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SUMMARY

In order to evaluate the conservatisms in present nuclear power plant seismic safety
requirements, a probabilistic based systems model is being developed. This model will
also be used to develop improved requirements. In Phase I of the Seismic Safety Margins
Research Program (SSMRP), this methodology will be developed for a specific nuclear power
plant and used to perform probabilisitc sensitivity studies to gain engineering insights
into seismic safety requirements.

The system model is composed of a series of functions representing the various stages
in the seismic analysis process; i.e., seismic input, soil-structure interaction, major
structure response, subsystem response, fragilities of structures, systems, and components,
load combination, and the overall system analysis. Transfer functions are being developed
to relate the input seismic environment and the output response for each design and
analysis state; i.e., soil-structure interaction, major structure response, and subsystem
response. Sensitivity studies are being performed to identify random variables, and
characterize uncertainties.

In this paper random variables in the structural response analysis area, or parameters
which cause uncertainty in the response, are discussed and classified into three cate-
gories; i.e., material properties, structural dynamic characteristics and related modeling
techniques, and analytical methods.

The sensitivity studies are grouped into two categories; deterministic and probabi-
listic. Deterministic sensitivity studies are designed to establish the relative importance
of parameters within each stage in terms of their contribution to the uncertainty of final
response results. The probabilistic distributions parameters which have the most contri-
bution are then input into the system model. A probabilistic sensitivity study is
performed with the system model to establish the relative importance of parameters, or
random variables, among the seismic analysis stages.

In a system analysis, transfer functions in simple form are needed since there are
too many responses which have to be calculated in a Monte Carlo simulation to use the
usual straightforward calculation approach. Therefore, the development of these simple
transfer functions is one of the important tasks in SSMRP. Simplified as well as classical
transfer functions were discussed in this paper.

*This work was supported by the U. S. Nuclear Regulatory Commission under Interagency
Agreement DOE 40-550-75 with the U. S. Department of Energy.



1. Introduction

Lawrence Livermore Laboratory (LLL) is currently engaged in a large multi-year seismic
research program, entitled Seismic Safety Margins Research Program (SSMRP) [1], for the
U. S. NucTear Regulatory Commission, Office of Nuclear Regulatory Research.

The objectives of the SSMRP are to estimate the conservatisms in the Standard Review
Plan (SRP) seismic safety requirements and to develop improved requirements. The
approach to achieve these objectives is to develop probabilistic methodology that more
realistically estimates the behavior of nuclear power plants during an earthquake. In the
first phase of this program, this methodology will be developed for a specific nuclear
power plant and the developed model will be used to perform sensitivity studies to gain
engineering insights into seismic safety requirements. The failure probability of struc-
tures, systems, and components and the probability of radioactive releases over a range
of earthquake levels will be used to help determine priorities for the future research.

The overall probabilistic based system model used in the SSMRP contains various
methodologies. They are seismic input, site response, soil-structure interaction,
structure and subsystem response, combination of seismic and nonseismic loads, failure
assessment, event/fault tree and system analysis. To be able to handie the required
complex seismic methodology chain, the SSMRP program includes seven major projects. They
are seismic input, soil-structure interaction, structural building response, subsystem
response, load combination, fragility, and system analysis. The relationship between
seismic methodology chain and SSMRP is given in Figure 1.

The final goal of the structural building response project is to develop transfer
functions to be used in the overall probabilistic based system model to properly represent
the structural building response. A transfer function is a mechanism to relate output
response to the input excitation. To put the approach in perspective, Figure 2 is used to
illustrate the simple relationship between the transfer functions and the overall system
methodology. The transfer functions shown in Figure 2 are used to represent the final
responses derived from soil-structure interaction, structural building analysis and sub-
system analysis. For structural building response a transfer function has to transfer the
vibratory information at the base of the structures to the Tocal critical points of
structural members or component supports in terms of displacement, velocity, acceleration,
stress or strain and is a part of the total transfer function given in Figure 2. The
manner in which the actual transfer functions are represented will not be in the usual
straightforward manner using general purpose computer programs such as SAPIV. This is
because of the excessive computer time that would be required. It is clear that a transfer
function can be a function of various variables, such as structural material property,
structural dynamic behavior, damping, structural configuration, computer code, idealization
and modeling techniques as well as numerical solution methods. To reduce the number of
variables and to predefine the range of variation for certain variables, deterministic
sensitivity studies will be performed to provide good engineering judgement.

In this paper we will discuss the sensitivity study and transfer functions for the
structural building response project to be used in the SSMRP.
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2. Sensitivity Study

As discussed above, the objectives of SSMRP are to estimate the conservatisms in the
Standard Review Plan seismic safety requirements and to develop improved requirements. To
achieve the former, we will have to approach the problem os seismic analysis of nuclear
power plant from a different angle from existing practice in the nuclear industry. The
research will follow the path purely based on the "best estimate" philosophy; best estimate
on material and structural properties, modeling techniques, and analytical methods. Every
element or parameter in the whole chain of analysis methodologies will be studied; and
their effect on the final result will be evaluated. 1In the first phase of SSMRP research
the goal is to weigh the importance of each parameter according to its effect on final
results; and therefore, enable us to identify the weak 1inks of the chain of seismic
methodologies. The identification of weak links will give us some indication on the
priority of future research effort to achieve the Tater objective of SSMRP. In Phase I of
the SSMRP, two levels of sensitivity studies are required. The first stage of sensitivity
study, a deterministic one, is implemented in each individual step of seismic methodology
chain. The second stage of sensitivity study, a probabilistic one, is included in the
overall system analysis which utilizes the probability of radiocactive release to identify
and evaluate weak 1inks. The deterministic sensitivity is essential since probabilistic
sensitivity study is very costly and it is not feasible to consider the uncertainties of
all the parameters in the system analysis. The ideal is as follows: The deterministic
sensitivity study will measure the importance of each parameter and determine the best
estimate value for each parameter within each design and analysis stage of the seismic
methodology chain. The most important parameters, with their distributions will be
selected to be input into the overall system model, The probabilistic system model will
in turn determine the importance of each parameter from its contribution to the probability
of radiocactive release. In this fashion, the effects of each parameter in the seismic
methodology chain can be established, and the weak 1inks can be identified.

The probabilisitc sensitivity study needs the joint efforts of the several areas of
analysis, seismic input, soil-structure interaction analysis, structural building response
analysis, subsystem analysis, loading combination, fragility of structures, systems, and
components, and systems analysis. The deterministic sensitivity study will encompass
state-of-the-art methodology and will need the engineering experience, expertise and
cooperation of the whole nuclear industry. The deterministic sensitivity study will
utilize the existing studies available in the nuclear industry whenever possible and
perform additional studies to establish the best estimate parameters and possibie bias
of important parameters to be used in the overall system model.

In the structural building response area, there are many parameters considered to
have significant effect on the final analysis results. Any bias of these parameters will
create bias in the final building response. These parameters can be grouped into three
categories and the deterministic sensitive study will be performed in the structural
building response project to achieve the best estimate values and relevant distributions.
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A. Material Properties

(1) Stress-strain relationship; yielding and plasticity

(2) Poisson's ratio

(3) Damping characteristics

(4) Creep, fatigue, ductility, and aging

(5) Crack in concrete

(6) Thermo characteristics of material

Natural uncertainty on material properties exists even under very high degree of
quality control. For example, two tensile test specimens obtained from the same source,
prepared under the same specification and tested in the same fashion will show some
difference in yield stress and ultimate strength. This uncertainty represents our ignorance
in the state of material and is usually difficult to control.

Sometimes even more bias is caused by our inability to simulate the actual material
properties (by numerical values or mathematical formulation) accurately. Simulation is
usually simple so it can be handled easily in the analysis. For example, the stress-
strain relationship is usually simulated as 1inear elastic or elasto-plastic which might
deviate from the actual behavior of material. Simulation of damping is another problem
area. No satisfactory simulations of damping exist at this time. In most cases damping
characteristics are simulated approximately for ease of handling and solving in mathe-
matical formulations.

B.  Structural Characteristics and Modeling Techniques

(1) Representation of Mass - Representation of mass characteristics is an area causing
bias in the final analysis results. In seismic analysis of nuclear power plant structures
using Tumped mass method, the criteria of lumping mass is important since only a few degrees
of-freedom are used to represent the dynamic behavior of a whole plant structure which is
actually a system with infinite degrees-of-freedom. The local dynamic responses are
generally lost in the structural seismic analysis; and the systems, components, and local
structural elements will have to be uncoupled from the major structure and analyzed
separately as a subsystem using the building response as input. In this way, the bias can
easily propagate into the subsystem analysis. Therefore, the determination of structure-
structure and structure-component interactions become important elements when performing
structural building response.

(2) Representation of Structural Stiffness - Many different methods can be used to
calculate stiffness characteristics of complex structures. In general, they can be classi-
fied into two categories: 1. finite element stiffness formulation method; 2. direct
calculation method using the assumptions of the common knowledge of simple beams, plates,
and shells,

In the finite element approach, bjas can be caused by the limitations of overall model
size (or the computer size and running time) and the size, type, and shape of elements. In
the direct calculation method, bias are caused by the 1imited capability of using simple
beam, plate, and shell knowledge to simulate complicated structures Tike a nuclear power
plant.
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Futhermore, mathematical simulations of joints as rigid, hinged, free, or elastic
restraints are difficult. Sometimes approximation has to be implemented to simulate the
state of connections.

(3) Difference in results due to two dimensional and three dimensional modeling of
structures; and difference in results due to linear and nonlinear modeling of structures.

C. Analytical Methods

(1) Mathematical methods - After the modeling of structures and material properties
is completed, the next question is how these problems are to be solved. There are many
different methods that can be used. Different methods can have different mathematical
formulations and therefore some differences in results can exist. For example, in the
seismic analysis of nuclear power plant structures, several methods can be used such as
response spectrum method, model time history method, direct integration time history
method, etc. Difference in results is understandable.

(2) Numerical methods - Even with the same mathematical method, bias can still be
observed if different numerical methods are used. For example, in the case of the direct
integration time history method of seismic analysis, many numerical integration methods
can be used such as Newmark 8 method, wilson 6 method, Houbolt method, etc. Differences
will appear if different numerical methods are used.

(3) 1In the finite element method of calculating stiffness characteristics using
different computer programs, many different types of elements such as triangular, quadra~
lateral, solid, sandwiched, beam, rod, curved pipe elements can be used. For each type
of elements, many different mathematical formulation can also be found. In addition to
that higher order elements create another level of sophistication and therefore difference.

3. Transfer Functions

One of the key elements of the system methodology used in the Seismic Safety Margins
Research Program is the "Transfer Function". The "transfer function" is defined here as
any relationship between seismic input and the local structure, system, and component
responses. It is clear from this definition that the transfer function is actually a
mathematical or numerical operator comprising of a chain of such methodologies as soil-
structure interaction, structural building response and subsystem analysis.

In the case of classical transfer function approach, the problem can be solved
probabilistically. The uncertainties in stiffness and mass of the structure can be
combined and used to quantify the uncertainties in the natural frequencies of the structure.
The uncertainty in the structural damping can be used to quantify the uncertainty in the
amplitude of the transfer function. The probability density function (PDF) can be
constructed by use of response surface methodology [2,3]. This would apply for both
amplitude and phase portions of transfer function. A random sampling procedure could be
devised which would select values of amplitude and phase from the two PDF's and subse-
quently, multiply by the input excitation and finally inverse Fourier Transform to obtain
the output motion. A second procedure would convolve the PDF's of the transfer function
with the PDF's of the input motion to obtain the PDF of the output. With the PDF of the
output one would then random sample to construct either the output or the PDF of a required
variable.
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The transfer function can be in several different forms such as stress, acceleration,
velocity, or displacement and for several different structures, systems, and components.
Therefore, transfer functions can be developed from a combination of several different
methodologies. Several transfer functions sometimes share a few common methodologies. As
shown in Figure 3, Transfer Function 1 (TF1), when applied to a specific seismic input, will
yield the concrete shear stress at a point in the structure. The shear stress value, in
reality, requires the calculation of soil-structure interaction and structural building
response, Transfer Function 2(TF2) can be applied to the seismic input to yield the pipe
stress at a specific Tocation. The pipe stress again, in reality, requires the calculation
of soil-structure interaction, structural building response, and piping system response.
By comparing TF1 and TF2, it is clear that both transfer functions share the same use of
soil-structure interaction and structural building response analyses, but TF2 requires
additional piping system analysis.

In a system analysis, there are hundreds of structural and component locations where
the responses have to be calculated. Also, since Monte Carlo method will be used to
evaluate the probability of release, each transfer function will have to be exercised many
times during the course of the calculations. The conclusion from the above discussion is
that the task of calculation is formidable if the usual straight forward calculation using
present available computer programs such as SAPIV, are to be performed. To bring down the
computation cost to an affordable level, the development of workable forms or types of
transfer function is, therefore, an important task. While accurate transfer functions
require further development, some thoughts about simplified transfer functions are
provided. The most simple transfer function one can think of at this early stage is the
use of some kind of approximate linear scalers. A limited number of deterministic
structural analysis can be carried out first for several base mat time histories or
response spectra which can be obtained ahead of time from several soil-structure inter-
action analyses representing a spectrum of free field seismic intensity. The relative
response intensity at structural locations of interest can be established approximately.
The response at a specific location is then obtained by scaling up or down according to
the base mat motion intensity. This is, of course, a crude example of linear scaler. If
more deterministic structural analysis (this can be combined with the deterministic sensi-
tivity study discussed in a previous section) can be performed, the response at interested
structural locations can be more accurately predicted and more and more parameters
affecting the final response can be considered. In this case, the transfer function is
actually comprised of an array of response data which have to be stored outside the core
in a system analysis computer run. Relevant information is called into core only when it
is needed. If this kind of transfer function is used, data management can be an even more
important task than we can visualize at this time.
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FIGURE 3: DESCRIPTIONS OF TRANSFER FUNCTIONS
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