
'I III

PB89-174437
111111/ /I IIII/I 11111111 1/ III 1/ "" 1/1

111 11----------

DESIGN APPROACHES FOR
SOIL-STRUCTURE INTERACTION

by

A.S. Veletsos,l A.M. Prasad2 and Y. Tang3

December 30, 1988

Technical Report NCEER-88-0031

NCEER Contract Number 87-1314

NSF Master Contract Number ECE 86-07591

1 Brown and Root Professor, Dept. of Civil Engineering, Rice University
2 Graduate Student, Dept. of Civil Engineering, Rice University
3 Post-Doctoral Research Associate, Dept. of Civil Engineering, Rice University

NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
State University of New York at Buffalo
Red Jacket Quadrangle, Buffalo, NY 14261

REPRODUCED BY
U.S. DEPARTMENT OF COMMERCe

NATIONAL TECHNICAL
INFORMATION SERVICE
SPRINGFIELD, VA 22161





-------_.-

50272-101

REPORT DOCUMENTATION 11. REPORT NO.

PAGE . NCEER 88-0031
- -

4. ntle and Subtitle

Design Approaches for Soil-Structure Interaction

------- -----

I:' ~_~_h~_r~S_)-~elets:s-, -~.M. Prasa_cL_and Y. Tang __
9. Performing Organization Name and Address

12. Sponsoring Organization Name'and Address

National Center for Earthquake Engineering Research
State University of New York at Buffalo
Red Jacket Quadrangle
Buffalo, NY 14261

15. Supplementary Notes

3. Recipient's Accession No.
, ;; ' '-)' ",' " J

~ U >(

5. Report Date

December 30. 1988
6.

-
8. Performing Organization Rept. No;

10. Project/Task/Work Unit No.

11. Contract(C) or Grant(G) No.

(c)87-1314 & ECE 86-07591

00
- ,,--

13. Type of .Report & Period Covered

Technical Report

This research was conducted at Rice University and was partially supported by the
National Science Foundation under Grant No. ECE 86-07591.

-------- -------- --,----- -----

16. Abstract (Limit: 200 words)

Exact seismic response analysis of a structure requires that the structure be considered
to be part of a larger system which includes the foundation and supporting medium, and
that due cognizance be taken of the spatial variability of the ground motion and of the
properties of the soils inVOlved,. A two step analysis involving 'the foundation motion
considering both foundation and the superimposed structure to be massless may be im­
plemented. The resulting motion, foundation input motion (FIM), generally includes
torsional and rocking components in addition to traslational components. Next, the
response of the actual foundation-structure system with mass to the FIM is evaluated
using the actual properties of the supporting medium and providing for the dynamic
interaction between its elements. The difference in the response of the superstructure
computed for the FIM and the free-field control point motion (CPM) represents the
kinematic inte'raction (K I) effect, whereas the difference of the responses computed with
and without regard for' the flexibility of the support medium is known as the inertial
interaction (II) effect.. The objectives of the report are to highlight the nature and
relative importance of'the kinematic and inertial interacJion effects and to present
information and concepts with which these effects may be estimated and provided for
readily in design.

-

17. Document Analysis a. Descriptors

b. Identlfiers/Open·Ended Terms

EARTHQUAKE ENGINEERING
SOIL STRUCTURE INTERACTION (SSI)
SEISMIC RESPONSE ANALYSIS
STRONG GROUND MOTION

FOUNDATION MOTION
STRUCTURAL PERFORMANCE
GROUND MOTION INCOHERENCE
WAVE PASSAGE

c. COSATI field/Group I

18. Availability Statement

Release Unlimited

19. Security Class (This Report)

unclassified
20. Security Class (This Page)

unclassified

21. No. of Pages

1f!2-_
22. Price

-

- -

~NSI-Z39.18) See InstructIons on Reverse OPTiONAL FORM 272 (4-77)
(Formerly NTIS-35)



_\~I
• jl

-.



NOTICE
This report was prepared by Rice University as a result of
research sponsored by the National Center for Earthquake
Engineering Research (NCEER). Neither NCEER, associates of
NCEER, its sponsors, Rice University or any person acting on
their behalf:

a. makes any warranty, express or implied, with respect to the
use of any information, apparatus, method, or process
disclosed in this report or that such use may not infringe upon
privately owned rights; or

b. assumes any liabilities of whatsoever kind with respect to the
use of, or the damage resulting from the use of, any informa­
tion, apparatus, method or process disclosed in this report.

II·a-





PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to geotechnical studies, soils and soil-structure interaction.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and
large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements:

Seismicity, Ground Motions
and Seismic Hazards Estimates

Reliability Analysis
and Risk Assessment

Expert Systems

iii

Tasks:
Earthquake Hazards Estimates,
Ground Motim Estimates,
New Ground Motim Instrumentation,
Earthquake & Ground Motim Data Base.

Site Response Estimates,
Large Ground Defonnation Estimates,
Soil-Structure Interaction.

Typical Structures and Critical Structural Components:
Testing and Analysis;
Modem Analytical Tools.

Vulnerability Analysis,
Reliability Analysis,
Risk Assessment,
Code Upgrading.

AIclliteetu",1 and Structural Design,
Evaluatim of Existing Buildings.



Geotechnical studies, soils and soil-structure interaction constitute one of the important areas of
research in Existing and New Structures. Current research activities include the following:

1. Development of linear and nonlinear site response estimates.
2. Development of liquefaction and large ground deformation estimates.
3. Investigation of soil-structure interaction phenomena.
4. Development of computational methods.
5. Incorporation of local soil effects and soil-structure interaction into existing codes.

The ultimate goal of projects in this area is to develop methods of engineering estimation of large
soil deformations, site response, and the effects that the interaction of structures and soils have on
the resistance of structures against earthquakes.

In this report, the authors review current concepts and methods of assessing the effects of
soil-structure interaction, and how to accountfor these effects in the seismic design ofstructures.
The report focuses on the nature and relative importance of kinematic and inertial interaction,
and their relative impact on design by approximate, practical methods.
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ABSTRACT

After defining the meaning of the terms kinematic and inertial interaction,

information and concepts are presented with the aid of which the effects of

these actions may be approximated readily in design.
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SECTION 1

INTRODUCTION

It is generally recognized that the motion that is experienced by the foundation
of a structure during an earthquake may be substantially different from the
free-field ground motion, which is the motion that the ground would experience
at its interface with the foundation in the absence of the structure. Two fac­
tors are responsible for this difference: (1) The inability of a rigid founda­
tion to conform to the generally non-uniform, spatially varying, free-field
ground motion; and (2) the interaction or coupling between the vibrating struc­
ture, its foundation, and supporting soils.

Several factors contribute to the spatial variability of the free-field ground
motion. The seismic waves may emanate from different points of an extended
source and may impinge the foundation at different instants or with different
angles of incidence, or they may propagate through paths of different physical
properties and may be affected differently in both amplitude and phase by the
characteri sti cs of the travel paths and by ref1 ecti ons from, and diffractions
around, the foundation. Even when the seismic wave front is plane, it may im­
pinge the foundation-soil interface obliquely, leading to ground motions that
differ in phase from point to point. The spatial variability of the ground mo­
tion due to the propagation of a plane wave is known as the wave passage effect,
whereas that due to the other, generally random, factors is known as the ground
motion incoherence effect.

The seismic response of a structure is frequently evaluated considering the mo­
tion of its base to be equal to the stipulated free-field ground motion at a
convenient reference or control point, normally taken at the ground surface.
No provision is made in this approach for either the spatial variability of the
free-field ground motion or for the properties of the supporting medium. The
exact analysis requires that the structure be considered to be part of a larger
system which includes the foundation and the supporting medium, and that due
cognizance be taken of the spatial variability of the ground motion and of the
properties of the soils involved.

Such an analysis is implemented in two steps: First, the motion of the founda­
tion is evaluated considering both the foundation and the superimposed structure
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to be massless. Referred to as the foundation input motion (FIM), the resulting
motion generally includes torsional and rocking components in addition to trans­
lational components. Next, the response of the actual foundation-structure sys­
tem with mass to the FIM is evaluated using the actual properties of the
supporting medium and providing for the dynamic interaction between its
elements. The flexibility of the supporting medium has a two-fold effect: (1)
It increases the number of degrees of freedom of the system and lowers its ef­
fective stiffness; and (2) it makes it possible for part of the vibrational
energy of the structure to be dissipated in the supporting medium by radiation
of waves and by hysteretic action in the soil itself. These forms of energy
dissipation have no counterpart in a rigidly supported structure.

The difference in the responses of the superstructure computed for the FIM and
the free-field control point motion (CPM) represents the kinematic interaction
(KI) effect, whereas the difference of the responses computed with and without
regard for the flexibility of the supporting medium is known as the inertial in­
teraction (II) effect. The total soil-structure interaction (SSI) is given by
the sum of the KI and II effects. More specifically, if Ro(FIM) = the response
to the FIM computed considering the supporting medium to be rigid, and Ro(CPM)
= the corresponding response to the CPM, then

(1)

Similarly, if R(FIM) = the response to the FIM computed with due regard for the
flexibility of the supporting medium, then

II = R(FIM) - Ro(FIM)

and

SSI = KI + II = R(FIM) - Ro(CPM)

(2)

( 3)

The objectives of this presentation are: (1) To highlight the nature and rela­
tive importance of the kinematic and inertial interaction effects; and (2) to
present information and concepts with which these effects may be estimated and
provided for readily in design. Consideration will first be given to the iner­
tial interaction effects, which have been examined previously in Refs. 1 to 3.
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SECTION 2

SYSTEM CONSIDERED

The concepts involved will be identified by reference to a simple linear struc­
ture of mass m and height h, which is supported through a foundation of mass mo
at the surface of a homogeneous elastic ha1fspace. The circular natural
frequencies of lateral and torsional modes of vibration of the fixed-base struc­
ture are denoted by Px = 2nfx and Pe = 2nfe , respectively, in \"Ihich f x and f e
are the associated frequencies in cycles per unit of time, and the corresponding

percentages of critical damping are denoted by Sx and Se. The foundation mat
is idealized as a rigid circular plate of negligible thickness and radius R
which is bonded to the ha1fspace so that no uplifting or sliding can occur, and
the columns of the structure are presumed to be massless and axially inextensi­
b1e. Both m and mo are assumed to be uniformly distributed over identical cir­
cu1 ar areas. The supporti ng medi urn is characteri zed by its mass density, p,

shear wave velocity, vs ' and Poisson's ratio, v. This structure may be viewed
either as the direct model of a single-story building frame or, more generally,
as the model of a multistory, mu1timode structure that responds as a system with
one lateral and one torsional degrees of freedom in its fixed-base condition.
The free-field control point motion is defined at the center of the foundation­
soil interface, and it is considered to be a uni-directional, horizontal excita­
tion.
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SECTION 3

INERTIAL INTERACTION EFFECTS

First, the effects of a vertically propagating plane seismic wave are examined.
The FIM in this case is equal to the CPM, and only inertial interaction effects
are present. Under the influence of such an excitation, the foundation of the
structure displaces horizontally by an amount x(t) which is generally different
from xg(t), and rocks or rotates about a horizontal axis by an amount ~(t). The
configuration of the system can then be defined by x(t), ~(t) and the structural
deformation, u(t). The rocking component of foundation motion would be expected
to be particularly prominent for tall structures and flexible soils. For a

rigidly supported structure, ~(t) = a and x(t) = xg(t).

The factors complicating the analysis of this system and the available methods
for evaluating its response have been identified in Ref. 1 and will not be re­
peated here. Emphasis will instead be placed on simple approximate procedures
that are convenient for design applications. Two such procedures have been pro­
posed. The first involves modifying the stipulated free-field ground motion and
evaluating the response of the structure to the modified motion of the founda­
tion, whereas the second involves modifying the dynamic properties of the struc­
ture, considering it to be rigidly supported, and evaluating the response of the
modified structure to the prescribed free-field ground motion. The second
approach, whi ch permi ts the di rect use of response spectra for the speci fi ed

free-field CPM, is the more convenient and will be used exclusively here.

3.1 Principal Effects

The interaction effects in the latter approach are expressed approximately by
an increase in the fixed-base natural period of the structure, and by a change
(generally an increase) in the associated damping. The increase in period re­
sults from the flexibility of the supporting medium, whereas the increase in
damping results from the capacity of the medium to dissipate energy by radiation
of waves and by hysteretic action.

If T represents the natural period of the structure in its fixed-base condition,
and T represents the peri od of the modi fi ed structure whi ch approximates the
flexibly supported system, it can be shown (e.g., Ref. 1) that
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(4)

in which Kx = the lateral translational stiffness of the foundation, and Kl/J
= the corresponding rocki ng sti ffness. Stri ctly speaki ng, these stiffnesses
should be evaluated for a harmonic excitation of a period T. However, reason­
able approximations are obtained by use of their static values, or better still,
of the values corresponding to the fixed-base natural period of the system, T.

It can further be shown that if S represents the percentage of critical damping
for the fixed-base structure, and S represents the corresponding damping of the
modified structure that approximates the interacting system, the two quantities
are interrelated approximately by

ss = s +
o (rIT) 3

(5 )

in which So represents the contribution of the foundation damping, including
radiation and soil material damping. Note that So and S are not directly addi­
tive, and that the effectiveness of the structural damping is reduced by soil­
structure interaction, the reduction being substantial when TIT is large. In
fact, unl ess the reduced contribution of structural damping is compensated by
the foundation damping, the overall damping of the interacting system will be
less than that of the rigidly supported structure.

The three most important parameters that affect the value of So are: the period
ratio, TIT, which is a measure of the relative flexibilities of the foundation
medium and structure; the ratio of the height of the structure to the radius of
the foundation, h/R; and the hysteretic capacity of the soil itself, defined by
the factor

1 lIWstan <5 = - -- (6)21T Ws

in which t.Ws represents the area of the hysteresis loop in the stress-strain
diagram for a soil specimen undergoing harmonic shearing deformation, and Ws
represents the strain energy stored in a linearly elastic material subjected to
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the same maximum values of stress and strain (i.e., the area of the triangle in
the stress-strain diagram between the origin and the point of the maximum
induced stress and strain). This factor depends on the magnitude of the imposed
peak strain, increasing with increasing intensity of excitation or level of

straining.

-The variation of So with TIT is shown in Fig. 3-1 for two values of tan o. The
dashed lines, which refer to systems supported on a purely elastic medium, re­
present the effect of radiation damping only, whereas the solid lines, which
refer to a viscoelastic medium with tano=O.10, represent the combined effect
of radiation and hysteretic soil action. It can be seen that the contribution
of the foundation damping may be quite substantial for relatively short, stubby
structures, and that the effect of hysteretic soil action may be particularly
significant for tall structures for which the radiational effects are generally

quite sma11 .

The particular data presented in Fig. 3-1 are for systems with negligible
foundation mass and a structural mass equal to 15 percent of the mass of the
structure when filled with soil. The latter value is representative of that for
building structures. Additional data are available in Ref. 1.

3.2 SUIIIIIilry of Procedure

The steps involved may be summarized as follows: First, compute the fixed-base
natural period of the structure, T, and by application of Eq. 4, evaluate the
modified natural period, T. Next, estimate the structural damping factor, S,
and the value of tano which would be appropriate for the anticipated strains in
the supporting medium, and by application of Eq. 5 and of plots such as those
presented in Fi g. 3-1, determi ne the effective dampi ng factor, s. From the re­
sponse spectrum for sing1e-degree-of-freedom systems subjected to the stipulated
free-field ground motion, evaluate then the pseudo-acceleration, A, correspond-

- -ing to T and s. The maximum value of the base shear for the interacting system,
Q, is finally determined from

- -Q = mA (7)

and the maximum displacement of the structure relative to the moving ground, 6,

is determined from
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K = .§. + Qh
2

k Klji

in which the term
dation rotation.

(8)

on the extreme right represents the contribution of the foun-

For building structures that must be analyzed as multi-degree-of-freedom systems
in their fixed-base condition, a reasonable approximation to the maximum

response of a structure may be obtained by assuming that soil-structure inter­
action affects only the response component contributed by the fundamental mode

of vibration. This component is computed by the procedure outlined, by inter­
preting m and h to be the effective mass and effective height of the structure

when vibrating in its fundamental mode. The contributions of the higher modes

are then computed disregarding the interaction effects. The rationale for this
approach is explained in Ref. 1.

The concepts summarized herein have provided the basis of the design provisions
for soil-structure interaction for building structures that have been recommend­

ed by the Applied Technology Council (Refs. 2,3,4) and have been adopted

recently by the Building Seismic Safety Council (Ref. 5) in connection with the
National Earthquake Hazard Reduction Program (NEHRP).

3.3 Nature of Effects

A recurring question is whether SSI increases or decreases the maximum response

of a structure. The answer is a function of the response quantity under exami­

nation, and of the characteristics of the ground motion and the system itself.
More specifically, SSI may increase, decrease, or have no effect on the peak re­

sponse of a system depending on the characteristics of the relevant response

spectrum, and the regions of the spectrum to which the fundamental natural
periods of the fixed-base and the interacting systems fall.

The various possibilities are illustrated in the following paragraphs by refer­
ence to the base shear induced by a free-field ground motion the pseudo-acceler­
ation spectrum of which is represented by the piecewise linear diagram shown in

Fi g. 3- 2.

1. If both T and Tfall in the extremely small period range of the spectrum (to
the left of point b), SSI will have no effect on the response, as the pseudo-
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acceleration value in this case is unaffected by changes in either period or
damping.

2. If T falls to the right of point c, 55I will reduce the maximum response, the
reduction being a function of the values of T, T, sand S. An increase in
damping under these conditions decreases the pseudo-acceleration, whereas an
increase in period either does not change it or further decreases it.

3. If T falls in the intermediate period range (between points band c in Fig.
3-2), or if T falls to the left of point band T falls to the right of this
point, 55I may increase or decrease the response depending on the values of
- -
TIT and sis. An increase in period in this case increases the response,
whereas an increase in damping has the opposite effect.

The pseudo-acceleration response spectrum for fixed-base systems in the
ATC-NEHRP design provlslons is a non-increasing function of the fundamental
natural period of the system. As a result, consideration of soil-structure in­
teraction reduces the design values of the lateral forces, shears and overturn­
ing moments below the levels applicable to a rigid-base condition, and it is
conservative in this case to neglect the interaction effects. Because of the
influence of foundation rocking, however, the horizontal displacement of the
structure relative to the moving base may increase due to interaction, and this
will, in turn, increase both the required spacing between buildings and the
secondary design forces associated with the P-~ effects. The latter increases
are generally small and have only a minor influence on the final design.
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SECTION 4

KINEMATIC INTERACTION EFFECTS

4.1 Effects of Wave Passage

The structure in this section is presumed to be excited by a horizontally polar­
ized plane shear wave propagating in a direction that makes an angle a with the
vertical. In addition to a horizontal displacement component, xi(t), the FIM
in this case includes a torsional component, 8i (t), about a vertical axis.
These displacements refer to the foundation motion of the massless foundation­
structure system, and should not be confused with those of the actual system
with mass, x(t) and 8(t). For convenience, the torsional component of the FIM
will be expressed by the circumferential displacement along the periphery of the

foundation, Yi(t)=R8i (t). The absolute maximum values of these displacements
will be denoted by xi' 8i and Yi' and of the associated velocities and accelera­
tions will be identified by one and two dot superscripts, respectively.

If use is made of the averaging technique of Iguchi (Ref. 6) and Scanlan
(Ref. 7), in which the restraining action of the supporting medium is effective­
ly represented by a series of Winkler springs, it can be demonstrated that the
interrelationship of the FIM and the free-field CPM is defined by the time T*
required for the wave front to traverse the foundation radius. Referred to as
the effective transit time, this quantity is given by

*
R R. .T =-=-Slna=TSlnac vs

( 9)

in which vs = the velocity of shear wave propagation in the medium, c = vs/sina
= the apparent horizontal velocity of wave propagation, and T = R/Vs . For a har­
monic motion of circular frequency 00, the parameters 00 and T* appear in the
solution as a product, and the foundation input motion in this case is defined

by the dimensionless frequency parameter

a~ = ooT* = aosina

in which ao = ooR/vs = the well

studies of foundation dynamics.
are excited simultaneously, the

(10)

known dimensionless frequency parameter used in
For T* = a* = 0, all points of the foundati on

o
FIM = CPM, and there is no kinematic interaction.
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4.2 Foundation Input Motion

The effect of a~ on the amplitudes of FIM for harmonically excited systems is
displayed in part (a) of Fig. 4-1. The results are normalized with respect to
the amplitude of the free-field CPM. As would be expected, the horizontal com­
ponent of the FIM generally decreases with increasing a~, the reduction being
particularly significant for values of a~ of the order of 2 or greater. The
torsional component of the FIM, on the other hand, first increases and then
decreases.

For the harmonic motion considered, the temporal variations of its displacement,
velocity and acceleration traces are identical, and the displacement ratios in
Fig. 4-1(a) may also be interpreted as velocity or acceleration ratios. By con­
trast, for an actual earthquake ground motion, for which the frequency contents
of the accel erati on, velocity and di spl acement traces are different, the peak
displacements of the FIM will be related to the peak displacement of the CPM
differently from the corresponding velocity and acceleration values. This is

demonstrated in part (b) of Fig. 4-1 which shows the results obtained for the
CPM corresponding to the first 6.24 sec. of the N-S component of the 1940 El
Centro, California earthquake. The acceleration, velocity and displacement
traces of this record are available in Ref. 8.

The following observations may be made and inferences drawn from the data pre­
sented in Fig. 4-1:

1. The reduction in the horizontal component of the foundation input motion and

the corresponding increase in the torsional component are greatest for
acceleration, much smaller for velocity, and almost negligible for displace­
ment. Si nce the foundati on fi lters the hi gh-frequency wave components more
effectively than the low-frequency wave components, the acceleration traces
of the ground moti on, whi ch are ri cher in hi gh-frequency content than the
velocity and displacement traces, are influenced more than the latter traces.

2. Considering that high-frequency systems are acceleration-sensitive whereas
low-frequency systems are displacement-sensitive, it should be clear that the
effects of kinematic interaction on the lateral component of response would
be important for high-frequency systems and inconsequential for low-frequency
systems. Furthermore, medium-frequency systems which are velocity-sensitive

4-3



5r--------------------;

fx ' cps

0.02

30

2----------------------;r T*= 0.05 sec

0.1

I
fa t cps

111111
10 30

Fig. 4-2 Effect of Wave Passage on r1aximum Lateral and
Torsional Deformations

4-4



woul d be expected to be affected moderately. That thi sis indeed the case
is confirmed by the data presented in the next section.

4.3 Structural Response

Let Ux be the absolute maximum value of the structural deformation induced by
the lateral component of the FIM, and uy be the corresponding deformation
induced at the periphery of the deck by the torsional component. Fig. 4-2 pre­
sents response spectra for these deformations considering damping factors

Sx = Se = 0.02. The results are displayed in logarithmic scales, with the ab­
scissa representing the natural frequency of the system for the particular mode
of vibration considered, and the ordinates representing the pseudo-velocity

values, Vx=Pxux and Vy=PeUy' normalized with respect to the peak velocity of
the CPM, Xg. Three different values of T* are considered, including the limit­
ing value of T* = 0 for which there is no kinematic interaction.

As already anticipated, the effect of wave-passage on the lateral component of
the response is greatest for high-frequency systems, significantly smaller for
medium frequency systems, and negligible for lOW-frequency systems.
Furthermore, both the magnitudes and the trends of the response spectra for tor­
sional response are consistent with those expected from the torsional components
of the FIM presented in Fig. 4-1(b).

4.4 Effects of Ground Motion Incoherence

The free-field ground motion in this section is considered to be due to horizon­
tally polarized, vertically propagating, incoherent shear wave trains. Purely
horizontal but differing from point to point of the foundation-soil interface,
the motion in this case cannot at the present state of knowledge be specified
in deterministic terms. It is, instead, specified stochastically in terms of
a local power spectral density (psd) function, $g(oo), and a cross psd function,
$(f1,f2,w), in which 00 = the circular frequency of the harmonic component of the
motion under consideration; and f 1 and f 2 are position vectors for two arbitrary
points on the foundation-soil interface. The cross psd function may be expres­
sed as

(11 )
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in which f, referred to as the incoherence function, is a dimensionless,

decreasing function of wand of the distance between points, It1 - t21. Several
different expressions have been proposed for f, and there is no general
agreement on the form that may be the most appropriate for realistic
earthquakes. In this study, it is taken in the form recommended by Luco and
Mita (Ref. 9) as

(12)

in which y is a dimensionless factor with a value between zero and 0.5.

For a free-field harmonic motion of circular frequency wand spatially varying

amplitudes and phases, the interrelationship between the CPM and FIM is defined
by the dimensionless frequency parameter

- wR ( )a = ya = y - 13o 0 Vs

whereas for a transient motion of arbitrary temporal variation, it is defined

by the dimensional effective transit time

- RT=YT=y-
Vs

(14)

These statements hold true under the same simplifying assumption as that employ­

ed in the study of wave propagation effects.

In part (a) of Fig. 4-3 are shown the normalized amplitudes of the horizontal

and torsional components of the FIM for harmonic free-field excitations, and in
part (b) are given corresponding data for an ensemble of transient control point

motions for which the psd function of the acceleration histories is of the form
considered in Refs. 10 and 11. The cut-off frequency of the latter function is

taken as 8 cps in the present study. The quantities Xi and Vi in Fig. 4-3(b)
represent the ensemble means of the absolute maximum displacement values of the
horizontal and circumferential components of the FIM, and Xg represents the cor­
responding value of the CPM. One dot and two dot superscripts identify the mean
peak values of the corresponding velocity and displacement histories. These re­
sults were computed by use of Der Kieureghian's empirical relations (Ref. 12)
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considering the duration of the intense portion of the excitation to be 20 sec.

The plots in Fig. 4-3 are similar to those presented in Fig. 4-1 for an oblique­
ly incident plane wave, and the conclusions and inferences drawn from the pre­
vious plots also apply in this case. This is confirmed by the solid curves in
Fig. 4-4, which represent response spectra for the ensemble means of the abso­
lute maximum values of the lateral deformations, Ux' and the circumferential de­
formations, Uy ' induced along the periphery of the structure by the torsional
component of foundation input motion. The damping values in these solutions are
taken as f3 x=f3 e =0.02. As before, the results are expressed in terms of normal-

A A

ized pseudovelocity values, in which Vx = PxUx and Vy = PeUy. The reductions
in the lateral component of the response due to the incoherence of the ground
motion and the general trends of the spectra for circumferential response are
indeed fully compatible with the peak values of the FIM presented in Fig.
4-3(b).

Also shown in Fig. 4-4 by dashed lines are the mean peak values of the
combination of lateral and torsional deformations along the periphery of struc­
tures with f e = 1.5 f x. The contribution of the torsional component of response
is clearly small in this case.

4.5 Design Implication of Results

The principal step in the evaluation of the kinematic interaction effects is the
computation of the foundation input motion for the massless structure-foundation
system. For both plane and incoherent wave fields, these motions may be comput­
ed by Fourier transform techniques, making use of the foundation transfer func­
tions presented in Figs. 4-l(a) and 4-3(a). Of particular importance are the
peak (or mean peak) values of the acceleration, velocity and displacement his­
tories of the motions. With these values established, the effects of kinematic
interaction on the peak structural response may be approximated by application
of well established rules relating the characteristics of response spectra to
the peak acceleration, velocity and displacement values of the excitation. The
lateral and torsional effects should be evaluated separately and then combined
by the RMS rule, or an appropriate variant of it, giving due regard to the rela­

tive values of f x and fee
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SECTION 5

TOTAL SOIL-STRUCTURE INTERACTION EFFECTS

As a measure of the relative importance of kinematic and inertial interaction
effects, in Figs. 5-1 and 5-2 are shown response spectra for the lateral and
circumferential responses obtained for systems with a height to base radius
ratio, h/R = 2. The plots in Fig. 5-1 refer to the obliquely incident plane
wave considered in Figs. 4-1 and 4-2, whereas those in Fig. 5-2 are for the ver­
tically propagating incoherent wave field considered in Figs. 4-3 and 4-4. The
principal parameters for these solutions are identified on the figure headings,
and the remalnlng parameters are the same as those for the solutions presented
in Ref. 11.

Three sets of solutions are displayed in each case: (1) making no provlslon for
soil-structure interaction, i.e., considering the foundation motion to be the
same as the free-field control point motion; (2) providing only for the kinema­
tic interaction effects, i.e., using as base excitation the foundation input mo­
tion and analyzing the superstructure without regard for the flexibility of the
supporting medium; and (3) providing for both kinematic and inertial interaction

. effects, i.e., analyzing the structure-foundation soil system exactly as a
coupled system. Also included in Fig. 5-2 are the results obtained by the sim­
plified analysis presented in the early part of the paper. The base excitation
in these solutions was taken equal to the foundation input motion and the
natural frequency and damping of the system for each mode of vibration were mod­
ified appropriately. The details of the analysis are given in Ref. 11.

From these data and additional solutions reported in Ref. 11, the following con­
clusions are drawn:

1. Like kinematic interaction, inertial interaction influences most the
responses of systems in the medium- and high-frequency spectral regions.

2. The II effects are generally more important that the KI effects.

3. Unlike kinematic interaction which generally reduces the lateral response,
inertial interaction may reduce or increase the corresponding response.

4. The interaction effects for low-frequency, hi ghly compl iant structures are
negligible because such systems "see" the supporting halfspace as a very

5-1



0.1

I I III
10 30

2,-------------------

30

.. .... . .- ... ... ".' ...
.....

..'.

I
fa' cps

I
Vy

fc9

Fig. 5-1 Response Spectra for Interacting Structures with
h/R = 2; Ob 1i que1y Inci dent E1 Centro Record,
sino. = 0.4, T = 0.05 sec

5-2



5
.•.,.......,

1\

...\
~ \'
•Xg

No SSI---
............. Klonly

Total SSI

----- Approximate
0.1 Solution

0.05
0.1

fx ' cps
10 30

2

1\

Vy ..........
• .
Xg

.
···
····0.1 ··..

..........
0.02

0.1
fa' cps

10 30

Fig. 5-2 Response Spectra for Interacting Structures with
h/R = 2; Vertically Incident Incoherent Waves,
y = 0.4, T = 0.05 sec

5-3



stiff, effectively rigid medium.

5. The concept of modi fyi ng the fi xed-base natural frequenci es and associ ated
damping values of the system provides a simple and highly reliable means for
assessing the inertial interaction effects.
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SECTION 6

CONCLUSION

The information and concepts presented herein provide simple practical means for
assessing the effects of soil-structure interaction in the seismic design of
structures. Although presented for relatively simple structures and somewhat
idealized conditions, the concepts involved are applicable to more complex sys­
tems as well. As a matter of fact, these concepts have been used effectively
in studies of a variety of structures, including buildings, nuclear containment
structures, offshore structures, and 1iquid-contai ning tanks. However, there
continues to be a need for much additional research. Topics requiring further
study include the behavior of structures with embedded foundations for which the
kinematic effects will be more important than for surface-supported foundations,
the behavior of pile-supported structures, and the interaction effects for
structures responding in the inelastic range of deformation.
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