
1
PROCEEDINGS OF SMiRT 13 - POST CONFERENCE SEMINAR 16 SEISMIC
EVALUATION OF EXISTING NUCLEAR FACILITIES

SEISMIC DESIGN OF NUCLEAR POWER PLANTS - WHERE ARE WE NOW?

J. M. Roesset
The University of Texas at Austin, Austin, Texas

ABSTRACT: The lack of any significant activity in the design and construction of new nuclear
power plants over the last ten years has resulted in a corresponding lull in the basic academic
research carried out in this field. While some work is still going on related to the evaluation of
existing plants or to litigation over some of them (including some that never became operational)
most of it is of a very applied nature and little basic research is being conducted at present. Yet
research on earthquake engineering in general, as applied to buildings, bridges, lifelines, dams and
other constructed facilities has continued. This paper attempts to look at some of the areas where
there were major uncertainties in the seismic design of nuclear power plants (selection of the design
earthquake and its characteristics, evaluation of soil effects and soil structure interactions, dynamic
analysis and design of the structures), the progress that has been made in these areas, and the
remaining issues in need of further research.

1. INTRODUCTION

The importance of nuclear power plants and the consequences of a nuclear accident required that
they be designed to safely withstand the most severe environmental conditions that could reasonably
be expected to affect mem during their lifetime. This led during the 1960s and 70s to an
extraordinary amount of basic and applied research on their seismic analysis and design, research
which benefited not only the nuclear industry but also the area of earthquake engineering in general.
Many significant advances in this field are a direct result of these research efforts and the nuclear
industry can be proud of their contribution. Yet the desire to apply new knowledge as fast as it was
being generated and the pressure to use the latest state of the art procedures without an adequate
amount of time for reflection and validation had some undesirable consequences: further analyses
and reanalyses were required in some cases without any real justification based on conclusions or
results from papers which addressed very particular cases of limited scope; methodologies that were
incomplete and at times incorrect (incorrect for some practical situations) were accepted or even
endorsed at one time and then disavowed entirely; and criticism of established and commonly used
procedures pointing out their limitations was occasionally considered treacherous and detrimental to
the good of the industry. All this resulted in a significant amount of controversy. This controversy
and the adversary relationships which existed at one time between the owner / designer /
manufacturer team, the regulatory agencies and their consultants and the public at large, who
justifiably demanded answers to a number of important questions and access to information, hurt the
nuclear industry and resulted eventually in a near complete halt in new designs and construction as
well as research. Unfortunately, the conflict has not stopped. It has continued with the adversaries
becoming the reactor manufacturers, the architect engineering teams, and the owners who try to
recover the extra costs associated with the lack of complete knowledge at the time the design of their
plants was initiated and was being carried out, the need for research and development of new
methodologies which existed at the time, and the required reanalyses and design modifications.

The reduction in activity within an area with the corresponding decrease in the pressure to find
instant solutions to new problems for which there is very limited experience provides, or should
provide, the opportunity to compare and validate methodologies, to better define their ranges of
applicability, to identify areas where additional research is necessary, and to reach a consensus,
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perhaps, on acceptable solutions and procedures. It is also the time for industry to regroup and
prepare itself to be ready when the need for new designs arises again, trying to avoid future
controversies. Unfortunately, in the seismic design of nuclear power plants this kind of activity has
been rather limited, although significant work has been done in Japan by a number of companies
(Kajima, Mitsubishi, Ohbayashi, Toshiba) and in the United States by the Electric Power Research
Institute (EPRI) and government organizations such as the Nuclear Regulatory Commission or the
Department of Energy, among others. Most of this work is, however, of an applied rather than a
basic nature and some controversial issues remain unresolved. Research on earthquake engineering
has continued, on the other hand, with applications to building structures, bridges, hospitals, dams,
lifelines, and other facilities, using in many cases the methodologies developed for nuclear power
plants and extending them.

The purpose of this paper is to review some of the major sources of uncertainties which existed
in the seismic design of nuclear power plants, discuss briefly some of the work that has been done in
these areas, and point out remaining topics in need of further research. The three main areas to be
addressed are the definition of the design earthquake (or earthquakes), the effects of the soil (soil
amplification and soil structure interaction), and the dynamic structural analysis.

2. DEFINITION OF DESIGN EARTHQUAKE

The determination of the design earthquake (or earthquakes) for a nuclear power plant was
normally based on a series of extensive seismological and geological studies. Historical records of
past earthquakes were carefully reviewed and a seismic history of the region was compiled.
Tectonic zones were defined and their seismicity evaluated. Potential active faults were identified.
Rates of occurrence of earthquakes of different magnitudes were assigned to all known faults or
areas where epicenters of past earthquakes had been located. Finally, attenuation laws were
developed which could provide peak values of the ground motions parameters (acceleration, velocity
or displacement) for a given earthquake as a function of magnitude and distance. Yet the results of
all these studies were expressed in terms of a single parameter, the effective peak ground
acceleration. The design earthquake was then specified in terms of this acceleration as a scaling
factor and a standard set of response spectra for various values of damping. The same shapes of the
spectra were applicable to the different levels of motion (operating basis or safe shutdown
earthquakes) and in many cases to the horizontal and vertical components of motion, changing only
the scale factors (in some cases a small modification was introduced in the shape of the horizontal
and vertical spectra using different scale factors over two ranges of frequencies). This implied that
the frequency content of the earthquake was considered independent of its magnitude and source
mechanism, the distance from the site to the causative fault, the general topographical and geologic
conditions of the region, and in some cases even the local soil properties. These spectra were all that
was needed when a modal spectral analysis was to be used to calculate the seismic response. It was
common, however, to generate one or more sets of artificial earthquakes (synthetic time histories) for
direct solutions of the equations of motion in the time or frequency domains. The response spectra
of these artificial earthquakes was supposed to match within certain specified tolerances the smooth
target design spectra. An iterative procedure was used typically to achieve this match but a perfect
match was very difficult to obtain, particularly for several values of damping. As a result the
synthetic motions tended to be conservative, and sometimes substantially so, over some frequency
ranges. They also had a higher amount of energy for a given value of the peak acceleration than real
earthquakes which do not have smooth spectra.

This process could be improved considerably by generating design motions on the basis of
physical considerations, accounting for the effects of magnitude, focal mechanism, distance,
topography, and soil conditions, not only on the value of the peak or effective ground acceleration
but also on the frequency content and duration of the earthquake, simulating a fracture propagating
along a rupture zone and following the paths of the waves which are generated from the fault to the
site under consideration. A significant amount of research has been conducted over the last 15 or 20
years on this subject and is still continuing today. When combined with probabilistic formulations to
account in a rational way for all the existing uncertainties and with statistical data from actual
earthquake records it has the potential to be one of the major improvements in seismic design.
Ideally one would like to obtain a description of the design earthquake in terms of the types of waves
that would be arriving at the site, their amplitudes and their angles of incidence at bedrock as a
function of frequency and the duration of shaking. A detailed modeling of a fault with the complete
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length of rupture and the geological features of the terrain over dimensions of many kilometers may
be, however, far too expensive even for present day supercomputers, particularly for practical
applications. Studies with less detailed models but accounting for information from actual records
can provide, however, valuable insight on the general characteristics of the expected motions at the
site (duration and frequency content) for different magnitudes and distances.

It is interesting to notice that the use of simple physical models based on wave propagation to
simulate earthquake motions had already been proposed by Housner in the 50's, but this approach
was discarded and researchers preferred to concentrate on the generation of artificial earthquakes as
stochastic processes without any physical basis. In 1969, Rascon and Cornell attempted to revive
this line of research by combining it with a probabilistic formulation, but their effort was again an
isolated one. It was only in the late 70's that a concentrated attack was launched along these lines
and today this is the area where most progress has been achieved. Many are the researchers who
have contributed to this progress and no attempt will be made here to trace their individual efforts.
One should mention, however, the studies conducted by EPRI (1986) and by the Lawrence
Livermore Laboratory (Bernreuter et al, 1985, 1987, 1989) for the Eastern United States and more
recently the work conducted at the National Center for Earthquake Engineering Research of the State
University of New York in Buffalo (in combination with the Lamont-Doherty ObservaioryX Jacob
1994). Clearly more work remains to be done and there are still uncertainties that cannot be fully
accounted for. The discrepancies between the results that would be obtained using the earlier
procedures suggested by the Lawrence Livermore National Laboratory study and the EPRI
methodology illustrate the fact that the interpretation of the same data by different researchers may
lead to different conclusions and that further studies may be needed to reconcile the differences. It
appears that the later revised methodology of LLNL is in much better agreement with the EPRI's. In
spite of the remaining issues, it is possible today to prescribe design motions consistent with a
desired return period (or probability of occurrence) in terms no longer of a single parameter but
accounting for duration and frequency content as well as peak ground acceleration. This is a major
step forward.

A second improvement would be the consideration of more than one design motion for the same
return period, corresponding perhaps to different distances and magnitudes (one could have for
instance a small, or relatively smaller, but very close earthquake and a stronger but more distant
one). When the motions are specified in terms of design response spectra or, even better, in terms of
a power spectral density that could be used directly for probabilistic dynamic analyses, this is all that
is needed. When using actual earthquake records with characteristics similar to those of the design
motions or synthetic accelerograms matching the design spectra it would be necessary to consider
several samples for each design earthquake. This has been opposed by industry arguing that it would
be far too expensive. This is not necessarily so with present day supercomputers or even
workstations, particularly for linear analyses, which are the ones most commonly performed. It is
possible then to break the analysis into a series of logical steps, storing the results of each one in
permanent files.

The next major point of concern in the definition of the seismic input is the location where the
design or control motion is specified. This was a subject of considerable debate for many years and
although some promising trends are observed it is not yet clear whether the matter has been fully
resolved. As has been often stated (Roesset and Kim, 1987, for instance), there are five possible
choices:

• the free surface of the soil deposit at the site.
• a hypothetical outcropping of rock.
• bedrock when there is rock at some finite depth at the site.
• the elevation of the foundation in the free field (soil deposit without any structure or

excavation.
• directly at the foundation.

If the characteristics of the design motions correspond to some average firm ground conditions
and the soil at the site can be classified as such, specification of the earthquake at the free surface of
the soil deposit would be the logical choice. This would also be the case if the seismic hazard
analyses had already incorporated the effect of the local soil conditions (i.e., if the soil amplification
studies for the site had been conducted explicitly by the seismologists, instead of waiting for the
geotechnical engineers to do it, or if they had been incorporated implicitly). A more general solution
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would be to specify the motion at a hypothetical outcropping or rock, accounting for earthquake
mechanism and distance but not for local soil conditions. These would be considered in soil
amplification studies which could be one-, two- or three-dimensional depending on the topography
and stratigraphy at the site and which could be different for various locations at the site. If the site
has a well-defined transition between soil and much stiffer rock at a finite depth the specification of
the motion at bedrock would be very similar to the specification at rock outcropping. Otherwise this
alternative is not very meaningful since the characteristics of the motion at one level within the soil
deposit will be a function of the properties of the soil above and below that level. Finding thus a
consistent motion at some depth would require amplification studies similar to those performed to
determine motions at the free surface from a specified input at a hypothetical rock outcrop.
Specification of the design motion at the foundation level in the free field, as required at one time, is
the least advisable option and leads to a number of serious inconsistencies if there are various
structures with their foundations at different levels. Specifying the control motion directly at the
foundation is equivalent to ignoring kinematic interaction effects. It is commonly assumed that this
is a conservative assumption, particularly for deeply embedded foundations, but it ignores rotational
components of motion and, more importantly, the physical reality. And introducing uncontrolled
conservatism, which is hard to quantify, is an undesirable approach particularly when attempting to
perform more rigorous probabilistic risk analyses.

One of the main problems in deciding the location of the control motion was an apparent
confusion for embedded foundations between its specification at the level of the foundation in the
free field and the direct specification at the foundation. This confusion was aggravated by a number
of papers and studies that attempted to justify the reduction in the levels of acceleration with
foundation depth by looking at the motions recorded at different depths in boreholes. A source of
concern was the fact that the motion that would be obtained at a given depth in the free field would
exhibit a very sharp valley in its spectrum at the natural frequency of the overlying soil mass. This
concern would be eliminated by the use of more than one earthquake record as suggested above and
primarily by the use of more than one set of soil properties (as has always been done). More
importantly, the compatible motions at the foundation level accounting for the excavation will
exhibit a clear reduction in the high frequency components of motion but much less sensitivity to
specific frequencies than the one-dimensional deconvolution solution.

A sixth alternative which has not been included in the above list is the specification of the motion
not at the foundation but directly at the base of the structure ignoring therefore not only kinematic
but also inertial interaction. This is of course what was traditionally done for regular buildings.

3. EFFECT OF LOCAL SOIL CONDITIONS

The effect of the local soil conditions on the characteristics of the earthquake motions at the site
(soil amplification studies or determination of site specific spectra) is normally carried out assuming
a horizontally stratified soil deposit and vertically propagating seismic waves. This implies that soil
properties can vary arbitrarily with depth but remain constant in the horizontal direction and that all
points on a horizontal plane experience the same motion at any instant of time. The solution of this
problem, whether using a continuous formulation based on one-dimensional wave propagation
theory (Roesset and Whitman 1969), or a discrete model (finite differences, finite elements or a
physical discretization of lumped masses and springs) as suggested by Seed and Idriss (1969), is
very simple and well-known. It can be efficiently performed in a personal computer. When the
motion is specified at a hypothetical outcropping of rock (the ideal location) or at bedrock the
purpose of the analysis is to compute the consistent motions at the free surface of the soil deposit or
at any other elevation in the free field, as well as compatible motions and stresses at other points
within the soil profile (the points of contact between the foundation and the soil or points along a
lateral soil boundary if the soil structure interaction analyses are to be conducted with a finite
element model). If the motion is specified directly at the free surface of the soil deposit but the soil
structure interaction studies are going to be conducted using a finite element discretization
amplification studies must again be conducted to obtain now compatible motions at the bottom
boundary of the domain as well as at the other points mentioned above. In the first case the analysis
process is referred to as a convolution, while in the second it is known as a deconvolution.
Deconvolution analyses are also performed to determine equivalent soil properties with depth (based
on the levels of strain) for soil structure interaction analyses using continuous solutions or even
simplified expressions for the foundation stiffnesses.
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These analyses are normally performed in the frequency domain assuming therefore linear elastic
material behavior. It has long been recognized, however, that soil is a highly nonlinear material and
that the design seismic motions are likely to induce large strains. Nonlinear soil behavior is
normally accounted for in convolution or deconvolution analyses using an iterative linear procedure
where the values of the shear moduli and the soil material damping are adjusted at the end of each
cycle of analysis based on the strains computed in the previous cycle and curves of modulus and
damping versus shear strain characteristic of the material (Schnabel et al 1972). In this way
amplification studies are carried out not only to determine compatible motions and stresses at various
points within the soil but also to obtain equivalent soil properties to be used in the soil structure
interaction studies. This procedure is well-established and unfortunately generally accepted. Yet the
accuracy of the results is open to question, particularly when dealing with soft and deep soil deposits.
When the motions are followed from the bottom (or rock outcropping) to the free surface the
procedure filters out excessively the high frequency components. In fact if this procedure were
correct, it would imply that earthquake motions recorded on top of very deep or soft soil deposits
should have no energy about 8 or 10 Hz. This simply is not the case. In deconvolution analyses
high frequency components increase with depth and the solution eventually becomes unstable. As a
result motions specified at the free surface are often artificially modified eliminating all components
above 8 to 10 Hz before proceeding with the analysis (the cutoff frequency decreases as the depth of
the stratum increases). The main reason for these errors is the assumption of a linear hysteretic
damping which is independent of frequency although the amplitudes of the different frequency
components are quite different (Roesset, Huerta and Stokoe 1995). A large number of studies have
been conducted through the years to assess the validity of the iterative linearization. For most cases
the linearized solution overestimates the peak accelerations at the free surface by 10 or 20%, while
underestimating displacements and strains, sometimes by as much as 50% (Constantopoulos 1973).
Unfortunately, the results of the comparative studies are often contradictory (D'Appolonia 1979,
Dames and Moore 1978). Nonlinear analyses in the time domain, which would avoid these
problems, can be performed very economically and also in a personal computer, for the one-
dimensional convolution problem. For the deconvolution problem the process is at times ill-
conditioned because as the solution proceeds down the profile from mass to mass one has to
compute first the relative displacements between masses associated with the inertia forces, then
obtain the second derivative of these displacements to compute a new acceleration and the
increments in the inertia forces. The need to conduct repeatedly the differentiation of the
displacements to obtain accelerations is the main source of difficulties. A procedure to perform true
nonlinear deconvolution analyses using the theory of characteristics has been recently suggested by
Yamada et al (1995). If this method is robust even for deep deposits it would represent a significant
improvement and it should be adopted to replace the iterative linearization scheme. The main
limitation of true nonlinear analyses is that they cannot provide equivalent soil properties, since the
soil properties are changing continuously in time, although one could obtain weighted averages.
This implies that all ensuing analyses would have to be conducted with nonlinear models in the time
domain.

There are a number of areas in which additional research is necessary to resolve outstanding
questions in the computation of soil specific motions. The main source of uncertainties is related,
however, to the soil properties. To perform soil amplification studies, as well as the soil structure
interaction analyses discussed later, it is necessary to know the soil properties in situ, under the
existing state of stresses, as well as their variation with levels of strain (variations of modulus and
damping with strain for one-dimensional studies and more complete nonlinear constitutive models
for more general two- or three-dimensional states of stresses). Traditionally, soil properties were
determined through laboratory tests on so-called "undisturbed" samples. Yet, when measurements
were carried out in the field the values of the elastic moduli obtained for very low levels of strain in
situ and in the laboratory could differ by factors of 2 to 4. It is interesting to notice in this respect
that when independent studies were carried out by a number of researchers to reproduce the tests
conducted by the EPRI at Lotung, those who used only the data provided from laboratory tests
obtained relatively poor agreement with the actual data; those who used the in situ data for the low
strain values of the elastic moduli, combined with the variation of modulus and damping with level
of strain obtained from laboratory tests, or simply with published standard curves for the type of
soils encountered at the site, got invariably a very good match. This indicates that an accurate
knowledge of the soil properties in situ, even if they correspond only to very low levels of strain, is
or can be more important than a detailed definition of the nonlinear variation of these properties with
level of strains. This is again one of the areas where significant progress has been achieved in the

193



last 15 years. In addition to the downhole and crosshole method, which have been in use for some
time and can be very reliable (particularly the crosshole test), but are expensive due to the need to
have boreholes, the Spectral Analysis of Surface Waves (SASW) Method, which has evolved from
the Rayleigh wave technique, provides an accurate, fast and relatively economical wcy of
determining the soil properties in situ and their variation with depth over an extended area (Nazarian
1984, Sheu 1987).

To account for the uncertainties in soil properties, it was common in the seismic design of
nuclear power plants to perform analyses with the best estimate of the soil properties and widi these
values multiplied and divided by a factor of 2. These factors were applied simultaneously to all the
layers. When the properties of the different strata are relatively homogeneous in the horizontal
directions and in situ measurements are available over an extended area, more realistic, and probably
smaller, variations can be justified from the data. For soils where the variations in properties in both
horizontal and vertical directions are large (such as alluvial deposits), the application of a factor to
all the layers simultaneously may not provide an adequate range of variation in the final results, as
pointed out by Lysmer (1994). It would be more appropriate in these cases to conduct a number of
Monte Carlo-type simulations assuming that the properties of the different layers are independent
random variables and statistically interpreting the results.

A second source of uncertainty is the angle of incidence of the incoming seismic waves in the
underlying rock, as a function of frequency, and the relative amplitudes of the different types of
waves (SH, SV, P) propagating through the soil deposit. The formulation to study the amplification
of any type of waves by a horizontally layered soil deposit has been available for a long time and the
solution of this problem is not more complicated than that of vertically propagating waves (Jones
1970). The main difficulty in considering other types of waves lies in the selection of the
appropriate type and this is an area where seismologists can again provide valuable information.

In many cases soil profiles are not horizontally stratified: soil layers can be dipping at different
angles or have arbitrary geometries with soil properties changing in both the horizontal and vertical
directions. In other cases some of the structures may be built at different levels on embankments or
small hills with two- or three-dimensional geometries. Amplification studies considering simple
two-dimensional geometries (a sloping bottom layer, elliptical sedimentary valleys, etc.) have been
carried out for some time. A weighted residual formulation with a collocation minimization criterion
was used first in what has been known as the Aki-Larner method (Aki and Lamer 1970). More
recently solutions are based on the use of the direct or indirect boundary integral equation (or
boundary element) method but a number of other alternatives have been explored (Aki 1988, Bard
and Bouchon 1980, 1985, Dravinski 1982, 1983, Papageorgiou and Kim 1992, Sanchez Sesma
1983). The studies conducted on simple geometries have provided considerable insight into the
nature and importance of 2D amplification effects for shallow rectangular (or trapezoidal) valleys as
well as deep triangular canyons, but most of these studies have assumed homogeneous and linear
soil properties for the valley or canyon. 2D or 3D amplification analyses are clearly more expensive
and time-consuming than the simple one-dimensional solutions and their use in actual practice
(rather than for research purposes) is going to be limited. Even so, when the geometry at the site is
clearly two- or three-dimensional, some studies of this kind should be conducted to assess the
potential importance of geometric effects.

The approximate iterative linear analyses described earlier become even more questionable when
dealing with two- or three-dimensional states of stresses. To assess their applicability and to answer
some of the lingering questions, it would be necessary to conduct true nonlinear analyses with
appropriate nonlinear constitutive models for the soil. A considerable amount of work has been done
on the development of plasticity-type models for soils but this is one of the areas where relatively
little improvement has been achieved in practical studies and much more remains to be done. Some
models, like the multiple yield surfaces model of Prevost (1977), the cap model of Di Maggio and
Sandier (1971) (based on the original cam-clay model developed by Roscoe in Cambridge), or the
more recent forms of the endochronic models (Systems, Science and Software 1980), would seem to
have an excellent potential, particularly when combined with a two-phase formulation to account for
the buildup and dissipation of pore water pressures. Even so, it appears that the possibility of having
a single model which can correctly reproduce all the features of soil behavior under arbitrary states
of stress with a manageable number of parameters is remote. Normally the laboratory tests needed
to determine the model parameters are selected so as to reproduce the types of loadings which best
simulate the field conditions for each specific problem. Nonlinear two-dimensional and three-
dimensional analyses are again expensive and require the use of powerful workstations or even
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supercomputers (particularly for the 3D case). Their use in practical design applications is further
limited by the uncenainties in the soil properties and the cost and labor associated with extracting a
sufficient number of undisturbed core samples over an area with large horizontal and vertical
dimensions. This is an area in which supercomputers can contribute significantly to basic research in
order to validate simpler approximate procedures which can be used in practice.

Another problem closely related to the effects of local soil conditions on the seismic motions is
the assessment of the liquefaction potential for a site and the estimation of the effects of such
liquefaction on settlements and the behavior of the foundations. Although a substantial amount of
work has been conducted, and is still going on in this area, most of it has been concerned with
establishing correlations between the occurrence of liquefaction (observed in past earthquakes) and a
number of different soil parameters (Seed 1979, Seed, Idriss and Arango 1983, Seed and Harder
1990, Leed et al 1984). The results of these studies are supposed to provide a mechanism to
determine for a given site and a specific level of earthquake whether liquefaction is likely to occur or
not. In most cases, these procedures allow one to conclude that liquefaction will indeed occur, that it
will not, or that the site falls in a gray area where some liquefaction is possible. The more important
question of what are the extent and consequences of the potential liquefaction is much harder to
answer and would again require true nonlinear analyses with an appropriate two-phase constitutive
model. This is another area in which some significant progress has been achieved during the last
years (Dobry 1995), even if this work has not been associated with the design of nuclear power
plants. Worth mentioning is the work that has been conducted in this area at the National Center for
Earthquake Engineering Research (NCEER) (O'Rourke 1994). The application of these more
sophisticated nonlinear dynamic analyses in practice, considering three-dimensional geometries and
states of stress, may be again impractical, not just because of the cost of the analyses but primarily
because of the lack of detailed information on the soil parameters over an extended volume. Yet this
type of studies for research purposes are necessary in order to validate simpler approximate
procedures which can be used for design purposes. Probabilistic formulations are also needed (and
are beginning to be developed) in order to account in a rational way for the many uncertainties.

4. SOIL STRUCTURE INTERACTION ANALYSES

The degree of sophistication of soil structure interaction analyses for nuclear power plants
increased continuously with the development of new formulations and computer programs and the
improvements in memory capacity and speed of computation. Yet it appears that in the last ten or
fifteen years, in spite of the continued improvements in computational capabilities the trend in
research has been towards ignoring the more rigorous methodologies already available in order to
develop new, alternative, simplified procedures with different degrees of reliability.

Soil structure interaction analyses were initially conducted replacing the foundation by a series of
springs and dashpots (and sometimes lumped masses) with their values computed with available
formulae for circular foundations on the surface of an elastic, homogeneous and isotropic half space.
The viscous dashpots were intended to reproduce the loss of energy by radiation of waves away from
the foundation, while the lumped masses, when used, were meant to reproduce the variation of the
stiffnesses with frequency. This type of model was known (rather improperly) as the foundation
impedance approach. It was intended to reproduce the inertial interaction effects. Kinematic
interaction was ignored. When applying this model it was common to impose arbitrary bounds on
the effective damping of the combined soil structure system particularly in modal analyses, because
the nature and magnitude of radiation damping were not well understood. In some cases, however,
the limitations were not imposed if the solution was performed in the frequency domain (indicating
again a lack of understanding). The practical advantage of this approach was that most of the
computer programs developed for general dynamic analysis of structures allowed one to incorporate
these constant masses, springs and dashpots or at least the masses and springs. When a modal
analysis was conducted the combined structure-foundation system would not have normal modes in
the classical sense (real modes) when the dashpots were included and it was then necessary for a
modal spectral analysis to compute equivalent values of modal damping using approximate
formulae. All these problems disappeared when performing the analyses in the frequency domain.
Unfortunately the normal structural analysis programs did not allow this type of solution.

With increasing research (Veletsos and Wei 1971, Veletsos and Verbic 1974, Luco 1974, Kausel
1974), it became clear that the dynamic stiffnesses of a mat foundation are functions of frequency
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and that the parabolic variation implied by the use of constant springs and masses is only valid over
a very small range of frequencies. For the case of an elastic half space or a very deep soil deposit
with homogeneous properties, which is not a frequent case in practice, the dynamic stiffness is
nearly independent of frequency in the horizontal direction; the variation with frequency is,
however, important for the vertical and rotational (rocking and torsional) stiffnesses and it depends
on the value of Poisson's ratio (the variation is more pronounced as Poisson's ratio approaches a
value of 0.5 corresponding to a nearly incompressible material or in practical terms a saturated soil
deposit). The frequency dependence of the foundation stiffnesses is further affected by the variation
of soil properties with depth. The existence of a much stiffer, rocklike material at some depth (and
particularly at shallow depths) gives rise to marked oscillations around the half space solution
corresponding to the natural frequencies of the soil deposit. More importantly, below the
fundamental frequency of the soil there is no radiation of waves in the lateral direction and
correspondingly no radiation damping (when there is some internal material damping there is also a
very small amount of energy leakage and therefore radiation damping even below the threshold
frequency but the amount is essentially negligible and it can be ignored for practical purposes). To
account more realistically for all these effects as well as for the effect of foundation embedment
(both on the stiffnesses and on the kinematic interaction) a number of computer programs specially
conceived for dynamic analysis in the frequency domain were developed. Most of these programs
performed the analyses assuming linear elastic behavior although some of them applied the iterative
linearization to simulate nonlinear material behavior with two-dimensional states of strain. Only a
small number of programs carried out the solution in the time domain with nonlinear constitutive
equations for the soil.

Two main approaches evolved from this research work: the analysis in a single step of the
complete soil structure system, often referred to as the direct approach, and a three step or
substructure approach (Kausel and Roesset 1994). The three steps are:

a) Determination of compatible seismic motions for the foundation (kinematic interaction
analysis). If the foundation can be assumed to be rigid, which is normally the case for reactor
buildings, these motions will consist of at most six components (three translations and three
rotations). For a flexible foundation, as a large mat supporting several buildings, it would be
necessary to compute three translational components of motion at a sufficient number of contact
points between the foundation and the surrounding soil or between the structure and the foundation.

b) Determination of the foundation stiffnesses. For a rigid foundation this implies obtaining the
terms of a symmetric 6 x 6 matrix applying unit harmonic displacements and rotations to the
foundation and computing the resulting forces and moments, which will be complex functions of
frequency. For a flexible foundation the dynamic stiffness matrix should be in general 3n x 3n if n is
the number of contact points between the foundation and the soil or between the structure and the
foundation. The terms of these matrices would be the reactions at each one of these points (assumed
fixed) when a unit harmonic displacement in each of the three coordinate directions is applied at
each point.

c) Dynamic analysis of the structure supported on a continuum represented by the dynamic
stiffness matrix of the foundation, and subjected to the motions computed in the first step.

When each one of these steps is carried out in the frequency domain, the results are in terms of
transfer functions. In the last step, which is the most time-consuming if one uses a detailed model of
the structure, one can further separate the effect of the structure from that of the foundation through a
modal synthesis or a simple condensation procedure. One can obtain in this way a dynamic stiffness
matrix relating forces and displacements at the base of the structure which can be coupled directly to
the dynamic stiffness matrix of the foundation. In this way, for each different set of soil properties
due to imposed variations to account for uncertainties or to the variations caused by the levels of
strain induced by different earthquakes, one must only solve a system of 6 equations with 6
unknowns for a rigid foundation or 3n equations with 3n unknowns for a flexible foundation, but the
structural analysis needs to be performed only once.

In the direct approach the structure is normally modeled through a combination of finite elements
and linear members. The soil is discretized using finite elements or finite differences. Since a
discrete model is used to reproduce a semi-infinite domain, special attention must be paid to the
mesh size and to the boundary conditions imposed at the edges of the domain. The main advantage
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of this approach is that is would permit a true nonlinear analysis with the complete interaction
effects. A rigorous solution would require, however, a fully three-dimensional model and an
appropriate set of nonlinear constitutive equations for the soil. In practice these requirements are
rarely met. The first programs developed for direct soil structure interaction analyses used a two-
dimensional plane strain model with elementary, viscous-type boundary conditions at the vertical
edges to simulate radiation effects (for instance the program LUSH) (Lysmer et al 1974). Program
FLUSH (Lysmer et al 1975) incorporated consistent lateral boundaries which could be placed
directly at the edges of the foundation for a linear solution, and allowed to place dashpots on the
sides of a finite width soil slice to simulate three-dimensional behavior. This was still basically a
two-dimensional model as far as the structure was concerned and the lateral dashpots did not
correctly reproduce the 3D soil behavior. For structures with axisymmetric geometry and
horizontally layered soil deposits, a true 3D solution assuming linear behavior could be obtained
formulating the problem in cylindrical coordinates and solving separately for vertical and torsional
excitations on one hand and horizontal and rocking motions on the other. True nonlinear solutions in
the time domain using the cap model were implemented in programs such as TRANAL (Baylor et al
1974) and FLEX (Vaughan 1983). In these cases the lateral boundaries of the finite element region
must be placed at a sufficient distance from the foundation to guarantee that the reflected waves have
a very small amplitude when reaching back the core region.

In the substructure approach the foundation motions and the dynamic stiffnesses can be obtained
using a discrete model with finite elements and a consistent boundary or using the boundary integral
equation (or boundary element) method. Programs such as TRIAX, developed by Stone & Webster
Corporation, used the first approach for structures with axisymmetric geometry whereas CLASSI,
developed by J.E. Luco, used the second (indirect boundary element method). In the boundary
element solutions the Green functions can be obtained from a continuum formulation, evaluating
numerically the integrals in the wave number domain, or from a discrete formulation (Kausel 1981,
Kausel and Peek 1982).

All the above mentioned programs were developed in the middle and late 1970s and the early
1980s. They could be run in the mainframes available in those times with some limitations on the
maximum number of layers or finite elements. With the advent of supercomputers or even with the
present workstations the capabilities of these programs can be tremendously expanded. New and
more powerful programs such as SASSI (Lysmer 1988) have been developed. The basis of these
programs is again the use of a core region modeled with finite elements (or hyperelements) and a
semi-analytical representation of the far field. These programs allow one to consider truly three-
dimensional effects with a linear elastic solution. Programs such as SASSI would allow the
inclusion of a number of effects which are normally ignored, such as layer interfaces which are not
horizontal, flexibility of the mat foundation, variable degree of embedment along the perimeter of
the foundation, structure-soil-structure interaction (effect of adjoining structures), etc.. A limited
amount of work has been done on each of these topics at the research level and it is generally felt
that they are secondary effects but this may not be so in all cases. So for instance the effect of the
flexibility of the mat has been found to be small when dealing with a reactor building by itself,
particularly in relation to global response parameters (Kausel 1974). It could be more significant,
however, for other buildings or when dealing with several structures supported on a single, very
large mat. The lack of uniform embedment is sometimes accounted for in practice by multiplying
the contribution of the sidewalls to the foundation stiffnesses (using for instance Novak's procedure)
by the ratio of the perimeter in contact with the soil to the total perimeter. This seems to be a
relatively good approximation for the imaginary part of the stiffnesses (representing the radiation
damping) but not for the real part (Chen 1984). Interaction between adjacent structures through the
soil tends to be important when dealing with a light structure next to a much heavier one, but are
considered small for the typical buildings encountered in nuclear power plants (Gonzalez 1977).
Additional research to assess more fully the importance of these effects and to better delineate the
conditions under which they may be safely neglected is still necessary. The main difficulty in
including all or some of these effects in a true three-dimensional solution is the cost of computation,
even for a supercomputer. A large number of parametric studies might not be possible in practice
but a few studies (or even just one) to assess the magnitude of these effects and the variations in the
results with those of simpler solutions may be warranted. True nonlinear effects such as the
nonlinear soil behavior under three-dimensional states of strain and with an appropriate constitutive
model, or separation effects (sliding and uplifting of the foundation) are still not included in these
powerful programs and require a solution in the time domain. Nonlinear soil behavior is normally
accounted for considering only the nonlinearities associated with the soil amplification problem
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(using the equivalent properties resulting from the last cycle of the iterative procedure) or
implementing the iterative scheme with a 2 or 3D model (which makes its validity much more
questionable). Separation effects tend to be beneficial, reducing the base shear and overturning
moment, but they may increase vertical accelerations near the axis of the structure and produce
additional stresses in the mat (Wolf 1976, 1977, Roesset and Scaletti 1979). These effects are also
strongly dependent on the properties and initial state of stresses in the soil. The proper consideration
of nonlinear effects is the area where the major contributions to the soil structure interaction problem
remain to be done. Even if true 3D nonlinear analyres were not possible in practice (at least in large
numbers) and were not justified considering the lack of complete data on the soil parameters needed
to fit the constitutive models research to assess more fully the validity of the linear or linearized
analyses and the potential errors involved in present day procedures is badly needed. Part of the
difficulty in launching this research may be in the selection of an adequate constitutive model out of
the various available ones.

Most of the research work on seismic soil structure interaction has been concerned with rigid,
and in most cases circular, mats resting on or embedded in a horizontally layered soil deposit. This
is due to the fact that this is the type of foundation most commonly encountered in nuclear power
plants. A number of studies have been conducted to determine the dynamic stiffness and motions of
rectangular foundations using boundary elements (mostly surface foundations but in some cases also
embedded ones) (Dominguez 1978, a,b). These studies have led to a number of simplified
procedures to obtain their stiffnesses from those of an equivalent circular mat or to approximate
formulae to compute them directly (Dobry and Gazetas 1985). It should be noticed, however, that
these approximate procedures are intended to match primarily the static values of the stiffnesses and
that their frequency variation may not be as well reproduced. This is particularly so when dealing
with a layered soil deposit where the properties vary with depth rather than an elastic half space
(normally considered in these studies). A substantial amount of work has also been done on pile
foundations including group effects. A number of rigorous formulations assuming a linear elastic
soil and perfect bonding between the pile and the surrounding soil have been developed (Blaney et al
1976). Group effects can be accounted for with some approximations such as enforcing the
compatibility of displacements along the axis of the pile rather than along its perimeter for the study
of two piles, and enforcing interaction at the pile heads only for large groups (Kaynia and Kausel
1982, Sanchez Salinero 1983). These assumptions are no longer valid when considering closely
spaced piles or very large numbers of piles, but are reasonable for many other cases, particularly if
the layering of the soil is taken into account properly. Simplified procedures based on an elastic half
space again raise questions when extrapolated to realistic soil profiles. The main limitation in the
analysis of pile foundations is again the linear assumption. The behavior of the soil around a pile
and particularly near the pile head is highly nonlinear. Approximations based on the assumption of a
concentric annular cylinder with reduced soil properties are of value to provide a qualitative picture
of the phenomenon but cannot provide accurate quantitative results. In reality the properties and
width of this annular region should be changing with depth and instead of a single annulus with a
sharp contrast in material properties with the surrounding soil a smooth transition in properties
should occur (Cheng 1986, Kim 1987). The alternative is the use of P-y and T-z curves, as
employed in the offshore industry, which better reproduce the nonlinear soil behavior under static
loads (particularly monotonic loads) but which do not account for dynamic effects (Matlock and
Reese 1960, Matlock 1970). Clearly much more work remains to be done on this type of foundation.
Very little work has been done also on spread or strip footings with or without tie beams between
them (Vardanega 1978). This is a frequency type of foundation for regular buildings but not so for
nuclear power plants.

Nuclear power plants are structures for which soil structure interaction effects may be important
and normally beneficial when designing for smooth broad band response spectra. As a result a
considerable amount of research was performed in this area in the 1960s and 70s under the
sponsorship of the nuclear industry, and a considerable amount of knowledge was acquired through
this research. By the time the research on seismic design of nuclear power plants started to wane the
area had acquired great popularity and the research has continued during the last years with
application to other types of structures (regular buildings, bridges, offshore structures, etc.) or in
abstract terms. Unfortunately, most of this research has not been oriented towards the solution of the
main outstanding issues and sources of uncertainty. Much of the recent work on dynamic or seismic
soil structure interaction has dealt with the derivation of alternative procedures to solve problems for
which results are already available with emphasis on obtaining more elegant formulations which can
be more economical for the same degree of accuracy than the existing ones (boundary element
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solutions in the time or frequency domains for instance) or simplified models which are more
economical but still provide a reasonable approximation, at least for the particular cases studied. In
the best cases these alternative formulations have provided a better insight into the problem or the
relative importance of various effects. In a number of cases the studies have shown on the other
hand a lack of understanding of the phenomenon with models which accounted (sometimes
incorrectly) for the real part of the foundation stiffnesses but neglected the radiation damping, or
with values of the soil and structural parameters which were totally unrealistic. Thus, in spite of all
the research that has been conducted over the last 25 years and which has been not only disseminated
in a large number of technical papers but even published in books (Wolf 1985, 1988, 1991). S.D.
Werner in a state of the art paper published in 1991 wrote, "The overall engineering community has
not had adequate exposure to SSI concepts, procedures, and evaluation of results that would enhance
the incorporation of SSI provisions in current seismic design practice. Therefore provisions for
workshops, conferences, and publications that present SSI to practicing engineers are encouraged."
Even the recent DOE Standard, Natural Phenomena Hazards, Design and Evaluation Criteria for
Department of Energy Facilities published in 1994 is rather weak and vague on the question of soil
structure interaction. This document states for instance that "The shear modulus and material
damping ratio used to evaluate foundation impedance shall be values compatible with the shear
strain induced in the foundation medium during earthquake excitation," but it fails to indicate at
what point or depth within the foundation medium this shear strain should be calculated, how it
should be calculated or whether this is the strain due only to the seismic waves in the free field (in
which case it would be the horizontal shear strain supposedly) or accounting also for the presence
and vibrations of the structure. It also indicates that "Dynamic Modeling of the foundation medium
is generally accomplished using a half space model," and later, "When significant layering exists in
the foundation medium, it should be modeled explicitly or its effects considered." There is again no
indication as to what constitutes significant layering or how its effects can be considered.

A serious controversy existed for a long time between the two general approaches to Soil
Structure Interaction analysis. The substructure approach referred to as the impedance approach was
not allowed at one time because it was erroneously associated with the use of frequency independent
springs and dashpots based on the static solution for an elastic half space. The direct approach which
had been the recommended one later became unpopular because of the 2D nature of the solution. It
appears that at the present time both might be acceptable but there seems to be a trend towards the
simplest possible solutions as suggested by the above quotes. Given today's computer capabilities
and the existence of computer programs that can provide at very little cost accurate solutions for a
layered half space this trend is somewhat strange. Simplified solutions are of great value to gain
insight into the behavior of the physical process, to identify key parameters and understand their
effects and relative importance, to obtain preliminary estimates of the response, to assess whether
effects can be important and more sophisticated analyses are necessary, and to provide checks to the
results of more complicated models. There is, however, a risk of oversimplification. When effects
are found to be important and when dealing with structures such as nuclear power plants one should
always try to use the most accurate models available at least for a limited number of studies rather
than relying exclusively on simple models.

5. STRUCTURAL MODELS

The buildings encountered in a nuclear power plant are typically very stiff, massive and
extremely complex structures, including many different structural types (thick shells for the
containment, frames, trusses, heavy shear walls, thick slabs, etc.). A detailed modeling of any one of
these structures requires a large number of degrees of freedom, and these models have been often
used. In many cases, however, the seismic analyses were carried out using highly simplified models
consisting of close-coupled systems of masses and springs (or equivalent stiffness matrices). These
were referred to as "stick" models. Each element connecting two adjoining masses, or its stiffness
matrix, was intended to reproduce the combined effects of all the members and walls between the
two floor levels where the masses were lumped. The stiffness matrices were often computed with
the implicit assumption that the floor slabs were infinitely rigid not only as diaphragms in their own
plane but also in bending. The use of simplified models with a reduced number of degrees of
freedom is of course common to many structures and not just nuclear power plants but the degree of
simplification that was used at times in nuclear structures was unusually large. Thus while these
models could be reasonably accurate to estimate the general, or global, features of the dynamic
response, such as accelerations at various floor levels, some questions could be raised as to their
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ability to reproduce local response parameters such as stresses or deformations in individual
members. The main objective of the seismic analyses of nuclear power plants conducted with these
models was in fact in many cases the derivation of floor response spectra for the design of equipment
rather than a detailed stress analysis of the structure.

The structural models could be even cruder for soil structure interaction analyses where,
ironically, a considerable amount of effort might be devoted to the appropriate modeling of the soil
while the structure was idealized as a stick with only a few masses or a solid block discretized with
finite elements. This situation was more likely to be encountered when the complete analysis was
performed in a single step (direct approach) than when using the three step or substructure approach
(particularly if the modal synthesis procedure described earlier to reduce the structure to forces and
displacements at its base was implemented). It was suggested in fact at one time that soil structure
interaction analyses should be performed with a highly simplified model of the structure to
determine the motions at the base of the structure and that these motions could then be used as input
to conventional dynamic analysis programs which assume the structure on a rigid base. Not only
does this approach ignore in most cases the rotational component of motion at the base, since
conventional programs cannot take it into account, but the procedure is inadvisable and can lead to
serious errors: inconsistencies in the structural models will result in shifts in the peaks and valleys of
the transfer functions for the motions at the base of the structure. These transfer functions should
exhibit some pronounced valleys at the natural frequencies of the structure whereas the transfer
function for the structural response will exhibit peaks at the same frequencies. If these frequencies
are not the same in the two structural models (the one used to compute the transfer function for the
base motion and the one used later to compute the structural response from this base motion), the
amplifications at the resonant structural frequencies will be greatly exaggerated.

Even when the derivation of floor response spectra is the main objective of the analysis the stick
models can introduce some significant errors. This is so, for instance when considering the vertical
accelerations at various points on the floor without accounting properly for the flexibility and
dynamic response of the slab. The error would become more significant as the flexibility of the
floors increased. It is also common to ignore the equipment entirely in the derivation of the
structural model. Uncoupling the equipment from the structure is justified in most cases because the
mass of the former is very small compared to that of the latter. The exception is when the natural
frequency of the equipment is very close to that of the structure and its mass is not negligible. Yet it
is interesting to notice that accounting properly for the coupling between equipment and the structure
in a rigorous way is relatively easy and not as laborious or expensive as often believed, particularly
for analyses in the frequency domain using the substructure approach. It is only necessary to
compute the transfer functions for the displacements at the location of the equipment due to unit
forces applied at the same location and the transfer functions for the motions at these points due to
unit excitations at the base of the structure. The main requirement for this approach is the
availability of sufficient computer memory to store all the required transfer functions. This was a
significant requirement at one time but is no longer so with the present cost of memory. Similar
sources of errors are introduced when entire components (walls, slabs) are omitted from the
structural model and then analyzed independently assuming uncoupled behavior. Even when these
simplifications are reasonable in general terms, it is very hard to quantify the magnitude of the errors
they can introduce which can become important when attempting to conduct more rigorous analyses
to accurately define levels of performance under varying earthquake intensities.

A considerable amount of time and effort was normally spent on the analysis and design of
piping and pipe supports. A source of difficulty in these analyses was the fact that the structural
model was not detailed enough in most cases to properly define the motions of the different supports.
An even more serious problem in this case tended to be, however, the lack of consistency and up-to-
date files with information on the as-built conditions or the latest modifications and the fact that
analyses and redesigns were often performed by different persons with little communication.

The various structures present in a nuclear power plant are often connected by a variety of ducts
and pipes. The fact that each structure was analyzed independently made it very difficult to perform
the seismic analysis of these connecting elements unless the input motions to the various structures
were consistent and the transfer functions for the motions at the connection points in the different
buildings were stored and available in the same data base.
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All these comments point out the desirability of having a large data base where complete
information on the nuclear power plant at any time, the models of the different structures and the
soil, the seismic motions used for input, and intermediate results such as transfer functions of
different effects, can be stored and retrieved as needed. This would not only affect the consistency
and reliability of the seismic analyses but facilitate considerably the evaluation of potential changes
and their effects, future redesigns or just checks requested at a later date. These points can become
particularly important when the plant has reached its design life but it is desired to maintain it
operational and therefore extend its service life. It is interesting to notice that data bases of this
nature have been developed and used in other fields (offshore structures for instance). In the nuclear
field, as stated in the Introduction, efforts along these lines have been conducted by a number of
companies in Japan (Machiba and Sasaki 1990, Kaneuji et al 1990, Satoh et al 1990).

A variety of methods have been used in the past to perform the dynamic analysis of the structural
or soil structure models. They ranged from traditional modal spectral analyses directly using the
smooth design spectra and performing the combination of the modal maxima through a number of
different expressions (accounting or not approximately for correlation between the modal responses),
to standard modal analyses in the time domain combining the time histories of the responses in each
mode, direct integration of the equations of motion in the time domain or solutions in the frequency
domain. For the second and third options it is necessary to have available earthquake time histories,
whether corresponding to actual earthquake records or generated synthetically to match the target
spectra; for the last option one can start with these time histories and obtain their Fourier transform
or directly with the Fourier spectrum (or in some cases the power spectrum) of the desired motion. It
was not uncommon to have different parts of the plant or different portions of the analyses carried
out with different approaches using thus several of these methods simultaneously with very little
consistency. Thus for instance the soil structure interaction analyses were carried out in many cases
in the frequency domain which had no limitations on the effective damping (by opposition to the
modal analyses), while the detailed structural analyses were performed with a modal spectral
approach. The fact that different groups within the design team were in charge of different sections
of the analysis explains in part the diversity in approaches and lack of consistency.

By opposition to regular buildings which are designed on the assumption that they will undergo
large inelastic deformations under a severe earthquake the structures in a nuclear power plant were
always designed to remain linearly elastic even under the safe shutdown earthquake. A very small
amount of inelastic behavior was implicitly assumed in allowing larger values of material damping
for the safe shutdown than for the operating basis earthquake but it was supposed to be very small.
The use of reduction factors based on a vaguely defined and often meaningless system ductility
customary in the seismic design of regular buildings had been, however, wisely avoided.

Three new and significant trends have been evolving during the last 15 or 20 years in the seismic
design of structures: the design for performance criteria rather than simply for a desired factor of
safety (or equivalent load and resistance factors); the incorporation of probabilistic concepts to
perform a complete seismic risk analysis accounting for the uncertainties in all the different phases;
and the use of reduction factors based on system ductility following procedures similar to those used
for conventional buildings (although the allowable reduction factors are smaller). The first two
trends represent a desire to obtain more accurate and realistic estimates of the effects of potential
earthquakes on the behavior of the structures. The third trend is somewhat contradictory to the
others and is in the opinion of the writer an undesirable step backwards.

A proper use of performance-based criteria would imply predicting the behavior of the structure
not only in the linear elastic range but also as yielding and inelastic action begin to occur and as they
progress until a limiting serviceability condition or failure take place, as the loads are continuously
increased. This is a clear improvement over a conventional elastic analysis that can only furnish
information on the level of earthquake for which yielding would start or a limit analysis that might
indicate the level of motion associated with failure. It also represents, however, the need for more
rigorous and sophisticated models and analysis procedures. Present models for nonlinear dynamic
analysis of structures can predict reasonably well elastic behavior or failure but they are not very
good at estimating the extent of cracking, damage or inelastic deformations.

The use of probabilistic formulations is the only rational way to assess the effect of the many
existing uncertainties on the reliability of the final results. Combined with sensitivity analyses these
formulations can help to identify the key parameters or effects controlling the response. These are
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the parameters whose variations have a stronger influence on the final results. Once these variables
have been identified, one can concentrate resources on decreasing their uncertainty or modeling the
effects more accurately rather than spending time in attempting to reproduce accurately less
significant effects. On the other hand, it must be realized that the use of probabilistic techniques will
not and cannot by itself eliminate or decrease uncertainties; it can only provide an idea of their
importance. The reduction in uncertainties can only be accomplished through improved
understanding of the physical processes, more accurate determination of material properties and
more accurate analysis procedures. The statement often made that refinement of the models or the
methods of analyses used is unnecessary and even unwarranted when using a probabilistic approach
since any errors due to inaccuracies will be encompassed within the variations due to the
uncertainties is highly misleading. Probabilistic analyses cannot account for systematic errors
introduced by inadequate models, and compounding errors and uncertainties may lead to a further
decrease in the reliability of the results depending on the circumstances.

Probabilistic risk analyses are based on the use of fragility curves which provide the probability
of failure of a given component or structural arrangement as a function of the level of earthquake
(defined by a single parameter such as the effective or peak ground acceleration). The definition of
failure is arbitrary and one could in principle derive fragility curves for different levels of
performance. These fragility curves would be applicable to a given type of earthquake (a given
frequency content) unless the characteristics of the motion are changed as a function of the level of
excitation. The basic question is the degree of accuracy with which these fragility curves can be
computed or the accuracy of fragility curves based on highly simplified models. A number of
different procedures have been suggested to obtain fragility curves. Some are based on relatively
simple semi-empirical procedures, others on more rigorous random vibration analyses. It is not clear
at the present time how different would be the curves obtained for a given type of structure using
these alternative procedures or even how different the results would be if the same technique were to
be used by several independent researchers or structural engineers. Thus, while the methodology to
perform seismic risk analyses is reasonably well-established the ability to perform these analyses in
actual practice with an appropriate degree of accuracy is questionable. The trend towards the
implementation of these methodologies is still a positive one, but the validity and accuracy of the
results of these analyses should not be accepted without question.

Even more questionable is the use of the rather crude techniques commonly employed for regular
buildings in the seismic design of important structures such as nuclear power plants. The use of
reduction factors on the design spectra to account for the ability of a structure to withstand inelastic
deformations is based primarily on the concept of ductility defined as the ratio of the maximum
distortion to the elastic (or yield) distortion for a single degree of freedom elastoplastic (elastic -
perfectly plastic) system. The actual reduction factors are generally larger than the allowable
ductilities to account for a number of other factors often associated with the assumption that the
actual strengths are underestimated or that analyses are conservative. This implies of course that
more accurate analyses and estimation of the material strength coupled with these reduction factors
would lead to unconservative results. The extrapolation of the behavior of an idealized single degree
of freedom system to predict the response of an actual multidegree of freedom structure requires the
use of a system ductility, which is defined only in loose terms, but is hard to quantify. The relation
between this system ductility and the local ductilities of the different elements is a function of the
structural type and many other factors. The use of the system ductility as a measure of damage
therefore has very little basis and is inconsistent with the concepts of performance-based design or
probabilistic risk analyses. To complicate matters further, the allowable ductilities are typically
based on tests on single components subjected to idealized states of stress rather than the actual
three-dimensional conditions encountered in a real structure. As a result, the ability to predict
required ductilities with any reasonable accuracy using present models and methods of analyses, and
even more with code-type procedures or spectral analyses and the possibility of quantifying the
amount and type of damage that the structure may undergo for the predicted ductilities are highly
questionable.

6. SUMMARY AND FINAL CONSIDERATIONS

The major uncertainties in the seismic design of nuclear power plants have always been
associated with the selection and characterization of the design earthquake (s), the soil properties to
be used in the soil amplification and soil structure interaction analyses consistent with the in situ
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state of stresses, the accuracy of the structural and soil structure models and methods of analysis, and
the general treatment of nonlinear effects (nonlinear soil behavior, liquefaction potential, separation
effects between the foundation and the soil, and to a limited extent only nonlinear structural
response). In spite of the considerable reduction in the research effort related to nuclear power
plants over the last 15 years substantial progress has been done in some of these areas.

Thanks to the research conducted over the last years it is possible now to define the earthquake
or earthquakes associated with a desired level of hazard, or probability of occurrence, in a much
more realistic way than before, accounting for the effects of magnitude, source mechanism and
distance not only on a single parameter such as the peak ground acceleration, or an effective
acceleration, but also on the duration and frequency content. This represents a major breakthrough
and an important departure from the traditional obsession with the use of only one variable.

Much progress has also been achieved in the determination of soil properties in situ over an
extended volume but only for low levels of strain. The reasons for the large differences that were
observed between the field and laboratory measurements are now well understood and correction
factors which can improve greatly the agreement between the two types of results have been
developed. For one-dimensional situations the nonlinear soil behavior can be then inferred from the
curves relating modulus and damping to level of strain. For two- or three-dimensional situations it
would be necessary on the other hand to derive appropriate nonlinear constitutive models. The in
situ determination of the parameters needed to define these models is in need of much more work.

The techniques to perform linear one-dimensional soil amplification studies have been well-
known for a long time. Nonlinear convolution and deconvolution analyses are still being carried out,
however, using an iterative linearization technique which can lead to serious errors for deep and soft
soil deposits Major advances have been made in the consideration of 2D and 3D geometries, as often
encountered in practice.

The assessment of the liquefaction potential at a site and the evaluation of the consequences of
liquefaction is another area where the state of the art has improved considerably in the last years,
with a much better understanding (after years of controversy) of the physical phenomenon, much
more statistical data to validate numerical predictions, experimental data from centrifuge tests, and
computational models capable of accounting for pore pressure buildup, nonlinear soil behavior and
large deformations and displacements.

There are now a number of rigorous formulations available to perform linear soil structure
interaction analyses including all major effects. There is also an ever increasing inventory of
simplified models and procedures which can be used for preliminary design purposes, to estimate the
potential importance of various effects or to check the order of magnitude of the results from more
sophisticated models. With present day computational capabilities, however, there can be no
justification for the use of these simplified models in the final analyses instead of the more rigorous
techniques which are available. The arguments often presented that these rigorous solutions can be
extremely expensive are erroneous in most cases.

The final area in which very significant progress has been achieved is the development of
methodologies for complete seismic risk analyses. This is the only rational way to account for the
uncertainties that will always be present and to reach decisions related to safety and performance. It
should be noticed, on the other hand, that these methodologies by themselves will not be of real
value unless accurate models and data are available to predict the structural performance. This is not
yet the case in practice.

It is clear that more work remains to be done in each one of these areas. The success achieved
over the last years should encourage the industry and other funding sources to continue these lines of
research if it is desired to avoid unnecessary controversies when the design of new nuclear power
plants becomes a need. The area in which less progress has been done and a considerable amount of
research is needed in the evaluation of nonlinear effects. If the unfortunate trend to accept ductility
factors in the design of nuclear power plants, by opposition to the linear behavior that was essentially
required, is accepted and implemented in design regulations the proper modeling of nonlinear
structural behavior will become another major source of concern (and another source of controversy
until this research is carried out).

203



16

As important as the improvement in the accuracy of the models and the analysis procedures is the
maintenance of up to date files with information on the status of the plant, the analyses, intermediate
results, modifications introduced, etc.. This will avoid the inconsistencies, omissions and mistakes
which are likely to occur when many different and separate groups are involved in the various phases
of the design process. The computer capabilities now available make it particularly easy to develop
modern data bases where this information can be stored.
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