requirements listed on page 2, i.e. full consideration of the three-di=ensional -

nature of the problem and the ability to satisfactorily evaluate the effects of adjacent
structures. In addition, computer costs for extensive systems have been very considerable. ,

|
Accordingly, the following modifications have been made to remedy these deficiencies,
leading to a more versatile and efficient analysis procedure. .

Three-dimensional Effects

In recognition of the need to consider the three-dimensional nature of the soil-
structure system, finite element analysis procedures for axisymmetric structures have been
developed by several investigators (Chosh and Wilson,1969: Agrawal et al, 1973 .Kausel and
Roesset, 1974: Serger et al, 1975). The analytical problem involved is illustrated sche-
matica117 in Fig. 3(a). In making such analyses it is necessary to ensure thac the boun-
daries of the finite element model are sufficiently far removed from the struture t".at the

. - , -- _ ,,
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full ef fects of radiation damping are correctly represented (Berger et al,1975) . Alterna-
~

tively, the analytical model may be provided with transmitting boundaries which absorb any
wave effects emanating from the structure and thus simulate the effects of an extensive soil

deposit (Kausel and Roesset, 1974).

While some three-dimensional effects may be considered in this way, solutions cannot
be obtained once the axi-symmetric nature of the structure ceases to exists this might occur,
for example, in the simple case of two adjacent structures, each axi-symmetric but the com-

bined. system no longer having axi-symmetric characteristics. In a nuclear plant involving
many different types of structures, axi-symmetric situations are the exception rather than

.

the rule and other methods of approach are required. Never-the-less the axi-symmetric

solutions provide an essential standard by means of which the validity of other approaches
*

may be judged and,in this respect, represent a vital aspect of the development of analytical

techniques.

An alternative method of approach for .ncluding the three-dimensional features of a

soil-structure system is that suggested by Rwang et al (1975). The method involves,the use
~

of viscous boundaries along the planar aurfaces of a slice of soil on which one or more

structures are located. This idealization of the soil-structure system is illustrated

sc'hematically in Fig. 3b.

If the| soil slice is made sufficiently long, then wave energy radiating along the axis
of the slica will be absorbed by material damping while energy radiating in a direction

normal to the axis of the slice is" absorbed by the viscous boundaries. It has been shown
that this form of analytical model for a single structure provides essentially the same

response values as an analysis for an axi-symmetric system such as that shown in Fig. 3(a)

(Hwang et al,1975) . A typical example is'provided by the comparison, shown in Fig. 4, of

the responses determined by analyses using the two different models. It may be seen that

there are only sinor differences in the computed spectra for the motions at-the base of the

structure and at the ground level within the structure. Since analyses using the model

shown in Fig. 3(b) have the advantage of being considerably faster than azi-symmetric

analyses and can also be used for non-exisymmetric situations, while at the same time they

provide results of comparable accuracy for problems which can be analyzed by either method,

it would seem logical to adopt the faster and more versatile approach provided by the model *

[ shown in Fig. 3(b) for design purposes.
|-
| Alternatively, motions below ground can be determined by a two-dimensional model with '*

a reasonable degree of accuracy, although such models do not provide good evaluations of
' above ground response for three-dimensional structures. This is illustrated by the results

-in Fig. 5, which compare the computed responses at the ground level within an ==ha w struc-

ture and near the top of a structure for analyses performed using an axi-symmetric model of

(' the system usine the computer program ALUSN (Berger,1975) with those computed by a two-
. dimensional model of the same structure. At and below ground level, the responses are

E reasonably similar but above ground level, the two-dimensional analysis considerably under-

estimates the response.

j This suggests the possibility that two-dimensional analyses might be used to compute

I the horizontal and rocking motions within a structure for points below the ground surface

I
i

i

!
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with a sufficient degree of accuracy. Then the computed motions at the ground surface can
be used as base excitation for a three-dimensional model of that part of the structure
excending above ground level. A comparison of results obtained using this type of approach
with those obtained from a three-dimensional axi-symmetric analysis is shown in Fig. 6. It

may be seen that this approach leads to a significant improvement in evaluations of struc=
tural response over that obtained using a simple two-dimensional model.

The dimensions of the finite element mesh illustrated in Fig. 3(b) and Fig. 4 can be.
drastically reduced if the model is provided with transmitting boundaries at the ends, as

.

shown in Fig. 7. The analytical model shown in Fig. 7 has the added advantage that it can
be used to compute the combined response of multiple structures having the same width as the

* soil slice. This might involve, for example, two rectangular structures of approximately
equal widths standing side by side. Such a system could not be analyzed using an axisyn-
metric analysis formulation but the three-dimensional effects for adjacent structures can
readily be included using the model formulation shown in Fig. 7(b).

The benefits of using transmitting boundaries in this way are illustrated by the
comparative results shown in Fig. 8 for analyses made using an extensive mesh and using a
limited mesh with transmitting boundaries close to the structure. Differences in the cceputed
results are minor.

Thus it would appear that where three-dimensional axi-syuutetric analyses are essential,
computer programs such as ALUSH (Berger,1975) may be used,but for other analyses, involving
models of the type shown in Fig. 7 more efficient and versatile programs can be developed,
such as the program FLUSH (Lysser et al,1975) . This latter program incorporates the '
following features:

1. Viscous boundaries are provided to represent three-dimensional effects.
2. Transmitting boundaries are provided to minimize the required number of

finite elements.

3. An out-of-core equatiort solver is available, making it possible to solve large
problems on a relatively small computer.

4. Linear bending elements are provided for better modelling of basement walls and
* structural frames.

5. A capability to perform the deconvolution of near surface motions within the pro-
gram using the same finite element mesh as that used for the soil-structure inter-, ,

action analysis.

Since this program is considerably faster than the original LUSH program it has been called
FLUSH (for Fast LUSH). The increase in speed can be judged from the approximate relative
computer times for different analytical approaches now available listed in Table 1. Further-

more for particularly deep soil profiles, a transmitting boundary may t,e incorporated along
the base, if required, to provide radiation damping effects equivalent to a half-space.
Experience shows that this is rarely necessary due to the fact that for usual sites the

soil stif fness invariably increases with depth causing wave reflections at layer interfaces.

[ *
.-



H
<

1

6*
8%b

t

H0HsZONTAL RESPONSE SPECTRA
b u v , s ,

Tg of Stau. chase,5%nt A Note ~ Wumwn accetonnum ws
A 002 from ngd imme audysa gunm VEHilCAL HESPONSE SPECTHA

S -

fhgul ikme Ae.alyss-+,g
- in posensteses 3

' ' ' 8 8e

nash 2-0 Input g' Topol Sinsc8ure,I%ent B

4 ,
A*0024- .

,

Ausymmeteac |-m

73 .
''"'b ' #'M

| _ 64 ft --- - -.

$ A Ogg O 7 ~ f6gul80se AnalyssTd 2 0 %I
,

'

g
j T~ w I r. ri v= 5 ki O g) g Ausymmetrac-2 -

'. I ,
-

g
; e

2 ,

j 3,,3,,,,,,,,,,,,,,f ,

f,- ; - ' - 5, . #,
)-'2, -

~

,''! ./ 8 )e ,-
. / y -

g
'/ K' ' ' = a 001:en O
{ { ~;-~~

~'#

b03 05 s 3 S o 30 '

03 Ob i 3 5g , so
$ ', ' . . 3. *

/ e / oe
'

$ / 23' ' ' ' *
, , , , ,4G'0*'8 Sur

e Lgel. Hans C j - ~'7 Geausas Susloce Lever, Poms O

2 - % Si.>S., Sir e s. '| 8 ""-
._

--hIbaronks 2-0 W ( / 'r/ OYMC O - Plane $seen Sat Serucke Aesyse~
~~wr rrrrt r rrrdsMrs% rr

g ,
-

O fhged thme ..n.deon wet
--- Mean Vertacci 2-0 Input

1 g,63 28tw 2 Olnput 8
i

8 80.%g) 0 219)

03 05 8 3 S a0 30 03 o$ g 3 3 go 39Fesquency- ets
Frequenc y - Ha

|

Fig. 6 COMPARIS0N OF HORIZONTAL AND VERTICAL RESPONSE SPECTRA FOR AXISYMMETRIC
SUPERSTRUCTURE CUT AT GROUND SURFACE

. . . .



IV-13

F-s

t W 8

Transmiting |f/<
IbBoundary

,Q" %
Viscous %Q'ge %/
Boundary % %/ pTransmittingg[['%#/ Boundary[N NN

W' d%,

Nw4%7-
, % %

QNQ%~~/o
-

Fig. 7(a) SCHEMATIC VIEW 0F A SIMPLIFIED 3-DIMENSIONAL
MODEL WITH TRANSMITTING BOUNDARIES

<

Tronstnitting ><

6oundary <
% \.-

BNUr $ k . i
'

s - s ,' N ' ansmitting. % ..
' N QK Soundaryg

.

~ %-. NN NN#
N/

Bedrock

Fig. 7(b) SCHEMATIC VIEW 0F A SIMPLIFIED 3-DIMENSIONAL
MODEL WITH MULTIPLE STRUCTURES

.



H<
a

>*
b

i=$

.
s,. = 3

- I,i i i i .
.

t . u . 6.au
ao - am i . . w., ..

- - --'

- ---sum . a . .. .. .. i, .. .oo . - - -. -.
, , _ , , , , , , , , , , ,

! i3 -

3 *

b e ' t 3 5 ii $2i E 'i b2 ,o . / :: : - :- ::.:=.:..: _ _ . . _ _=_
.

*.sa=
' *o ** DE i~ Ei T ^~

=
f
g _ . . - _ _

^(^ _=_.=
~

. . _ .- . = _=_ .=_,_ - .

%%

* Os - e'
~

. - - 2 - I 1. Z
_c . ..

~

g
- ~. ._ . . _. . * .~. ~. !

~

!_ _ Z Z Z. Z Z g,,,g,,,,,,
* * " : - : : : _ . n r_ r n =- - -

]_ ~ ~ ~ ~ ~ -- -~ - ~- ~

;;n | . L a |
a- i = * = :o to

.___......_.__.-.,..-.,,4, , , , , , , , , , ,
- - saces

B B B I I

....s.--.....
-

.e s .a sw.s . sh.asi
~ - ~ -

=o - - au ,,,,
-

; ----,u.a.......,,., ,oo ,, - - -. . : ~ .. . .

. . _ _ I8.a**.e g tem.m.y

.. - -

. _ .t. ; : :
: : : :

.o - - i E EE E
-s no"

.- -
,

_..__ = .=__=:,

E
, , . . ,

- - - - - ...a....*
Os -

'
- - '' - M E*3'II

i : : E i . _r_...
~ '

2 2- 'L
I

, , , , . .
04 4 a0 to 40- a, .. e

l.'- . . .'.' -.1
'~

.,

I

i

Fig. 8 COMPARIS0N OF COMPUTED MOTION CHARACTERISTICS FOR ANALYSES WITH EXTENSIVE
MESH AND TRANSMITTING B0UNDARIES'

i
i

I

|
. . . .

[



e-

IV-15

,

!
Table 1

Relative
Computer Computer

*yee of Analysis Prmrram Time

Azi-symmetric analysis with extensive mesh (deterministic) AmsR 1.00

Axi-symmetric analysis with transmitting boundaries (daterminis- (after
0.50tic) Kausel)

Plane strain analysis with extensive mesh (deterministic) WSH 0.35

Plane strain analysis with transmitting boundaries (deterministic) FESH 0.19
.

Three-dimensional analysis with viscous and transmitting boundaries '

(deteratinistic) FESH 0.00
'

Three-dimensional analysis with viscous and transmitting boundaries
and deconvolution through finite element mesh (deterministic) r258 0.10

Probabilistic three-dimensional analysis with viscous and transmit-
ting boundaries PIRSH 0.05

Effects of suilding-auildinq Interaction

The necessity of considering the interaction between adjacent structures in evaluations
of structural response has been recognized for some years. In one case e==ined, using the
simplified three-dimensional model shown in rig. 7(b), it was found that the presence of
adjacent structures increased the maximum response of a containment building by about 60 per-
cent, as shown in Fig. 9 this is a substantial effect. However it is considerably less
than that which would be indicated by a plane-strain two-dimensional analysis with no viscous
boundaries of the same soil-structure system (see F.g. 9), thereby con! rming the need for
consideration of the effects of adjacent structures but only by procedures which can give
adequate consideration to the three-dimensional nature of the problem.

Probabilistic Analysis for Single Control Motion Specification

In the design of nuclear power plants, the control motion for the seismic soil-stracture

interaction analysis, often termed the Design Basis Earthquake, is defined in the form of a,

response spectrust of specified shape. The designer can then develop, for analysis purposes,
any reasonable time-history of motions which has a spectrum falling above that specified for

*

the control motion. Analyses performed using such a time-history are deterministic in
nature, rgh parametric studies, particularly involving variations in soil properties,
are customarily required for the determination of design motions in the plant itself.

In fact, there are theoretically an infinite number of time-histories of motion whose

spectra would have the form prescribed by the control motion and the use of different time
histories will lead to some degtee of variation in the computed response. To determine the
magnitude of these possible e4fects, a new probabilistic analysis procedure has recently
coen developed, based on the finite element analysis approach used in the program FOSL but
incorporating in a probabilistic way, all possible time-histories of motion having a power
spectrum corresponding to the response spectrum of the design basis earthquake (Romo et al,

.
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,

1977). The computer program for accomplishing this has been named PI,USH (Probabi1tstic LCSH).
^

Sthe procedure eliminates the need for generation of a time history of motion, it
presents response data in probabilistic form in terms of confidence limits, and it permits

- the analysis to be made still more efficiently than following a deterministic procedure (see
Table 11. Typical results of an analysis usin? this procedure are strwn in Fig.10. . It is
believed that the capability to present potential variations in strucatal response in this

#

way aids considerably in selecting criteria for structural design.
-

e Non-vertical Wave Ef fects
.

In recent years there has been much discussion concerning the possible need to con-
sidermotionsotherthanvertically-i'acidentshearandcomprissionwavesinbheevaluationi

of soil-structure interaction effects. Methods of considering 'non-vertically incident waves
for evaluating ground response (Joyner et al,1976), horizontal 1hpropagatingmotionsinsoil

5 deposits ' (Isenberg,1970s chen,1976), horizontally propagating motaons at the base of soil
' deposits (Udaka, 1975) and non-vertically incident SH waves l'.ac.o,1976) on soil-structure

interaction have all been developed and are available to the designer.

. It is the general conclusion of these studies that for design purposes, vertically
propagating waves provide an adequate evaluation of response for' engineering design purposes.
For example as shown in Fig. 11, Joyner et al (1976) found that the angle of incidence of
wave entions to the rock toundary at the base of the soil deposit shown in the figure had

virtually no effect on the computed horizontal spectral ratios between the rock boundary
and the ground surface or on the computed response of the deposits Udaka (1975), see

rig.' 12,' found only slight differences in horizontal acetions in a reactor containment
structure whether the analysis was made for travelling base motions or for rigid base
motions: and Luco (1976) found that vertically propagating SM' waves (for translation and
rucking motions) usually provide a somewhat more conservative evaluation of structural
response than non-vertical SH-waves.

Thus although finite element analysis techniques are available for investigating these
types of motions, the problem seems to be of little practical importance except in so far as
it might influence the torsional motions developed on a structure. There does not appear to,

be any totally rational procedure for evaluating torsional effects at the present time since
eney are determined by the spatial variations of motions in a soil deposit, and virtually no

.

factual Laformation in the form of recorded data is available on this subject. Thus it is

necessary to use simplistic models of torsional interaction effects supplemented by con-
siderablo judgment to determine appropriate design criteria for such motions at the present
time.

A similar state of affairs exists with respect to evaluations of rocking motions. The

most recent development in finite element procedures is the ability to characterize a speci-

fied free-field ground motion by a system of Rayleigh waves and, by means of finite element
techniques, evaluate soil-structure interaction effects for this type of excitation.

Suf ficient studies have not been conducted to draw general conclusions but it appears that
analyses for this type of motion will show rocking motions to be somewhat greater than
those' determined by presently available techniques. However even if this rendit is confirmed.

.
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it will still be necessary to determine the degree to which field motions can be represented
by any such systematic pattern of waves and it seems likely that the non-uniformity of
ground motions likely to develop in the field will never be fully characterized by syste-
matic wave systems of any type. Thus the results obtained by such wave systems are likely
to over-estimate the response of the soil-structure system in some respects for example a
system of horizontally propagating sit waves is likely to ever-estimate torsional response
effects in structures, while a system of horizontally propagating Rayleigh waves is likely
to over-estimate rocking response. Until more detailed information is available on the

actual characteristics of ground motions induced by earthquakes, all analytical results
must therefore be used with judgment in the final selection of design response values.

-

*

Applicability of Finite tienent Methods for

*
Evaluation of Soil-Structure Interaction

An excellent opportunity to evaluate the applicability of any theory of soil structure
interaction was provided by the motions recorded in the Humboldt Bay power Station during
the Ferndale earthquake of June 7, 1975. The base of the Refuelling Suilding for tnis plant
is located at a depth of about 80 ft below the ground surface and motions were recorded in

the free-field at the ground surface about 330 ft away from the Refuelling Building, at the
base of the Refuelling Building, and at ground level within the Refuelling Building. A
generalized cross-section through the plant and the accelerograms fer motions recorded in
horizontal directions are shown in Fig. 13. It may be noted that the peak recorded ground
surface accelerations had values of 0.359 and 0.259 in the longitudinal and transverse
directions.

A fortuitous aspect of this event was the fact that the soil conditions at the plant
site had been determined by a comprehensive investigation only about 12 months before the
earthquake occurred. Thus the data is available, in terms of known surface motions in ene

free-field and soil characteristics to check the adequacy of seismic design procedures
'

against the known performance of a prototype structure under known field conditions of -

considerable intensity.

The results of such a study obtained using finite element procedures to compute the
mnttons within the Refuelling Building from thw known records of free-field grnund motion

* *

3re described by Valera et al (197*). The results of the studies (using the program FWSH)
are shown in Fig. 14. It snould be noted that separate analyses were made for the icnqi-
tudinal and transverse records of free-field motion and for vsrious soil profiles con-+

sidered to be representative of the field conditions. S e ranges of analytical results
are presented in Fig.14 in the form of response spectra, where they are also compared
with the spectra for the recorded motions.

It may be seen that for both longitudinal and transverse motions, the recorded motions

at the base of the structure are in reasonably good agreement with those computed using the
finite element procedure for implementation of an ' idealized' cceplete interaction analysis.
For both components of motion the analysis procedure indicates a higher peak in the response
spectrum at a frequency of about 3 42 than actually developed, but considered overall, the
agreement between computed and recorded base motion spectra is both gratifying and
encouraging.
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Similarly the recorded actions in the structure at ground level fall essentially with-

in the range coaguted by the interaction analysis procedure, providing further confirmation

of the ability of a complete interaction analysis to compute the stractural response with

an adequate degree of accuracy in this case.

It is recognized, of course, that one such test of the applicability of any analytical

procedure does not necessarily provide proof that it will always lead to' good evaluations of
.

field performance. Nevertheless in the current absence of any other opportunity to check
analytical methods for computing response under strong shaking of prototype stractures, the
results obtained in even this single case can give designers increased confidence in the

~

usefulness of the ane.lytical tools at their disposal.

<

conclusion

In the preceding pages the authors have attempted to suminarize the current capability

for evaluating.so,11-structure interaction effec.4 during earthquakes using finite element
procedures. A concise sumary of methods availat", together with their capabilities and

relative costs is presented in Tanle 1. It .. .,.11eved that these procedures provide a

powerful tool for use in the design of nuclear plants. However like all such procedures

they must be used with an intimate knowledge of the technical details which are built into

the various computer programs and which are necessary for adequate modelling of soil-

structure systems. Used in this way, in conjunction with good engineering judgment, and

with full recognition of their limitations (Christian,1975), they provide evaluations of

response with a level of accuracy entirely adequate for engineering design as evidenced by

the recently completed study of the motions develcree in the Humboldt Bay Power Plant

(Valera et al,1977) . This is not meant to imply that other procedures, not involving
i

finite element techniques, cannot provide equally good evaluations of response in many

cases. However any method used for evaluating the response sf embedded structures should

provide the same level of capability; without this, computed responses may need more careful

modificatior on the basis of the judgment of the engineer in order to provide a valid basis

for the design of critical structures.

.
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SOIL-STRUCTURE INTERACTION 'WITH RAYLEIGH WAVES *

l 2By Alberto Gomez-Masso , A. M. - ASCE, John Lysmer , M. ASCE
3Jian-Chu Chen , and H.'Bolton. Seed 2, F. ASCE

INTRODUCTION

'

The current interest in. nuclear power and concerns regarding the seismic
-.

~

-safety of the facilities involved has led to the development' of many methods-
'

of seismic.so'il-structure interaction analysis, Idriss et al ( 9 ) and Lysmer

-(17) . A complete analysis of the interaction problem consists of several

parts. First, the seismic environment must be defined. Second, an analyti-

cal model must be designed for the soil-structure system, and, third, the re-

sponse of the model must be evaluated by some effective and accurate numeri- ,

cal technique.

The models which have been proposed fall into two main groups: Complete

models and substructure models, each of which may be formulated in terms of

continua or finite elements. Only complete finite element methods will be
'

discussed herein. Such methods have-been . developed for a wide range of geo-

metries and simple seismic environments consisting of vertically propagating
~'

body waves, e.g. Kausel and Roesset (10), Seed et al (22) and Lysmer et al

(16)..

The seismic environment is usually defined in terms of a broad-band ac-

celeration spectrum for the motion of a single control point, usually at the

1 Sr. Staff Engineer, Woodward-Clyde Consultants, San Francisco, California.
2 professor 'of Civil Engineering, University of California, Berkeley, California.
' Engineer, Lawrence 'Livermore Laboratory, Livermore, California.

* Manuscript submitted to ASCE for review and possible publication in the Journal
of the Geotechnical Engineering Division.
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ground surface, and a synthetic time-history of acceleration which approxi-

mately fits the design response spectrum is used as the control motion. No

requirement is made by the regulatory agencies concerning the nature of the

wave field which produces the motion at the control point, but the usual as-

sumption is, as mentioned above, that the soil motions are primarily due to

vertically propagating shear waves and comnmssion waves. On the basis of

this assumption, analytical techniques based on one-dimensional wave propaga- .

tion theory for a viscoelastic layered system and equivalent linear soil
.

modeling techniques have been developed to calculate the motions everywhere

in the free field. Results obtained by this approach h ve~been found to be

in good agreement with field observations of ground response (Schnabel et al

(18)), and soil-structure interaction (Valera et al (25)), during actual

earthquakes.

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 epicen-

tral distance and the local soil conditions, and some authors, e.g., Wong and

Trifunac (28), Luco (11), have argued that consideration of oblique body waves

and surface waves may produce results significantly different from those ob-
.

tained by assuming vertically propagating waves. In fact, surface waves have

been observed in several earthquakes such as El Centro,1940 (Trifunac (23)), *

Parkfield, 1966 (Anderson (1)), and San Fernando, 1971 (Hanks (8)).

Methods for approximating the effects of horizontally propagating waves

on structures and earth dams have been proposed by Scavuzzo (20), Dezfulian

and Seed ( 5 ), Dibaj and Penzien ( 6 ), Udaka (24), Scanlan (19), Werner et a1

=
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(27),WongandTrifunac'(28),Luco(11)andother:. All of these methods as-

sume either specified traveling base motions or use theories involving a uni--

form half space and extremely simple wave forms. -

It appears, therefore, that there-is a need for both a better determina--

tion of the seismic environment in layered soil deposits and for methods of

soil-structure interaction analysis capable of handling a wider range of pos-

sible seismic environments. As a step in this direction a method is presented
,

herein which can accept as input any type of plane-strain wave pattern in a
o

horizontally layered free-field deposit.

The method makes use of viscoelastic finite elements, solves the equili-
,

brium equations .in .the frequency domain by the complex response method, and

uses the equivalent linear method to approximate nonlinear soil behavior. All

of these methods are described in a recent state-of-the-art report (Idriss et

al ( 9 )).

The method also employs several types of transmitting boundaries to

simulate three-dimensional effects.and the semi-infinite geometry of the soil-

structure interaction problem. These boundaries have been previously described

by Lysmer and Kuhlemeyer (13), Waas (26), Lysmer and Waas (15) and Lysmer and

Drake (14). The manner in which the boundaries are used is similar to the
.

application in the FLUSH computer code, Lysmer et al (16).

* The proposed method can, in principle, accept any plane strain seismic

environment with the limitation that the free field must be horizontally

layered. The environment may consist of any type of P- or SV-waves and dif-

ferent modes of Rayleigh waves. However, due to space limitations and our

current limited ability to specify what types of waves will actually occur

only vertically propagating body waves and fundamental-mode Rayleigh waves

will be considered herein.

__wwww--w- m-sr - ww-w
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While' the_ computation of the free-field motions caused by vertically

propagating body waves is now a'well-established part of the state-of-the-

art of earthquake engineering, this may not be true for the case of Rayleigh

waves. Hence,a method is outlined for the computation of Rayleigh wave

fields in horizontally layered viscoelastic systems. Then, as an illus-

tration of the application of the complete method, comparative results are

presented from analysis of a typical nuclear structure subjected to a body -

wave field and to a' Rayleigh field with the same control motion (1) on a rock .

site and (2) on a sand site. Finally, conclusions are drawn as to the rela-

tive importance of the nature of the seismic environment on hard and soft

sites.

OUTLINE OF METHOD ~

The proposed method of analysis is based on a superposition theorem de-

scribed by Clough and Penzien ( 4) and Lysmer (17). A simplified version of

this theorem has previously been used by Aydinoglu and Cakiroglu ( 2) for

surface structures. 'The full theorem has been used by Gomez-Masso ( 7 ) for

embedded structures with flexible basements. The theorem is illustrated in

Fig. 1. It states that the total displacements of a soil-structure system
'

can be compui.ed from the superposition

.

u (x,y,z,t) + u (x,y,z,t) (1)u(x,y,z,t) =
f j

where u are the displacements of the total, SSS, system, u are the free-
f

field motions of the FFS system and u are interaction displacements computedj

from the NET system. The NET system is similar to the SSS system but all

forces act on the lower part of the structure. Assuming that all three models

in Fig. I are idealized by finite elements these forces can be computed from
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(Lysmer (17), p. _1270)
'

.

{q l = '-([M] - [M ]) G } - ([C] - [C ]){u } - ([K] - [K ]){u } (2)j f f f f f f

' '

where [M], [C] and [K] are the' mass, damping and stiffness matrices, respec-
.

tively, for the SSS system and [M ], [C ] and [K ] are the corresponding
f f f

- matrices for the FFS system. The stiffness and damping matHces include any.

effects of transmitting- boundaries.
.

The superposition theorem.as expressed by Eqs.'(1) and (2) is valid in

three : dimensions. However, in this paper we will only consider two-dimensional *

'

L
' plane-strain situations with an approximation for three-dimensional ' effects.

The proposed method consists of two major steps,
,

1

Step A -- Determination of the free-field motions, {u }, by finding some
f

'

solution to the FFS model (or some.other model representing the

i free-field).
Step B - Determination of the interaction motions, by applying the forces'

from Eq. (2) to the NET model.

followed by.the superposition stated by Eq. (1). The need to use superposi--
.-

tion implies, as discussed by- Lysmer (17), that, general nonlinear soil-'

structure interaction analysis is not possible. Nonlinearities can, however,

be approximated by the equivalent linear method (Seed and Idriss (21)).: -

|
*

! COMPUTATION OF THE FREE-FIELD MOTIONS
:

The types of waves considered are vertically propagating S- and P-waves'

i and horizontally propagating Rayleigh waves (R-waves) in a site consisting

of horizontal viscoelastic layers overlying a viscoelastic half space.

Let the control motion * (t), be specified at the top of the nth layery

f at x = 0 and let it be assumed that this motion has been digitized at N
:

|

1

|

$._ ~ _ . _ _,, .- _ _ , - __,, ___._._ _ __.. .,-_._. . , _ , _ _ _ _ , . _ _ _ _ _ . , _ _ . ._ _ _ __
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(power of 2) points. Then the control motion can be expanded into the Fourier

series

N/2

Re{h***PII*s) (3)y(t) t=
s

s=0

where w = 2ns/(N At) is the circular frequency of the sth harmonic. The
s

complex amplitudes, Y , are most conveniently computed by the Fast Fourier
s

* Transform technique.

- Similarly, the free-field motions can be written.

N/2

(u } = Re{{U}- exp(iw t) (4)f f s
s=0 s

where {u } is' a vector containing the displacements at the top of each layer,
f

and {U } are the corresponding complex amplitudes.
f

According to the complex response method each of the harmonics in the

above expressions can be treated independently and we can define a vector of

transfer functions, {A } , from control motion acceleration amplitudes to
f

free field displacement amplitudes through

,.

{U } {A } Y (5)=
f f 3

.

If these transfer functions can be determined we have immediately, from

Eq.(4)~

N/2

Re {A } 5 **P(IW t) (6){u } =
f f s s

which can be evaluated by the Inverse Fast Fourier Transform technique, and

the free field motions have been determined.
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Transfer Functions for Body Waves

Transfer functions for vertically propagating body waves can be deter-

mined by continuum techniques, Schnabel et al (18) or finite element tech-

niques,- Lysmer et al (16). .ne latter approach was used for the work pre-

sented herein with the slight complication that simultaneous propagation of

P- and S-waves was considered in order to create fields which were compatible

with those produced by R-waves. This involved the use of two control motions, -

Ha horizontal control motion, V (t) for S-waves and a vertical control motion,
.,

Yy (t) for P-waves. The only change introduced by this modification is that

Eq. (6) should be replaced by

N/2

Re{({Ay yH+{Af}s yf)exp(iwt) (7)_
H{u } =

f f 3
s=0 s

The notation being the obvious extension of what was used above.

Transfer Functions for Rayleigh Waves

Transfer functions for Rayleigh wave fields can be computed by the tech-

nique described by Lysmer (17). According to this technique it is assumed

that displacements vary linearly between layer inter / aces and that the under-

| lying half space is rigid. With these assumptions the general motion of an
,

M-layer visco elastic system at the frequency w is fully described by the
s

,

following vector which contains the displacements at the layer interfaces:

2H
e (W t-kjx) (8)
i

Re{R){v}3{u (t,x)} s=
f

s 3.)

Here x is the coordinate in the direction of wave propagation, k) = k (u )3 s
and {v}3 = {v(u )}j are corresponding eigenvaluer and eigenvectors of ans

eigenvalue problem of the form



n

y-9,

x

I '

([A]k2 + [8]k +-[C] - w [M]){v} = 0 (9).2
s

,

3 = R (u ) are unknown mode participation factors.and R
j s

The constant 2M x 2M matrices, [A], [B], [C] and [M] in Eq. (9) are sim-

pie functions of the properties of the layered system. Methods for their

formation from layer.submatrices and~ solution of the.eigenvalue. problem have

been presented by Lysmer and Drake (14) a'nd Waas (26). In a viscoelastic
. .

system all of the k -values wil.1 be complex with negative imaginary parts-
j

. corresponding to wave motions'which decay in the direction of wave propaga-' '

tion. The-term with the smallest value of Re(k)) is here called the funda-
mental mode and .it will, as shown by Lysmer (13) be identical to the funda-

mental Rayleigh wave mode defined by seismologists for a layered system over_-

lying a deformable half space provided the depth to the rigid half space as--

sumed herein is deep enough. The depth required to simulate a half space

. solution is essentially inversely proportional to frequency. Hence very

deep models are required at low frequencies. This problem has.been solved

by Chen ( 3 ), who observed that for the purpose of computing fundamental

- modes a deformable half space can be simulated accurately by ten sublayers

over a rigid. base provided the thicknesses of these sublayers are made in-

versely proportional to frequency. Thus low frequency solutions can be ob--

tained without increasing the total number of layers and with this the com-
. ,

putational effort; provided the depth to the rigid base is made frequency-

dependent. Accordingly, all free-field Rayleigh motions used herein were

computed from a model in which the total soil system was represented by a

layered soil system overlying ten uniform layers with half space properties

and changing thickness depending on frequency. This led to models which

were several thousands of feet deep in the low frequency range and accurate

.
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l
fundamental Rayleigh modes in the entire frequency range considered.

In general, it is not possible to determine _ all of the mode participation

factors, R , appearing in Eq. (8). However, if it assumed that the fundemen-
3

tal mode, j = 1, predominates at all frequencies; i.e., that R3 = 0 for j f 1
the motion corresponding to the frequency e reduces to

s

e(Wst-ksX)) (10)
i{u } Re(R fVI=

f s s

where the. subscript, s, on R, k and {v) now refer to the frequency us(N '*
s

R (u ) etc).j s

The corresponding free-fielc' . cceleration amplitudes at and below the

control point (x = 0) are

{U } 2 2 R * IVI III)-w (g )= , _g
f f s s

One of the components, say the rth, of {U } is the control motion amplitude
f

y defined above, and since {v}s is known from the solution of the eigenvalues

problem in Eq. (9) we can directly compute the mode participation factor from

-i
$

(12)R "
s w2 v-

s rs
.

It immediately follows, by backsubstitution into Eq. (10), that the free-
,

field transfer functions are

-k,x (13)Iy{f w2.A} *e=

s s rs

and the complete transient free-field displacement field, which now decays

in the x-direction follows from Eq. (6). The transfer functions are not

defined for s = 0. However, this difficulty is easily removed by setting

7, = 0.
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Nonlinearities

Noniinearities in the free field were as mentioned above approximated by

the equivalent linear method according to which strain-compatible soil moduli

and damping values are obtained by iteration. However, since the above the3ry

for Rayleigh waves is valid only for perfect horizontally layered systems the

material properties could not be allowed to vary in the x- frection. Thus

all iterations on layer soil properties were performed using strains computed,.

on a . vertical line through the control point, i.e., at x = 0. -No iterations
.

were performed for the material properties of the underlyin, (rock) half-

space.

Further, although the computer program CREAM, Gomez-Masso ( 7 ), has this

abilit;, no further iterations on soil properties were performed during the

determination of the interaction displacements described below. This is

justified by the observation, by the writers and several other authors, that

such secondary iterations have virtually no effect on the final displacements

as long as iterated free-field soil properties are used in the interaction

part of the analysis.

COMPUTATTON OF THE INTERACTION MOTIONS

The interaction motions were computed using program CREAM,Gomez-Masso ( 7 )-

from the NET model shown in Fig. 2. In this model all motions are assumed to
,

occur in the XY-plane. Within the central block, which includes the struc-

ture, the basement and the immediately adjacent soil, irregular elements and

iteration on -soil properties can be used. If the soil properties within this

region are different from those in the free-field, the entire region is con-

sidered to be part of the structure, i.e., the forces {q } in Eq. (2) arej

nonzero at all nodes of the central region. Each of the blocks surrounding

.
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<-

the central block in Fig. 2 represent different types of transmitting boun-

daries which, as will be discussed below, are designed 'to account for waves

radiating from the excited central region.

All materials are assumed to be viscoelastic with some fraction of criti-

cal damping, 8, which may vary from element to element. Complex response-

analysis is used throughout. Hence, material damping can be accounted for by

using complex moduli, G* = G exp(2iB) etc., in the formation of all stiff ..

ness matrices (Idriss ( 9 ),- Appendix A). The notation [K*] etc. will be used
,

below to indicate where complex moduli are used.

The equation of motion for the NET. system is

[M]{U ) + [C]{0 } + [K]{u } {q } - {f} (14)=j g j j

where'-{f}'are the forces on-the transmitting boundaries.-

Introduction of the Fourier expansions-

N2
Re {U ) exp(iw t) (15){u } =j j s

5 s

N/2
{f} =Re{{F}3 exp(iw t) (16)s

s=0

'

N/2

j Re{{Q} exp(iw t) (17){q } =
9 s

s=0 5-

i

-and elimination of [C] by the above mentioned use of complex moduli yields

the following equation of motion for each frequency w , s = 0,... ,N/2.
s

. ([K*]-ej[M]){U} {Qg} - {F)3 (18)=j

<

! where
<

!

.
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{Qg} (([K*] - [K*g]) - wa ([g] [g j))(g ) (39)=
f f

The latter.follows from Eqs. (2) and (17).

.

Transmitting Boundaries

Three types of transmitting boundaries are used in program CREAM.

~ Rayleigh wave boundaries for which
. .

{F}s [R*]s{U } (20)=
g ,

Love wave boundaries for which

El*3{U) (21){F}s
*

s j

and Viscous boundaries for which

{F}s I"s[V*]{U } (22)*
g

The Rayleigh and Love wave boundaries have been completely described by Waas

(26), Lysmer and Waas (15) and Lysmer and Drake (14). These boundaries are

" exact" in that they correctly model the existence of a semi-infinite layered

system attached to the central region. They will, no matter how close they .

are placed to the structure, transmit any incident plane waves; be they sur-
.

face waves or body waves. The matrices which appear in Eqs. (20) and (21)

are frequency dependent and can be determined from the solution to the eigen-

value problem stated by Eq. (9).

The viscous boundary has been previously described by Lysmer and Kuhle-

meyer(12). The matrix [V*] is diagonal and frequency independent. While

simpler to use th1: boundary condition is not perfect except for the special

case of normal incidence of body waves.

I

L.
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In obtaining all of the results presented at the end of this paper

Rayleigh wave boundaries were used on the YZ-planes of the central block

shown in Fig. 2 and viscous boundaries were used on the XY-planes to simulate

three-dimensional effects. A rigid boundary was assumed as the base of the

central block. This approach is similar to that used in the FLUSH program,

Lysmer et al (16).

Several computations were performed using the theoretically more attrac-.

tive Love and Rayleigh wave boundaries on the XY-planes. However, as can be
.

seen from the results presented in Fig. 3 the potential improvement was tri-

vial, less than 7 percent on spectral values, and the simpler viscous boun-

daries were adopted for further computations. In Fig. 3 the curves marked

FLUSH-2D correspond to a plane-strain analysis with no attempt to model 3-D

effects, i.e., no transmitting boundaries on the XY-planes. The curves marked

FLUSH dashpots correspond to viscous boundaries on the XY-planes, and the

curves marked CREAM correspond to results obtained by using the above men-

tioned Love and Rayleigh wave boundaries.

Even smaller differences were found in a study of the effect of using a

viscous transmitting boundary at the bottom of the central block instead of

a rigid base, confirming the often observed fact that reflections from'an as-
.

sumed rigid base are insignificant since most of the interaction displace-

ments consist of shallow surface waves which do not penetrate deeply into*

the soil.

Summary of Procedure

Substitution of Eqs. (20)-(22) into Eq. (18) yields for each frequency

([K*] + [R*]s * El*3 * I"s[V*] - e [M]){U ) {Q)s (23)=
s j

.
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which can be solved by Gaussian elimination for the interaction displacement

amplitudes {U.} ".
1 s

The main steps of the total procedure are now clear:

1. Form [K*],[Kp],[V*],[M],[M]andY,s=0,...,Nf s
q

For.each frequency, w , s = 0,...,N/2
s

2. Determine free-field amplitudes {U } , Eq. (11)
f

3. Compute {Q } from Eq. (19)
4

4. Form [R*]s and[L,*]s

5. Find {U } -fromEq.(23)
$

and finally

6. Superimpose according to Eq. (1)

N/2

{u} = -[({U } + {U } } exp(iw t)f 9 s
s=0 s s

CASE STUDIES

The above procedure has been implemented in the computer program CREAM

and we present below two case studies in which the motions of a typical
,-

nuclear structure subjected to a pure Rayleigh wave field are compared with
' the response of the same structure subjected to a combined field of verti-

cally propagating P- and S-waves which produce the same motions at the con-

trol point as the Rayleigh wave field.

| In both cases the control motion (the horizontal component of the control

point) had a maximum acceleration of 0.25g and a 2% acceleration response

spectrum similar to that currently specified by the NRC Regulatory Commis-

sion. The actual spectrum is shown in Fig. 4 (Point G). In all analyses

.

,.m 9 a ...,--v.--- . . , , , . . . . , - . , ...p_
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the control point was located at the free-field ground surface. However, as

will be discussed later, its location in relation to the structure was dif-

ferent for the two cases studied.

ROCK SITE

The first model studied involved a containment structure on a rock site,

consisting of a 50 ft layer overlying a half space. The shear wave velocities

of the two layers were 3600 fps and 5600 fps, respectively, and a damping'

ratio of 2% was used for both layers. The NET model for the system is shown.

in Fig. 4. The model was truncated at a depth of 370 ft and a rigid boundary
.

was assumed at this depth.

Free-Field Motions
~

The free-field motions were, as discussed previously, computed using a

much deeper model. The control point was located at point G in Fig. 4. Only

the Rayleigh wave field will be discussed herein. Assuming waves propagating

from the left the fiald will as indicated by Eq. (8 ) decay towards the right.

However, due to the low damping ratio of the rock the decay within the width

of the structure is relatively insignificant as indicated by the spectra shown

for the free-field motions of points E, G, and I in Fig. 4. The same spectra
'

j show th'at the vertical motions are only about 15% higher than the horizontal

motions as opposed to the 50% which would have been expected from half space-

theory. Thus'this example clearly indicates the need to consider layering,

even in rock profiles.

Comparison of Response Using.S + P Waves and R Waves

A comparison of the response of the structure subjected to combined S +

P waves and R waves is shown in Figs. 5 through 7. The maximum horizontal

r

.

_ _ _
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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 S + P wave and the R-wave cases is 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 re--

sponse spectra computed at the two ends of the slab, points E and I, and at
,

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 S + 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 input in two different directions in 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 cu~rves 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 S + 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 hori-

| zontal_ 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

_ _ _ _
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B were 25% and 15%, respectively, higher at the peak frequency. However, the

vertical peak accelera+ fons computed at the beam elements were higher for the

S + P wave case by up to 22%. A comparison of the vertical response spectra

at points A and B, al.so 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 fre-

quency, whereas the opposite occurred at low frequencies.

| ' The maximum beam bending moment and shear and axial forces along the ver- -

tical-axis of. the structure for the R-wave case were foun'd to be higher than
.

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 struc-

i .ture, 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 characteris-

tics. Hence, this example analysis illustrates a case in which the results ,

~ of design computations using a. pure R-wave input motion are, for.some parts

of the structure, significantly different from those of an S.+ P wave analy-
.

sis. Clearl'y, however, the significance of this result depends on the valid-
,

ity of the assumption that R waves constitute the primary component of the
;-

- .

seismic environment.

Effect of Rigid Base of Finite Element Model,.

i1

' '

All of the above calculations were obtained using a NET model with a
i

rigid base at a de~pth 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 -
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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 cal-

culations.

SAND SITE

The second study involved an identical structure founded on a site con-
.

sisting of a 128 ft thick layer of sand overlying bedrock. The NET model
^

used is shown in Fig. 8. The soil properties were typical of dense sand to'a

depth of 48 ft and of very dense sand for the remaining part of the profile.

Free-Field Motions

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 importance.

.As. described by Cher ( 3 ) high frequency Rayleigh waves decay rapidly in soil

sites and it is unrealistic to assume that Rayleigh waves of frequencies

higher than 2 Hz will survive in a sand profile. Therefore, in order to make

a meaningful comparison between the R-wave and S t P wave effects the control
~

point was located at a distance of 200 ft to the left of the center of the

structure to allow for some motion decay in the sand deposit and the free
,

field horizontal and vertical R-wave motions were calculated at the center of
.

the slab and then used as control motions for the S + P wave analysis at that

point'(Point G in Fig. 8).

The characteristics of the horizontal and vertical free field motions of

the R-wave field which propagates from the left on the right are shown in Fig.

8 for nodal points E, G and I. As can be seen the higher damping and relative

softness of the site, as compared to the rock site previously studied, pro-

duces a remarkable motion attenuation with distance in the direction of wave

propagation.
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Comparison of Response Using S + P Waves and R Waves

A comparison of the respcase of the structure under the effects of S + P

waves and R waves is presented in Figs. 9 through 11. All peak horizontal

and vertical accelerations were within 5% or 10% in both cases. The hori-

zontal response spectra at points on the slab were very similar for both cases

of excitation as is shown in Fig. 9.

Some rocking oscillations of the concrete slab were observed in both-

analyses. The difference between the peak vertical accelerations at points on4

the slab was within 20%. The vertical response spectra at the ends and the

center of the slab are shown in Fig.10. The first and second plots in Fig.

10 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

aaout 10% at frequencies less than 1.5 Hz. The S + P envelope was higher by
,

about 20% at frequencies between 1.5 and 8'Hz.
.

H'orizontal and vertical spectral curves obtained in both analyses for the

vertical beam element are plotted in Fig. 11. The horizontal response spectra

differ by less than.15% 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 high response peaks

which were nonexistent in the R-wave results.

_ _ _ _ _
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The maximum beam bending moments and shear and axial forces calculated

for the R-wave and S + P wave analyses were found to differ by amounts

ranging from 5% to 10%.

The main characteristics of the free-field 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 sand4-

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 illustrates a situation in which the assump-

tion 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 is a. method .for soil-structure-interaction analysis

valid for a completely arbitrary seismic excitation in a plane-strain geometry

with an -approximation for 3-dimensional effects. This analysis is carried out
.

in two steps. In the first step, the free field motions are calculated. In

the second step, the interaction motions are calculated and superimposed on'

the free field motions in order to obtain the total motions. Strain compati-

bility 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 eco-

nomic soil-structure inte'raction analysis.

The main conclusions of this study v the following:

-
- . _ . - . . -. _- - - -- _ _ _ __
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1. Soil structure interaction problems with an arbitrary seismic environment

can be solved by finite element methods.

2. An important aspect of any analysis is the selection of a realistic seis-

mic 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 is composed only of Rayleigh waves may produce -

higher response of a shallow-embedment structure built in rock, than a
,

seismic environment formed only by 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 1ayer of sand overlying
~

rock.

5. The 3-dimensional ground simulation by a 2-dimensional model may be

achieved by the use of viscous boundaries or the more exact transmitting

boundaries. However, the two methods give nearly identical 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 re-
,

sponse of the structure and need not be considered in most cases. In 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 fundamental made

Rayleigh waves. Neither of these cases is likely to occur in nature. In

reality, Rayleigh waves have not been observed in the frequency range above

- .. .-. . - - - - -
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1 or 2 Hz, and thus need not.tue considered in the range of frequencies

(typically 2 to 25 Hz) of interest in the design of nuclear power plants.

Moreover', calculations' have shown- that the seismic. environments produced by

slightly inclined body waves and higher mode surface 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 provide an ap-

.propriate design procedur ror most practical purposes..

O

O
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Part VI*

SOIL-STRUCTURE INTERACTION EFFECTS AT THE HUMBOLDT BAY POWER PLANT

IN THE FERNDALE EARTHQUAKE'OF JUNE 7, 1975

by

Julio E. Valera, H. Bolton Seed, C. F. Tsai and J. Lysmer
.

Introduction4

One of the many controversial aspects of. nuclear power plant

design in the.past several years has been that of evaluating the

seismic soil-structure interaction effects during design levels of

' earthquake shaking. Basically two methods of approach are available
,

for determining these effects: (1) complete interaction analyses
~

which attempt to make some evaluation of the variations in earth-

quake motions both in the structure and the soil in which it is

embedded; and (2) inertial interaction _ analyses in which the motions

in the' soil surrounding the structure are considered to be some rep-

resentative average motion having the same characteristics at all

7 -points (Seed et al, 1975b). The former approach has _usually been

applied through the use of finite element methods of andlysis while
-.

the latter, although it can be performed ~using finite element tech-
, ..

niques, has usually been associated with half-space analyses of
.

elastic or visco-elastic layered systems. It appears to be the
,

'

1
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. Humboldt Bay Power Plant," J. Geot. Engrg. Div., ASCE, Vol. 103, No. GT10,
P9 1143-1161, Oct. 1977.
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prevailing opinion "that for near surface structures, good results

can be obtained by a well-performed analysis of either type. However

for embedded structures, the complete interaction analysis approach

comes closest to representing in a rational way all the important aspects

of the problem" (ASCE Ad-hoc Committee on Soil Structure Interaction for

Design of Nuclear Power Plants, 1976). The principal limitation of this
.

approach at the present time is usually considered to be the cost of the

~

analysis and, in-some cases, the less expensive inertial interaction

approach may often provide results with sufficient accuracy for

practi' cal purposes. However as increasingly efficient and versatile

computer programs are developed for finite element analyses and

progressively more sophisticated forms of half space analysis are

developed, which introduce the essential concepts of a complete

interaction approach, it seems that both methods of analysis may

ultdmately develop to the point where they give similar results for

embedded structures.

A major contributing factor to the continuing debate concerning -

the merits of any form of analytical approach has been the total

*

absence of recorded field performance by which the adequacy of such

an approach might be judged-making it necessary for engineers to .

adopt one approach or the other on the basis of their personal

appraisals of such factors as the degree of sophistication of the

analysis, the potential savings in design costs, the potential losses

in overall project costs, their degree of understanding of the nature

of the phenomena and principles involved, etc. In the absence of

known field performance, all reasonable suggestions for design

approaches must be considered potentially applicable and considerable

. . . . ... . _ - - . _ .
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insight, visdom and intellectual honesty is required to select a

design method which offers the greatest potential for combining

adequate safety for critical structures with reasonable overall'

economy in the cost of the completed facility. It is for these

reasons that the motions recorded at the Humboldt Bay Power Plant in

the Ferndale earthquake of June 7,1975 are of major significance.
.

~

A general view of the plant is shown in Fig. 1. Units 1 and 2 are

*

fossil fuel units whereas Unit 3 is nuclear. The buried reactor

structure within the Refueling Building of , Unit 3 consists of a

massive concrete caisson embedded at a depth of about 85 feet below

the ground surface. The various surrounding structures are light-

veight structures and are founded at or close to the ground surface.

The facility was constructed in 1963 and has been operating satisfac-

torily.since that time.

Strong motion instruments at the plant have been in opera +'on

since September 1971. These are located at elevation +12 (plent

grade level) and elevation -66 in the Refueling Building, and in a

Storage Building (elevation +12) some 330 feet south of the Refuelihg
|

'

Building.

The June 7, 1975 earthquake (magnitude about 5.5) had its.

epicenter some 15 miles south of the plant site and triggered strong

motion inscruments in the surrounding area including those located

at the Humboldt Bay Plant (Valera and Brady,1976). The earthquake

records obtained at the Humboldt Plant are shown in Fig. 2. Although

the duration of strong shaking was only about 3 to 5 records, the

baseline-corrected peak accelerations developed ~in the free field

(Storage Building) were 0.35g and 0.26g in the transverse and

Y
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longitudinal directions, respectively, making these the strongest earth-

quake motions to which a nuclear power plant has so far been subjected.

However thre was no observable damage to the facility resulting from

'

these motions.

A fortuitous aspect of the records obtained from the Humboldt Bay

Plant was the fact that the soil conditions at the plant site had been

.

determined by a comprehensive field investigation only about 12 months

before the earthquake occurred. In fact, extensive soil structure in---

teraction analyses using finite element procedures with accompanying

determinations of soil characteristics at the site, had been completed

several months prior to the earthquake of June 7,1975 These studies

were carried out by Dames & Moore using analytical techniques developed

at the University of California at Berkeley (Seed et al, 1975a). In

this respect it is interesting to note that these analyses had pre-

dicted a peak acceleration at the base of the Refueling Building of

0.13g for a free-field ground surface acceleration of 0.25g while the

subsequent earthquake produced an average peak acceleration at the base

of the Refueling Building of 0.1hg for an average free-field ground sur-

face acceleration of 0.30g. This result alone, predicted in advance of-

the event and published in design reports, is of considerable interest.
.

While these facts are of major, importance, perhaps the most signi-

< ficant feature of the June 7 event is the opportunity it provides to

check the adequacy of seismic design procedures against the known per-

formance of a prototype structure under known field conditions of

considerable intensity. The results of such an evaluation are presented

in the following pages.

--

_ .__.
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Site Conditions and Soil Properties

'

A general description of the subsurface soil conditions at the

plant site has been presented by Valera and Brady (1976) . A cross-

section through Unit 3 in the N-S direction is shown in Fig. 2.

Basically the soils around the Refueling Building consist of about 25 ft

of medium to stiff clay (increasing to about 30 ft at the Storage-
' Building), underlain successively by about 30 ft of medium dense to

dense sand, 10 ft of very stiff clay and then a deep bed of dense sand,

containing some clay lenses extending to a depth of about h00 ft. All

of the soils surrounding the Refueling Building are overconsolidated

with an average overconsolidation ratio of at least 6 to 8, indicating

that the coefficient of earth pressure at rest in the sands would be on

the order of one or more. The soil profile and soil properties used in

the pre-earthquake soil-structure interaction studies are presented in

Figs. 3(a) and h, respectively. The soil profiles and soil properties

used in the present study are presented in Figs. 3, h, and 5 The

profile for the conditions adjacent to the Refueling Building was

identical to that used in the pre-earthquake analyses.

At the site of the Storage Building itself where the free-field

records were obtained, there is some uncertainty about the actual strength,

of the top 30 ft of cl'ay as the closest boring is at least 100 feet away
.

and there is considerable scatter in the measured values of shear strength

for undisturbed samples of clay taken from three borings surrounding the

building. This uncertainty is reflected by the ranges of strength values.

for these soils indicated in Fig. 3(b). To allow for this uncertainty,

analyses were made for a number of soil profiles involving clay strergths

varying considerably in the upper 20 ft, as illustrated by soil profiles

A, B and C in Fig. 5 Results for all profiles investigated fell within

the range represented by profiles A and B.
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The dynamic shear moduli and damping characteris' tics of the soils
.

were determined by standard soil testing procedures using reconant

column tests and cyclic triaxial tests on undisturbed samples recon-

solidated under the in-situ confining pressures. These are shown in.

~

Fig. h. It is pertinent to note that these results were determined

and filed with the Nuclear Regulatory Commision before the earthquake
,

of June 7,'1975 At the time the studies were initiated (early 1973)
*

it was not considered necessary to make determinations of field shear

wave velocities since it was clear from preliminary studies that shear

moduli at molerate to large strains, such as can be deternined by strain-

controlled. cyclic loading triaxial tests, were required for the analysis.

Complete Interaction Analysis Procedure

The general procedure for making a complete interaction analysis

(Seed et al, 1974) is illustrated schematically in Fig. 6. The known

ground surface notions developed in the free-field are first analyzed'

by a' deconvolution procedure for the soil deposit alone to determine

the motions which would have to be developed at a considerable depth

below the ground surface (say 150 to 200 ft) in order to produce the,

actual ground surface motions by transmission of body waves (vertical
.

shear waves) through the soil deposit. Thia can be accomplished

through the use of a computer program such as SHAKE (Schnabel et al,
/

1972).

These same base motions are then used to analyze the response of

a finite element model of the soil-structure system and the results of

this latter analysis are checked by ensuring that the required free-

I; field motions are indeed developed in the free field. The basic

L1
__ _ _
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requirements of e, suitable analysis and computer program (Seed et al,

1975b) are that it should be capable of considering

(1) The' variation of ground motions with depth, .

(2) The three-dimensional nature.of the problem,
- .

(3) The effects of adjacent structures on each other
where this is appropriate,

(h) The variation of soil characteristics with depth,

and (5) The non-linear stress-strain and energy-absorbing-

characteristics of the soil.

.

Results of Pre-Earthquake Analysis

The pre-earthquake studies performed by Dames and Moore were made

using the computer programs SHAKE and LUSH ('ysmer et al, 19Th). Anal-L

yses were carried out for cross-sections in the.N-S and E-W directions

(Fig. 1) and for various levels of peak ground surface acceleration.

The soil properties shown in Figs. 3(a) and 4 together with the

structure characteristics shown in Tables 1, 2 and 3 were assigned to.

the finite element model. Damping values of h% and 7% were used for

the structures for analyses conducted using peak ground surface

accelerations of 0.25g and 0.hg, respectively.
.

Table 1. Structural Properties of Reactor Caisson
.

Depth Below Shear Modulus Density Poisson's
sGround Surface, ft x lo psf per Ratio

.

0-15 289 0 0.2
15-31 86 0 "

31 hh 80 0 "

44-71 76 0 "

T1-78 83 0 "

78-87 4160 158 "

Table 2. Masses Lumned at Center Line of Reactor Caisson

---0 15 25 37 51 57 71Ground Surfa e ft

Weight of Mass (kips) - -82 82 76 hk h3 47 54
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Table 3. Structural Properties of Refueling Building

Depth Above Shear Modulus Density Poisson's
Ground Surface, ft x 10' psf per Ratio

.

0-17.5 5 25 0.2-

17.5-35 5 10 0.2

..

From the results of the initial studies it was found that the effects .

of the adjacent structures on the response of the buried reactor
.

.

caisson were relatively minor. Thus the adjacent structures were not

included in the finite element model used for the later studies.

Since transmitting boundaries are not. included in the computer program

LUSH it was necessary to use an extensive mesh in the horizontal dir-

ection to ensure that the computed response of the Reactor Caisson

and Refueling Building was not influenced by the boundary conditions

of the. analytical model. However previous. studies (Hwang, 1973) have
,

shown that it is only necessary to consider the response of the soil

deposit to a depth of about one half the structure width below the

base o# the structure; consequently the base of the analytical model

was taken at a depth of 150 ft below the ground surface.
.

Deconvolution Studies
.

In performing a deconvolution analysis of a ground surface motion

to determine a corresponding base motion for use in a soil-structure

interaction analysis, it is often necessary to filter out the high

frequency components of the ground surface motion in order to obtain

meaningful results. There are two reasons for this requirement:

(1) The specified ground' surface motion may contain high fre-

quency components which would not, in. reality, be developed
,

,, - . , . - , ,..c.._.
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.

.

for the site conditions under consideration. This is partiu
.

cularly true for sites consisting of deep (over 250 ft).
,

bodies of soil or including layers of soft to medium stiff-

clay and sand (Seed et al, 1974). .

(2) Deconvolution by a wave propagation analysis using equiva-

lent-linear _ properties to represent the non-linear stress--

strain characteristics of the soil inevitable leads to an
. -

excessive amplification with depth of high frequency

motions.

In the pre-earthquake deconvolution analyses the acceleration

time history shown at the top of Fig. 7 was used as the free-field

ground surface motion. The spectra for this time history closely

match the NRC design spectra stipulated in Regulatory Guide 1.60. In

these studies it was necessary to use a cutoff frequency'of 15 to 20

Hz in order to ensure that the accelerations at depth did not become

excessive.

Acceleration time histories computed at various depths within the

free-field soil profile are also presented in Fig. 7 It may be seen
4

that there is both a decrease in the amplitude of the motion and an

~

increase in the frequency content with an increase in depth within

the profile.

Soil-Structure Interaction Analyses

Using the base motions computed at a depth of 150 ft in the de-

convolution studies, analyses were then made using the program LUSH

.and a suitably fine but extensive mesh to compute the response of the

soil-structure system. Computations were made for a variety of soil
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properties and envelope spectra for motions at various levels,within'

the structures were finally selected for design, based on the range

of computed results supplemented by engineering judgment.

In the course of these studies, analyses were made for ground

surface motions having peak accelerations of 0.hg and. 0.25g. Since

'' these are in the range of peak accelerations developed in the trans--

verse and longitudinal directions during the June 7 earthquake, it is
,

of interest to compare the values of computed and recorded peak

accelerations at instrument locations in the structure. Such a com-

parison is shown in Table A. It may be seen that the values show a

remarkably high degree of agreement although there is some indication

that the actual stiffness of.the structure was somewhat less than that used

.in the analysis. Nevertheless the good agreement in these values

is an encouraging aspect of the analytical procedure used in the

studies'.

Table k. Comparison of Recorded and Computed Accelerations

Max. Accelerations Max.'
for Recorded Motions Accelerations*

for Computed
Location Elevation Transverse Long. Motions

,

Free-fieAd +12 0.35g 0.26g 0. hog 0.25g
(Storage Building)

Refueling Building +12 0.25g 0.20g 0.23g 0.15g

Reactor Caisson -66 0.16g 0.12g 0.22g 0.13g

Results of Post Earthcuake Analyses Using Recorded Motions

Post earthquake studies of soil-structure interaction effects

were performed following the same basic procedure as that described'

_ _ _ . _ _ ~
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above but using the computer programs SHAKE and FLUSH (Lysmer et al,.

1975) since the latter provides-a more versatile cap ~ ability than LUSH

and is also more economical.. Advantage was taken of the results ob-

tained in the earlier studies and the effects of the adjacent struc-

-tures were therefore neglected in the analyses. Because the program

FLUSH uses transmitting boundaries, it was only necessary to use the -

finite element mesh shown in Fig. 8 for the soil-structure interaction
~

,

analyses.

Deconvolution Studies

As stated previously there are valid reasons why some filtering

of a given ground surface motion is required in performing a deconvol-

ution analysis to determine motions at various depths. To determine

the significance of such effects for the recorded mot ans at the

Humboldt Bay s'ite, deconvolution analyses were made for Soil Profile A-

in Fig. 5 at the Storage Building site and the recorded surface mo-

.

tions, using filtering or cut-off frequencies of 20, 15 and 12.5 Hz.

The results of these studies, in terms of the computed variation of

*

maximum acceleration with depth in the soil profile, are shown in

Fig. 9 It may be seen that the cut-off frequency, within the range ,

investigated, had little influence on the results of the analysis, .

all of the studies for both the longitudinal and transverse recorded

motions showing a marked decrease in magnitude of the peak accelera-

tion from the ground surface to a depth of about 30 ft and below. In

fact the peak accelerations computed to develop in the free-field at

the level of the base of the Refueling Building (about 85 ft) is in

the range of 0.10g to 0.1hg or less than 60 percent of the maxi =um'

acceleration at the ground surface.

-. - _-- _.
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. . .

It may also be seen from Fig.a.10 that generally similar results

are obtained whether Soil Profile A or B is used for the analysis.

Although they are not shota, results for Soil Profile C fell within

the range shown for Soil Profiles A and B. Thus it would seem reason-

able to conclude from these results that:-

(1) The recorded ground surface motions have no sienificant
,

content of very high frequencies as might be expected for a

deep soil condition such as that at the Humboldt Bay Plant

site.

(2) The results of soil-structure interaction analyses made with

a cut-off frequency of 12.5 Hz vill be comparable to those

made using higher cut-off frequencies. Since there is a

marked reduction in computer costs associated with the use

of a lover cut-off frequency, the soil-structure interaction

studies described in the following section were made for

these conditions.

Soil-Structure Interaction Studies*

Having determined the base motions required in the soil profile
.

at a depth of 150 ft to produce the recorded motions at the ground

surface under free field conditions, the same motions were used as

excitation at the base of the soil-structure model shown in Fig. 8 to

compute the motions developed (1) at the base of the structure and

(2) in the structure at the level of the ground surface, where motions

were recorded during the earthquake of June 7 Separate analyses were

made for the longitudinal and transverse records of free-field motion

and for the various soil profiles. The ranges of analytical results

_____ ___ -__ ___-- -_- - __________
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.

are presented in Fig.11 in the form of response spectra, where they
L

are also compared with the spectra for the recorded motions.

It may'be seen that for both longitudinal and transverse motions,

the recorded motions at the base of the structure are in reasonably

good agreement with those computed using the finite element procedure

for implementation of an ' idealized' ' complete interaction analysis.
\.

For both components of motion .the andysis procedure indicates a

higher peak in the response spectrum at a frequency of about 3 Hz "

than actually developed, but considered overall, the agreement between

computed and recorded base motion spectra is both gratifying and

encouraging.

Similerly the recorded motions in the structure at ground level

fall essentially within the range computed by the interaction analysis

procedure, providing further. confirmation of the abi. *.ty of a complete

interaction analysis to compute the structural response vit,h an ade-
*

.quate degree of accuracy in this case.

It is recognized, of course, that one such test of the applica-

bility of any analytical procedure does not necessarily provide proof

that it will always lead to good evaluations of field performance. +

Never theles s in the current absence of any other opportunity to
.

check analytical methods for computing response under strong shaking

of prototype structures, '.he results obtained in even this single

case can give designers increased confidence in the usefulness of the

analytical tools at their disposal.

Applicability of NBC Design Procedure

In addition to their use for checking the adequacy of procedures

. ... - - _ . . _ _ _ _ - _ - _ . . _
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for analynng soil-structure interaction,' the records obtained at the

Humboldt Bay Power Plant can also be used to investigate the adequacy

of required design practice. At the present time, regulatory r'equire-
,

ments for detemining soil-structure interaction effects for embedded

'

structures such as the Refueling Building require the specification
.

^

-of a design or coritrol motipn at the ground surface having a designated -

~

maximum acceleration and a time-history whose spectrum closely matches

a standard design spectrum shape specified by the Nuclear ' Regulatory -

Commission. Since the average peak acceleration recorded in the free-

field at the Humboldt Bay plant was 0.3g, it would seem reasonable to

compare the motions recorded at the base of the Refueling Building with

those computed following an approved design procedure consistent with

a peak free-field ground surface acceleration of 0.3g and the standard

design spectrum shape. This is, in fact, the motion tose spectral

shape is shown in the upper left corner of Fig. 12. An acceleration

time history having this spectrum and having a duration of about 16 |
.

seconds was used in t . following analyses.

Regulatory practico pemits the deconvolution of this motion and

the analysis of soil-structure interaction effects using finite element - '

methods as previously described but it also requires:
,

1. that analyses be made for the most likely values of soil

moduli and for values of soil moduli which are increased

and reduced by a factor of 1.5 to allow for possible un-

certainties in soil property determinations;

2. that the envelope of the resulting spectra for motions

computed for a point in' the free-field at the level of the

base of the structure should be not less than 60 percent
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of the spectral accelerations for the ground surface control

motion;

.and 3 that the structural response be eval'ated for motions havingu .

a spectral shape enveloping those computed at the base of the

structure for free field motions meeting the requirements of

-(1) and (2) above.
*

A typical set of calculations for the sa=e ground surface control

motion but for the three different values of soil moduli are shown in .

Fig. 12. In this figure the control motion is shown in the upper left

hand corner, the spectra for the computed motions in the free field at

the level of the base of the structure are shown in the lower left hand

corner and the spectra for the computed motions at the base of the

structure are shown on the lover right hand corner. For the analysis

conducted with the most likely values of soil moduli and the reduced

soil moduli, the control motion was filtered at 10 Hz while for the

analysis with increased soil moduli, the control motion was filtered

at 20 Hz. The envelope of the computed spectra for the motions at the

base of the structure is compared with the motions recorded at the

base of the structure in Fig. 13. .

It may be seen that although the free-field motions fail to meet
.

the NRC design spectral acceleration requirements in the frequency

range from about 2 to 5 Hz, the envelope spectrum for the computed

motions at the base of the structure is nevertheless higher than the

spectra for the recorded base motions at all' frequencies. In fact only

at frequencies of about h.5 to 5.5 Hz does the spectrum for the recor-

ded motions come close to that for the computed base motion envelope

spectrum.
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One means of increasing the free field spectra to meet the 60%

of surface control motion requirement, is to increase the ground sur-

face acceleration for the control motion for one or more of the analyses
.

so that after deconvolution it meets the free field requirements. In

the present case, this could be achieved by increasing the control

motion for the analysis performed using the reduced values of soil moduli
.

by 30 percent. With a satisfactory degree of accuracy, this leads to

corresponding increases of 30 percent in both the free field spectrum -

at a depth of 85 ft and the spectrum for motions at the base of the

structure.

The superimposed spectra for the three analyses with this modifi-

cation are shown in Fig. 1h and the envelope of the spectra for computed

motions at the base of the structure is compared with the spectra for '

the motions recorded at the base of the structure in rig.15 It may

be seen from Fig. 14 that the envelope of free-field spectra nov comes

very close to meeting the design spectral requirements at this 1ccation;

thus the envelope. of spectra for motions developed at the. base of the

structure as shown in Fig. 15 vould be essentially acceptable for design

purposes. This envelope provides a ecmfortable margin of safety above a

the spectra for the recorded base motions and would seem to indicate-
,

that, at least for these strong motion records, the current design

requirements provide an adequate but not excessively conservative margin

of safety for analyses conducted in the manner described above.

Similar studies for other methods of evaluating soil-structure

interaction effects would presumably throw some light on the degree of

conservatism or unconservatism which they introduce into the design

procedure.

)
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Conclusions.

The preceding pages present the results of a study of the distri-

bution of ground motions and structural response in the Humboldt Bay

Nuclear Power Station during the Ferndale earthquake of June 7,1975

Based on a knowledge of the motions developed at the ground surface in

the free-field, computations are made using an idealized complete inter-,

action procedure based on finite element analysis, to determine the
,

characteristics of the motions likely to develop at the base of the

Refueling Building at a depth of 85 ft below the ground surface and

within the Refueling Building at.the ground surface level. The

computed motions are shown to be in reasonably good agreement with

those recorded at these locations in the same earthquake. In addition,
~

the recorded motions are compared with those computed by an analysis

procedure which generally meets existing regulatory requirements and it

is shown that the regulatory requirements lead to an entirely adequate

but not excessively conservative margin of safety based on the motions

recorded in this event.

It is of intarest to note that Lambe (1973) has recently made a
e

study of the accuracy of engineering predictions of soil behavior under

static loading conditions. For this purpose he classified predictions'

*
into five groups as follows:

Type A Prediction made before the event

Type B Prediction made during the event but before the results

are known

Type B1 Prediction made during the event but with results known

at the time
-

T7pe C Prediction made after the event but before the results
are known
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.

HType C1 Prediction made a'fter the event but with results known
at the time.

He concluded that " Type C predictions are autopsies....Our professional'

literature contains the results of more Type Cl predictions than any_

other type. Autopsies can of course be very helpful in contributing

to our knowledge. However one must be suspicious when an author uses
.

a Type Cl prediction to " prove" that any prediction technique is cor-
,

rect". Lambe also concluded that predicted results within a factor of

two of observed field performance constitute very good predictions.

It would seem optimistic to expect any better success in predicting

dynamic behavior of soil or soil-structure systems.

However the prediction of the base motion peak accelerations shown

in Table 4, based on the assumption that the ground surface motions

with peak accelerations of 0.25g and 0.h'Og in the free field, was

clearly a class A prediction using Lambe's terminology,' in that the
.

report describing this study by means of an idealized complete inter-

action analysis using finite element techniques was submitted to the

Nuclear Regulatory Commission before the event of June 7,1975 occurred;

*

nevertheless the degree of similarity between peak acceleration values

assumed and developed in the free field and those predicted and devel- .

oped at the base of the Reactor Caisson would seem to show that the

prediction was highly satisfactory.

Similarly although the more detailed analyses described in the

preceding pages using the same general procedure were made after the

event, it might reasonably be claimed that they represent a class A

prediction since they permitted virtually no latitude for manipulation

of the results in that they were based on:
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3

1. A method of analysis developed prior to the event.

2. Soil properties established and filed with.the Nuclear
Regulatory Commission prior to the event. ,

and 3. Fixed surface motions established by the event.
'

.

Nevertheless the authors vould be the first to agree that the 6 cod

agreement in this one case between predicted and developed motions at
e

-

the base of the structure does not necessarily prove the adequacy of

the method of analysis used for all cases. Clearly compensating errorsa

might be involved whose effects have not been fully appreciated. On
,

the other hand, it is an encouraging start and the results obtained

clearly give some degree of support to the method used. They might also

in due course give an equal degree.of support to other methods which

might be used for analyzing soil-structure interaction effects. These

are significant facts in a field where no other data exists by which

the adequacy of analytical procedures can be checked. At the same

time it is clear that any method of analysis which provides a poor

prediction of the results obtained, based on the known values of soil.

and structural properties and the motions recorded at the ground sur-

face must be considered of dubious validity for future predictions of.

prcbable building response.>

,
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Part VII

CONCLUSIONS

1. A good estimate of the likely site response is the most important part

of any soil-structure interaction analysis.

2. Site properties should be considered in deciding on the design control

o' motion to be used in the analysis.

3. If a control point is specified, it should be at the ground surface or
,

at an imaginary outcrop.

4. Since ground motions vary spatially in soil and rock deposits, for
,

embedded structures these variations must be taken into account in soil

structure interaction studies.

5. In. soil deposits:

(a) Fundamental mode Rayleigh and Love waves with frequencies higher

than 1 Hz damp out rapidly and make no significant contribution to

the near surface motions.

~(b) Higher mode surface waves can be represented by inclined body waves.

(c) Near surface motions are essentially the same whether they are due

to inclined or vertically propagating waves. This being the case
o-

we might just as well analyze structural response for vertically

a
propagating waves.

(d) Vertically propagating waves (or even Rayleigh waves) produce verti-

cal variations in horizontal ground motion with a definite pattern

determined by the presence of the ground surface discontinuity.

Except for unusual soil conditions, the amplitude of the motions will

decrease with depth in the upper 70 ft or so and at any depth there

will be a definite range of frequencies whi,ch will be suppressed.

I

_
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(e) 'The general nature of the variations in ground motions with depth

can be determined by wave propagation analyses and the variations

'ncorporated into soil-structure interaction analyses performed byi

~

finite element methods or, in the case of rigid cylindrical basements,

by continuum methods.

(f) For embedded structures analyses which do not take the variation of

motions with depth into account will inevitably give incorrect re- *

sults. .

(g) Analyses in which the motions are represented by vertically propa-

gating ~S and p waves are more conservative than analyses in which

the motions are represented by Rayleigh waves.

(h) In view of all the above, analyses using vertical wave propagation

provide a perfectly reasonable means of evaluating soil-structure

interaction effects.
.

6. For rock sites

(a) The ground motions may consist of any combination of wave types and

at present the appropriate combination is unknown.

(b) The extreme possibilities are that

(1) The motions are'all due to vertically propagating waves.
,

(2) The motions are all due to Rayleigh waves.
.

Analyses for these extre'e possibilities give results which arem

quite similar.

(c) In any given situation it is unlikely that Rayleigh waves dominate

the seismic environment.

(d) In view of conclusions (b) and (c) , methods of analysis which as-

sume vertically propagating waves will produce results which are

sufficiently accurate for practical purposes. Furthermore, such

analyses are simpler to perform.

-

. .. __ - - . : -
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>

:

(e) - In any case, the effects of ' soil-structure interaction fcr struc-

tures on' rock are very small and for practical-purposes can be

neglected in design studies.

7. 'The only wave type we have not discussed in detail is Love waves. For

reasons similar to those used to explain Rayleigh wave behavior the effects
,

of Love waves will be negligibla in soil deposits. .However in rock forma-
e.

~

tions they may cause increased torsional response and this is the one

e
remaining aspect of soil-structure interaction which has not yet been

totally clarified. The effects of Love waves can currently be analyzed

only for rigid surface foundations of. arbitrary shape. However, since

the actual composition of the incoming waves is not currently known,

present design procedures .of allowing a given degree of eccentricity to

the system to allow for torsional input to the base seem to be 'appro -

priate for handling this problem.

8. -Many current methods of analysis make the assumption that the embedded
.

part of the structure is rigid. The appropriateness of the assumption

has not yet been verified.

9. Methods are currently being developed which can handle the general linear

* _ three-dimensional interaction problem for embedded flexible basements on *

, . horizontally layered sites. These methods can be combined with an

iequivalent linear analysis of the corresponding site response problem.

- 10. 'In view of the many approximations which must necessarily be made in

order to perform a soil-structure interaction analysis, it is imperative

that the results obtained by any proposed method be checked against

full-scale field observations. At the present time, this means that

analytical results must be ' checked against the motions observed in the

Humbolt Bay Power Plant during the Fernadale Earthquake of June 7, 1975.
P

, 7---, -c.--, -,e.-s,- c,s-w-e-,p, , , .* m.< , +w,,,n .. ,m~,rm 3 - - - , , -y-+-.. , - , , - - , ,.-n.cy--, w - .-y-~ --ww- <-



T

?

I

.

|

4,.. E
'

' }<y (w.nf.qp. 4 4.h.ggx .g ,g ...;. . f .,.i g,.4. ,::;+.. P+4. 3 s g.v.
.. ~ .3f(y : . .+ .e9. 's

2]j, , -

f' *>v n' %"::f' 4 - {<.' N .< .~,3. y-

. . A, .' ' Ng%g ; ...:,
t

].
. -t

:'%.
p ..;...#. s ,s. J.,g' , e. x , . .:n- g'vc ..y..s.

. .

6 ;.*: . .
,

(. -- :. p-Q[f "f'r s. .y . ., g.c:: 3
: m-

x; 6 kg f8- . '. .3 g ,? N U M .':(' '' ' ' ' '
. igs , _ i ] ,

xM

MT M W % nd]&y M i;g. R y n , x:.,
-

,

P'^ n. W nya k :. :k;s;sg( , q;2-t'- :r 'u'
<

1
I

|

A
w

I

w I

Q i

b
n
4
U
w
)

w are
N

* 4
97o

'w"", _"3
8

C
U w
'J Q

e Cw
1A Z
" ~3

$Q
n.

Q N.
e w

e

E5s w
Eo

. , .g .

-~
*

. "3%
C

E
~ 3"_=

t "1
ED
k6
t' G

%

g ..A%

. m
.g w
N

=C.'=w eb
N-J

_. _ _ _ . _ . . . _ _ . . . . _ - -


