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SUMMARY

resulting from coupling of the foundations through the
soil n the seismic analysis of nuclear power plants. The basis
of t ted treatment.

This paper examines the phenomenonand available methods of analytical treatment, in-
cluding finite element and lumped parameter methods. Finite element techniques have lead

tothe ural foundations using two dimensional plane
strain ing three dimensional finite element models.
The u Is leads to overly conservative through soil

coupling effects since the mode of energy tran  r between the foundations involves two di-
mensional cylindrical waves instead of three dimensional spherical waves. Also, the two di-
mensional finite element approach suffers the inability to consider the simultaneous applica-
tion of three orthogonal directions of excitation currently required for the seismic analysis of
nuclear structures.

_ This paper treats the coupling problem by means of a tumped parameter model derived
from elastic half-space considerations. Consequently, the method is applicable to the interac-
tion of any number of foundations and allows the simultaneous application of tri-directional
excitation.

The method entails the idealization of interacting structures as lumped mass/shear beams
with lumped soil springs and dampers beneath each foundation plus a coupling matrix between
the interacting foundations. Utilizing classical elastic half-space methods, the individual foun-
dation soil springs and dampers may be derived, accounting for the effects of embedment and

soil layering, analogous to the methods used fo The
coupling matrix ion-
ship of the struc the
coupling flexibil pa-

rameter model.
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1.0 INTRODUCTION

At the present time some attention is being focused on the interaction between
structures at Nuclear Power Plant sites. In the past the problem has been neglected because
of its complexity and the lack of available techniques for computation. Lee and Wesley (1)
presented a solution for the condition of an elastic half-space and structures with circular
foundations of various configurations, Their results indicated that for large structures the
effect of coupling through the soil is neglegible. For most cases they found the coupled
harmonic response to be less than the uncoupled harmonic response. Only for the case of a
small service building located between two large reactor buildings was the coupled response

greater than the uncoupled response at certain frequencies.

The results by Lee and Wesley (1) are considered to represent a closed form solution
for the case of foundations supported on an elastic half-space. Unfortunately, few Nuclear
Power Plant sites are represented by such idealized conditions. With the development of
finite element techniques for soil dynamics, some studies of structure-soil-structure inter—
action have been attempted using two-dimensional plane strain solutions. Another approach is
to develop a lumped parameter model from elasticity solutions by computing the stiffness
coupling matrix between foundations. The above analysis techniques are discussed and the
results of an analysis utilizing the lumped parameter approach are presented in the following
paragraphs. It is concluded that the effects of structure-soil-structure interaction are
adequately accounted for in an uncoupled analysis of a Nuclear Power Plant through the built

in conservatism of response spectra and factors of safety used for design.

2.0 FINITE ELEMENT APPROACH TO STRUCTURE-SOIL-STRUCTURE INTERACTION

Dynamic finite element methods are presently limited to two-dimensional problems.
This limitation unfortunately prohibits accurate analysis of structure-to-structure inter—
action. Three-dimensional dynamic finite element computer programs for soil interaction are
techniquely feasable except for the fact that they greatly exceed the capacity of present day

digital computers.

An illustration of the assumptions associated with idealizing a three-dimensional
structure-soj l-structure interaction problem as a two-dimensional plame strain condition may
be described as follows. Figure 1 shows the foundations for two structures located in close
proximity to each other. Structure A may be considered as the foundation for a Nuclear
Reactor Building. Structure B represents a structure that is relatively small in comparison
to Structure A. The interaction between Structure A and Structure B is associated with the
propagation of energy as waves through the soil generated by interaction of each foundation
with the supporting soil. Body waves in the form of compression and shear waves, as well as
surface waves, will be propagated radially from each of the foundations. As a result of
geometric considerations the ground displacements decrease with distance from the foundation.
For the three-dimensional case the decrease in displacement is inversely proportional to the
square of the source distance for body waves near the surface and inversely proportional
to the square root of the source distance for surface waves. If interaction between Structure

A and Structure B is solved using a two-dimensional plane strain finite element model, the
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system will be as shown on Fig 2. The two-dimensional plane strain model requires each
Structure to be infinitely long in the 3rd dimension. In this case the propagation of waves
is entirely different from that of the three-dimensional model. The body wave

amplitude will decrease inversely with the square root of the source distance and the surface
wave amplitude will not decrease at all with source distance. These differences in wave
attenuation characteristics between the two~dimensional and three-dimensional representation
would appear to seriously influence the two-dimensional finite element solutions of structure-
soil-structure interaction by exaggerating structure-soil-structure interaction. The model
represented by Fig 2 may be considered somewhat equivalent to the case where Structure A and
Structure B are represented as shown on Fig 3, where Structure B "intercepts" 50 percent of
the energy propagated from Structure A. Consequently it is concluded that two-dimensional
finite element methods are not appropriate for structure-soil-structure interaction analysis
and that finite element solutions to this type of problem must await the development of

computers capable of handling three-dimensional finite element programs.

3.0 LUMPED PARAMETER APPROACH TO STRUCTURE-SOIL~STRUCTURE INTERACTION

In this paper, the coupling problem has been approximated by means of a lumped
parameter model derived from elastic theory. The method utilizes models with soil springs
and dampers derived from three-dimensional theory plus a stiffness coupling matrix between
the interacting foundations. The lumped parameter soil stiffness and damping coefficients
have been developed considering the influence of layering, embedment and the levels of
strains developed in the soil during an earthquake. A schematic diagram of the system and
the basic parameters involved are shown on Fig 4. The structural system consists of a single
mass possessirg both lateral and rotational emertia for each structure. The coupling matrix
KIZ was developed from three-dimensional elasticity solutions provided in the book by Poulos

2

and Davis . Basically the displacements resulting from unit loads corresponding to each
degree of freedom of structures ! and 2 were used to form the flexibility matrix. The
stiffness matrix K]2 was obtained by inversion of the flexibility matrix. Figure 4 describes
the various matrices considered in the analysis and the associated terms for the coupled and

the uncoupled case.

4,0 RESULTS OF THE ANALYSIS
A harmonic analysis was used to compare the differences in response between the
coupled and the uncoupled case since the dynamic characteristics of a system are best

illustrated by this approach.

The coupled and uncoupled models were subjected to a horizontal and vertical
harmonic displacement exitation at the base as shown on Fig 4. The results are shown on
Figs 5, 6, 7 and 8 for the horizontal and vertical responses of each structure. The results
for the more massive structure are shown on Figs 5 and 6 and indicate that the frequences
at peak response are basically unchanged and that the response for the coupled case is less
than the uncoupled case. For the lighter structure on Fig 7 the horizontal harmonic
response for the coupled case differs in two ways. First the natural frequency of the

massive structure changes the shape slightly of the harmonic response in the frequency
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range of approximately 3 Hz. In addition, the peak harmonic response for the lighter structure

)

is increased slightly. Similar results were reported by Lee and Wesley for a parallel
situation. For the vertical response analysis shown on Fig 8 the lighter structure is
influenced to a greater extent by the vertical frequency of the larger structure. However,
the response at the vertical natural frequency of the lighter structure is greatly reduced.

(V]

Again the results are in agreement with the trends found by Lee and Wesley

5.0 DISCUSSION

The above results indicate that relative to an uncoupled analysis the effect of
including structure-soil-structure interaction is to introduce additional eigenvalues and to
cause slight increases or decreases in the peak harmonic response. The significance of these
changes in dynamic response appear to be within the bounds of acceptable accuracy in dynamic
analysis and are adequately accounted for in the conservatism and factors of safety used in

design.

6.0 CONCLUSIONS

A study has been performed to assess the importance of structure-soil-structure
interaction. The results indicate that the effects of structure-soil-structure interaction
are minor and that differences are adequately accounted for in the conservatism of and
factors of safety used for design. It is also concluded that a two-dimensional dynamic finite
element analysis will greatly over exaggerate structure-soil-structure interaction because
of the two-dimensional characteristics of the model. Based on the results using the approach

(1

discussed herein and those of a more exact solution by Lee and Wesley it is concluded that
jf structure-soil-structure interaction analysis is considered necessary, it may be
approximated by computing a stiffness coupling matrix from elasticity theory solutions. In
the future when three-dimensional finite element computer programs are available for soil

dynamics problems, more accurate solutions will be possible.
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M = MASS
J = ROTATIONAL INERTIA

K = STIFFNESS MATRIX
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Model for lumped parameter analysis
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