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SUMMARY

A general substructure method for analysis of response of nuclear power plant struc-
tures to earthquake ground motion, including the effects of structure-soil interaction, is
summarized. The method is applicable to complex structures idealized as finite element
systems and the soil region treated as either a continuum, for example as a viscoelastic
halfspace, or idealized as a finite element system. The halfspace idealization permits re-
liable analysis for sites where essentially similar soils extend to large depths and there is
no rigid boundary such as soil-rock interface. For sites where layers of soft soil are un-
derlain by rock at shallow depth, finite element idealization of the soil region is appro-
priate; in this case, the direct and substructure methods would lead to equivalent results
but the latter provides the better alternative. Treating the free field motion directly as the
earthquake input in the substructure method eliminates the deconvolution calculations and
the related assumption—regarding type and direction of earthquake waves—required in the
direct method.

The substructure method is computationally efficient because the two substruc-
tures—the structure and the soil region—are analyzed separately; and, more important, it
permits taking advantage of the important feature that response to earthquake ground mo-
tion is essentially contained in the lower few natural modes of vibration of the structure
on fixed base.

For sites where essentially similar soils extend to large depths and there is no obvious
rigid boundary such as a soil-rock interface, numerical results for earthquake response of
a nuclear reactor structure are presented to demonstrate that the commonly used finite
element method may lead to unacceptable errors; but the substructure method leads to
reliable results.
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1. Introduction

It is generally necessary to include the effects of structure-soil interaction in
analyzing the response of nuclear power plant structures to earthquake ground motion. The
two methods--a simple substructure method and a direct finite element method--that have
commonly been employed in analysis of practical problems are reviewed briefly. In order to
develop a better understanding of the relationship between these methods and to overcome
some of the limitations of these methods, a general substructure method has been developed.
Omitting details of the analytical formulation, the principal features of the general
substructure method are presented. The inter-relationship and relative computation re-

quirements of the three methods of analysis are examined.

2. Simple Substructure Method

Much of the early research was directed towards analysis of rather simple models of the
structure-soil system [1]. The structure was idealized as a one-dimensional system, the
so called "stick" model,and the base of the structure as a rigid plate supported on the
surface of, or embedded in, a homogeneous or layered halfspace of elastic or viscoelastic
materials. Analysis of response of the system to the free-field ground motion at the base
of the structure consists of the following steps [2]:

* Bnalysis of harmonic vibration of the rigid plate on the soil region to determine the
complex valued stiffness (or impedance) coefficients, which depend on the excitation

frequency.

.

Formulation of the governing equations for the structure in the Fourier transformed
frequency domain, wherein the dynamic stiffness coefficients of the foundation are

incorporated by imposing requirements of equilibrium between the interaction forces
and of compatibility between base-plate displacements in the two substructures-—-the

structure and the soil region.

Solution of the governing algebraic equations repeatedly for many--several hundred to
a few thousand--values of the excitation frequency to determine the structural
response for the frequency range over which the ground motion and structural response

have significant frequency components.

Fourier synthesis of the responses to individual harmonic components to determine the

time variation of response to arbitrary earthquake motion.

This analysis procedure may be interpreted as a substructure method because the
system is analyzed in two stages, each dealing with one of the two substructures--soil
region and structure. Because the method in its original form is restricted to simple
idealizations of the structure-soil system, it is herein referred to as the simple

substructure method.

The simple substructure method has a number of limitations: The one-dimensional
idealization may not be appropriate for complex structures. The assumption of a rigid
base plate may not be appropriate in some situations. Available solutions for dynamic
stiffness coefficients for embedded foundations are approximate and may need to be improved
Solutions have not been completely developed for the foundation stiffness coefficients
required in the analysis of two or more adjacent structures involving structure-soil-
structure interaction. Arbitrary non-homogeneities in the material properties for the

halfspace can not be tackled.



K 2/8

The principal advantages of the method lie in its ability to consider the three-
dimensional aspects of the interaction problem, to provide useful results with a minimum of
computational effort, and to work directly with the free-field earthquake motion at the base

of the structure as the excitation.

3. Direct Finite Element Method

This method for analysis of structure-soil systems, which is now widely used for
analysis of nuclear power plant structures, is the result of an obvious application of the
general finite element method for dynamic analysis [3,41. In contrast to substructure
methods swherein the system is analyzed in two stages, the entire system is analyzed as a

single unit in the direct finite element method.

Analysis of earthquake response of the system by the direct finite element method
consists of the following steps:
* Definition of the portion of the soil, with appropriate boundary conditions, which
should be included in the structure-soil system to be analyzed.
* Definition of the ground motion at the bottom boundary of the soil region.
* Dynamic analysis of a finite element idealization of the structure-soil system to this

ground motion.

While this direct finite element method has the obvious advantages in that it can
routinely handle nonhomogeneous soil properties and embedded structures, it has a number of

limitations, the more important of which are discussed next.

The portion of the soil region which is included in the system to be analyzed often
does not extend to the soil-rock interface at the site. Vertically oriented wave
transmitting boundaries have been developed to minimize the lateral extent of the soil
region [5], but the horizontal boundary to define the vertical extent is usually assumed to
be rigid. If essentially similar soils extend to large depths at the site of the
structure, this rigid boundary will distort the response of the structure to an extent

depending on its location.

Because essentially all of the information on ground motions during earthquakes is
based on records from accelerographs located on the ground surface or at shallow depths in
basements of buildings, the design earthquake motion is usually specified at the ground
surface. However in the direct finite element method, the earthquake input is defined at
the bottom boundary of the soil region at considerable depth. This input is determined by
deconvolution of the specified surface level motions, assuming that they were produced
exclusively by vertically propagating shear waves, thus excluding surface waves as well as
non-vertically incident body waves. The latter can cause significant torsional response
even if the structure has coincident centers of mass and resistance, whereas the assumed

vertically incident body waves would not [6].

Enormous computational effort is required in direct analysis of structure-soil systems
because finite element idealizations that are typically employed have several hundred to a
few thousand degrees of freedom. Furthermore,.modal analysis does not offer any
significant reduction in the computational effort because the natural modes of vibration
of the complete structure-soil system are inefficient in representing deformations of the

structure.
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The cost of analyzing three-dimensional systems by the direct finite element method is
prohibitive. Consequently, the method is usually applied to two-dimensional idealizations
of the structure-soil system [7], thus requiring unrealistic simplifications in the
modelling of complex structures encountered in nuclear power plants. An approximate
procedure for including the three-dimensional effects in the soil region has been proposed

[7], but the basis of this procedure is not clear.

4. General Substructure Method [8]

4.1 Basic Description

This is a generalization of the simple substructure method with the following
capabilities: to analyze complex finite element models of the structure; to analyze
embedded structures; to treat the soil region as a finite element system or as a halfspace--
without introducing the assumption of rigid base plate in the latter case-~whichever is
more appropriate for the soil conditions at the site of the structure; and to work directly

with the free-field ground motion at the structure-soil interface as the input excitation.

The basic steps involved in the analysis are the same as those listed earlier for the
simple substructure method. However, because the structure is idealized as a finite element
system with several nodal points at the structure-soil interface (Fig. 1), the interface
motions are no longer restricted to rigid body motions. This requires that the concept of
dynamic stiffness coefficients for the foundation be generalized as shown in Fig. 2.

Methods have been developed to determine the dynamic foundation stiffness matrix,
considering a deformable structure-soil interface, for soil regions idealized as a finite
element system [B] or as a viscoelastic halfplane [9]. For the latter idealization, the

available results are restricted to surface supported structures.

4.2 Vibration Modes of the Structure on Fixed Base

The phase requiring most computational effort in analysis of structural response to
earthquake motion by the general substructure method is to determine the steady state
harmonic response of the structure. This must be determined for a wide range of
frequencies, over which the ground motion and structural response have significant
components. For each frequency this entails solution of a set of algebraic equations, as
many as the number of degrees of freedom for the structure including those at the
structure-soil interface. Several hundred to a few thousand degrees of freedom are
usually involved in finite element idealizations of complex structures. The computational
effort required for repeated solutions of such a large number of equations for many--
several hundred to a few thousand--values of the excitation frequency would be prohibitive.
Furthermore, the entire displacement vectors at each frequency have to be stored for future
Fourier synthesis, requiring very large amounts of computer storage. Fourier synthesis
calculations would have to be performed for each of the several hundred displacements,
requiring large computational effort. It is therefore necessary to judiciously reduce the

number of degrees of freedom.

It is well known that linear analysis of earthquake response of structures on fixed
base can be most effectively carried out by modal analysis procedures, because the response
to earthquake ground motion is essentially contained in the lower few natural modes of

vibration of the structure. In order to take advantage of this feature, an appropriate
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part of the structural displacements are expressed in terms of the natural modes of
vibration of the structure on fixed base. This is effective for simple models of the
structure-soil system, wherein the structure was idealized as a one-dimensional system and
the base of the structure as a rigid plate {2]. The displacements were decomposed into two
parts shown in Fig. 3. The part r? may be interpreted as the quasistatic displacement in
the jth degree of freedom due to base translation r1p and rotation rpp. The second part

rg ¢+ which then represents the dynamic displacements relative to the quasistatic displace-
ments, was expressed in terms of the natural modes of vibration of the structure on fixed
base.

The displacements can be similarly separated even for complex structures on a
deformable base. However, in this case, the quasistatic displacements r® in the degrees of
freedom above the base are related to the base displacements not by simple rigid body
kinematics, but by statics. The dynamic displacements are as before expressed in terms of

the natural modes of vibration of the structure on fixed base.

4.3 Numerical Results

To evaluate the effectiveness of the vibration modes of the structures on fixed base
in reducing the computational effort, the results of analysis of a structure-soil system
are presented next. The system analyzed is shown in Fig. 4a. This system in plane stress
is similar to one previously considered as an idealization for a nuclear containment
building [10]. Although it may not be appropriate to model an axisymmetric structure as a
system in plane stress, such a model is employed hexe only for the purposes of checking if
accurate results can be obtained after reducing the number of degrees of freedom. The
finite element idealization for the structure and part of the mesh for the soil region are
shown in Fig. 4b. For horizontal free-field ground motion the displacements will be
antisymmetric about the centreline; thus only half the structure with antisymmetric
displacement boundary conditions on the centerline need be considered. The number of
degrees of freedom at the structure-soil interface in the finite element mesh for the soil
region is 7. To be consistent, the interface displacements of the structure are also
expressed in terms of 7 degrees of freedom--those at nodal points 1, 3, 5 and 15. The
resulting finite element system for the structure has 93 degrees of freedom, including
those at the structure-soil interface. 1In determining the dynamic stiffness matrix for the
soil region, wave transmitting boundaries were introduced on the side boundaries to

minimize the lateral extent of the soil region.

The properties of the selected system are such that the effects of structure-soil
interaction are significant; in particular these effects lowered the fundamental resonant

frequency of the structure by 25 percent, relative to its value for fixed base conditions.

The "exact" response of the structure-soil system, as obtained from Solving the
entire set of equations in nodal point coordinates is compared with approximate results
obtained by considering very few modes of vibration of the structure on fixed base. The
response at the top of the structure (nodal point 55) to unit harmonic (eiwt) free-field
ground acceleration in the horizontal direction is presented in Fig. 5. The "exact"
response was obtained by solving 93 algebraic equations for each value of the excitation
frequency. Including all the 7 interface degrees of freedom with 1 and 4 modes of

vibration of the structure on fixed base, two approximate results for the response were
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compnted by respectively solving 8(=1+7) and 11(=4+7) equations. The results presented in
Fig. 5 demonstrate that four vibration modes suffice to produce an excellent approximation
to the "exact" response in the 0-10 Hz frequency range; only the first vibration mode
suffices for frequencies lower than its own natural frequency on fixed base. In general,
no more than the lower vibration modes of the structure (on fixed base) whose natural
frequencies are within the frequency range of interest need to be included. It is not
necessary even to consider all of these lower modes, because response to arbitrary earth-
quake ground motion will be primarily due to those harmonic components which have
frequencies close to the first few resonant frequencies, where large amplifications appear

in the structural response.

Whereas the precise reduction in the number of equations possible in any particular
case depends on several factors, it should be apparent from results of this example that
the number of equations can be greatly reduced. The resulting efficiency in the solution
process is of great significance because it has to be repeated for many--several hundred to

a few thousand--values of the excitation frequency.

4.4 Spatial Variations in Ground Motion

Free-field ground motion may vary significantly across the base of long structures:
e.g.,dams, pipelines, and bridges; and along the structure-soil interface in case of
structures significantly embedded below the ground surface: e.g.,some structures
encountered in nuclear power generation facilities. These spatial variations in ground
motion can be considered in analysis of structure-soil systems by the substructure method

[8].

However, the available accelerograph records of ground motion during earthquakes
provides little basis for specifying these spatial variations. All analyses suffer from
this limitation. The direct finite element method circumvents this limitation by
specifying ground motion not at the structure-soil interface but at the bottom boundary
of the soil region included in the system. The motion is usually specified to be

identical at all points on this boundary.

5.

The simple substructure method and the direct finite element method have been widely
used in the nuclear power plant industry for analysis of structure-soil interaction effects.
The literature contains many studies wherein numerical results obtained by the two methods
are compared, reasons for the discrepancies are discussed, and relative merits of the two
methods are debated. It appears that much of the controversy arises from a lack of clear
understanding of the relationship between the two methods. This relationship has been
obscure perhaps because the system is idealized very differently in the two methods and the

earthquake excitation is defined at different locations in the two cases.

With the development of the general substructure method, the inter-relationship of the
various methods became apparent [11]. For finite element idealization of the soil region
the direct and substructure methods would lead to "identical" results--for surface
supported or embedded structures--if the problem is defined consistently in the two cases:
(1) The structure idealization is same. (2) The free-field accelerations at the structure-

soil interface, the prescribed excitation in the substructure method, is the response of
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the same finite element idealization of the soil region as employed in the direct method,
to the motion specified at the base of the soil region in the direct method (Fig. 6). (3)
The dynamic stiffness matrix for the soil region is determined from analysis of the same

finite element idealization of the soil region as employed in the direct method (Fig. 6).

Thus the discrepancies in results of analyses of a structure-soil system by direct
and substructure methods are generally due to differences in the definition of the problem
in the two cases. These differences may be in idealization of the soil region: halfspace
in the substructure method versus finite element system in the direct method; in
idealization of the structural system: one-dimensional "stick” model in the simple
substructure method versus finite element model in the direct method; and in definition of

the earthquake input.

Whereas the specified free-field earthquake motions at the structure-soil
interface, with spatial variations of motion if any, are treated directly as the
excitation in substructure methods, the earthquake input is usually defined at the base of
the finite element mesh in the direct method. This input is usually determined by
deconvolution of the specified surface motion, which is assumed to have been produced
exclusively by vertically propagating shear waves, thus excluding surface waves as well as

non-vertically incident body waves.

6. Computational Effort in Direct and Substructure Methods

For surface supported structures and where the soil region is better idealized as a
halfspace continuum, or for any other case where the solutions of boundary value problems
required in constructing the dynamic stiffness matrix for the soil region are available,
the computational effort in analysis by the substructure method would only be a small

fraction of that required in analysis by the direct finite element method.

A detailed study of the computational requirements for analysis of finite element
idealizations of structure-soil systems, with wave transmitting boundary conditions at the
lateral boundaries of the soil region, demonstrated that the general substructure method

permits significant savings in computational effort [8].

7. Concluding Remarks

The general substructure method is applicable to complex finite element idealizations
of the structure, with the soil region idealized as a semi-infinite continuum or as a

finite element system, whichever is appropriate for the particular site.

For sites where layers of soft soil are underlain by rock at shallow depth, it would
be appropriate to idealize the soil region as a finite element system with rigid boundary
at the soil rock interface. In this case, the direct and substructure methods are both

applicable; the latter may, however, offer savings in computational effort.

For sites where essentially similar soils extend to large depths, the general sub-
structure method would be a more appropriate analysis technique because it is capable of
considering semi-infinite soil regions. On the other hand, by introducing a rigid
boundary in the system, the direct finite element method may lead to unacceptable errors
Numerical studies are now in progress to determine the extent of these errors. It is

expected that results of these studies will be reported at the conference.
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FIG. 4. - Example Structure-Soil System. T; = fundamental vibration period on fixed base;
V = Poisson's ratio; Eg = viscous damping ratio for all vibration modes of the structure
on fixed base; 1 = constant hysteretic damping factor; Cg = shear wave velocity in the

soil; modulus of elasticity E is in lbs/sq ft units; unit weight Yy is in lbs/cu ft units.
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