
NUREG/CR-1706
UCRL-15216

XA04NO349

INIS-XA-N--050

Subsystem Response Review

Seismic Safety Margins
Research Program

R. P. Kennedy, R. D. Campbell, D. A. Wesley,
H. Karnil, A. Gantayat, and R. Vasudevan
Engineering Decision Analysis Company, Inc.
Prepared for
U.S. Nuclear Regulatory Commission

LAMMENCE
UVERMORE
LABORATORY



NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the
United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party's
use, or the results of such use, of any information, apparatus
product or process disclosed in this report, or represents that
its use by such third party would not infringe privately owned
rights.

Available from

GPO Sales Program
Division of Technical Information and Document Control

U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Printed copy price: IZ,5p

and

National Technical Information Service
Springfield, Virginia 22161



NUREG/CR-1706
UCRL-15216
RD, RM

Subsystem Response Review

Seismic Safety Margins
Research Program

Manuscript Completed: March 1980
Date Published: July 1981

Prepared by
R. P. Kennedy, R. D. Campbell, D. A. Wesley, H. Karnil, A. Gantayat, and R. Vasudevan
Engineering Decision Analysis Company, Inc.

Lawrence Livermore Laboratory
7000 East Avenue
Livermore, CA 94550

Prepared for
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
NRC FIN No. A126





ABSTRACT

A study was conducted to document the state of the art in

seismic qualification of nuclear power plant components and subsystems

by analysis and testing and to identify the sources and magnitude of

the uncertainties associated with analysis and testing methods. The

uncertainties are defined in probabilistic terms for use in probabilistic

seismic risk studies. Recommendations are made for the most appropriate

subsystem response analysis methods to minimize response uncertainties.

Additional studies, to further quantify testing uncertainties, are

identified. Although the general effect of non-linearities on subsystem

response is discussed, recommendations and conclusions are based principally

on linear elastic analysis and testing models.
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1. INTRODUCTION

Nuclear power plants, other than a few very early vintage plants,

are designed to achieve a safe shutdown when subjected to a specified

level of earthquake. Details of seismic design and equipment qualifica-

tion have varied through the years as improvements were made in earth-

quake prediction techniques, analytical methods, and testing capability.

Nationally recognized codes and standards organizations and regulatory

agencies have, over the past several years, standardized many of the re-

quirements, assumptions and techniques used in seismic resistant design

and qualification testing.

Because of the continued evolution of seismic qualification test-

ing and analysis methods and qualification requirements, both the seismic

safety factor and its variability have changed continually.

The reactor safety study, Reference 1, introduced the concept of

seismic safety factor and its variability into the risk analysis concept.

In this concept, a factor of safety and its variability are related to

the conditional probability of failure (fragility curve) of a critical

component or structure which in turn is used in the risk model to deter-

mine the probability of a core melt. This approach to seismic risk has

also been applied in support of licensing of the Diablo Canyon Nuclear

Power Plant, Reference 2.

The factor of safety of a structure or component can be defined

as the resistance capacity divided by the response associated with the

design level earthquake. The development of seismic safety factors asso-

ciated with the design level earthquake is based on considerationlof sev-

eral variables. The variability of dynamic response to the specified

acceleration and the loading resistance of the structure are the two basic



considerations in determining the variability in the factor of safety of

a component. Several variables are involved in determining both the

structural response and the structural capacity, and each such variable,

in turn, has a factor of safety and variability associated with it. If

the general properties of a lognormal distribution are used, the overall

factor of safety is then the product of the factors of safety for each

variable. The median of the overall factor of safety is the product of

the median safety factors of all of the variables. The variabilities of

the individual variables may also be combined to determine variability of

the overall safety factor.

Variables influencing the factor of safety on structural or sub-

system capacity, to withstand seismic induced vibration, include the

strength of the structure or subsystem versus the design allowable stress

level and the inelastic energy absorption capacity (ductility) of the

structure or subsystem; i.e., its ability to carry load beyond yield.

The variability in computed response of a major structure for a given

peak free field ground acceleration is made up of many factors. The more

significant factors include variability in (1) ground motion and the

associated ground response spectra for a given peak free-field accelera-

tion, 2 soil-structure interaction, 3 energy dissipation (damping),

4) structural modelling, (5) method of analysis, 6 combination of modes

if response spectrum methods are used, and 7 combination of earthquake

components. The factors associated with subsystem response include all

of the above except items (1) and 2.

The Seismic Safety Margin Research Program, SSMRP, contains sev-

eral projects that address each of the factors that make up the overall

factor of safety. In this study, the factors and their variability that

effect subsystem response will be addressed.

The objective of the study contained herein is to (1) review

existing methods and methods under development for the seismic qualifica-

tion of subsystems, 2 make recommendations on the most appropriate
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methods of predicting subsystem response, 3 identify and quantify ran-

dom variables in subsystem dynamic response, and 4 identify subsystems

whose characteristic behavior is nonlinear and recommend approaches to

account for the nonlinearities.

The scope of work to achieve these objectives is divided into

seven distinct tasks dealing with subsystem response.

1. Classification of Subsystems by Seismic Qualification and

Response Characteristics

2. Analysis and Testing Methods for Seismic Qualification

3. Random and Modelling Uncertainty in Subsystem Response

4. Recommendations for Most Appropriate Subsystem Response

Analysis Methods

5. Available Computer Programs for Subsystem Response

6. Further Improvements to Recommended Approaches

7. Nonlinear Behavior of Subsystems

Each topic in the work scope is contained as a separate chapter

in the report and tables, figures and references for each chapter are

self-contained. This format was adopted because of the varied technical

disciplines involved and the number of contributors to the project who

worked in parallel on many of the tasks. Conclusions and recommendations

pertaining to each topic are likewise contained within each chapter of

the report.
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2. CLASSIFICATION OF SUBSYSTEMS
BY SEISMIC QUALIFICATION AND RESPONSE CHARACTERISTICS

Subsystems and components that are considered safety related are

qualified for seismic service by analysis, test or a combination of anal-

ysis and test. Chapter 3 describes in detail the current industry prac-

tice for seismic qualification of equipment with examples cited for the

different analyses and test methods employed. This chapter will deal

with classification of components and subsystems into generic categories

that possess similar response characteristics and have similar seismic

qualification bases. Some major items of equipment are rather unique and

are addressed as separate categories, whereas other more common types of

equipment are lumped into generic categories. Table 21 lists twenty-

five categories of equipment common to PWR power plants that were

selected to be uniquely different considering the equipment functions,

governing design criteria, method of seismic qualification and response

characteristics.

Governing design criteria are an extremely important factor in

classification of subsystems for the SSMRP. Two approaches may be taken

in the SSMRP for determining response factors where response factor is

defined as the measure of conservatism or uncortservatism in the computed

response during the design analysis. One approach would be to reanalyze

all equipment using the best and most current dynamic analysis methods

and mean or median centered variables. This may be necessary for some

systems, but is not considered practical for all safety related equipment

qualified by analysis. Another approach which has been applied is to

compare the criteria and methods used for design of the reference plant

to mean or median centered criteria to determine the magnitude of

conservatism or unconservatism in calculated response. Because this is a

potential approach, the original reference plant design criteria becomes

an important factor in classification of subsystems.
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The functions of the subsystem or component is another important

factor to consider in classification of subsystems. Response factors may

be significantly different between active and passive components. For

instance, an active component may cease to function while its dynamic

response is linear, but a passive component will likely not fail until

its dynamic response is well into the nonlinear regime. If both active

and passive components are designed using similar linear analysis tech-

niques, there will be a significant difference in the calculated versus

actual response between the two when extrapolated to failure.

Still another consideration is the predominant frequency of the

subsystem. If the subsystem is considered a high frequency subsystem,

i.e., its fundamental frequency is above the.frequency where the spectral

acceleration in the applicable response spectrum returns to the zero

period acceleration, then modelling errors that can effect calculated

frequencies and mode shapes are not as significant as they may be for low

or medium frequency components or subsystems. For low and medium fre-

quency subsystems the response errors introduced by modelling errors may

be significant and can be very sensitive to the shape of the applicable

response spectrum. Low frequency subsystems are characterized as those

whose predominant response is in the deamplified portions of the response

spectrum, i.e., response is less than the zero period acceleration.

Medium frequency subsystemssare those whose predominant response is in

the amplified region of the applicable response spectrum.

Table 21 provides a summary of important items considered in

the formulation of the generic categories. Some definitions of terminol-

ogy used to describe functions and response characteristics in the table

are included as footnotes to the table.

Following is a more detailed description of each of the generic

categories with a discussion of pertinent information about the cate-

gories that led to their selection.
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2.1 REACTOR COOLANT SYSTEM (RCS) VESSELS

This category includes the reactor pressure vessel (RPV), the

steam generators and the pressurizer. These vessels are all similar in

design being long, slender cylindrical vessels of heavy-wall construction

and designed to the highest Class standards of the ASME Boiler and

Pressure Vessel Code, Ref. 1. Because of their size, they are frequently

included in the overall structural model of the reactor containment

building in order to account for dynamic coupling effects. The dynamic

modelling of the vessels, when included in the reactor building model, is

usually quite simple, consisting of only a few nodes with appropriate

local support stiffnesses included in the model. This type of analysis

provides overall support reaction loads and primary seismic loads in the

vessel wall.

The reactor vessel with its internal components and the steam

generators with internal components are subsequently modelled in more

detail to generate internal loads on detailed components within the

vessels. These dynamic models are consequently more complex and include

dynamic coupling between the vessels and their internal structures. The

models frequently show frequencies in the amplified acceleration region

of the applicable response spectra.

These three major components are considered sufficiently unique

in their design, function and response characteristics to warrant ' separ-

ation from general vertical cylindrical vessels since most of the other

vertical cylindrical vessels are of the storage tank variety, are sup-

ported differently, and have a different length to diameter ratio. Con-

sequently, they may possess much different response characteristics.

2.2 REACTOR CORE SUPPORT STRUCTURE

A typical PWR reactor vessel with internals is shown in Figure

2-1 (From Ref 2 A major portion of the core support structure is

2-3



shown in Figure 22 (From Ref 2 The core support structure consists

of the core barrel and thermal shield, both of which are cylindrical

shells, the upper and lower perforated core plates and various baffels,

guides, diffuser plates, supports, etc. The core support structure is a

complex plate and-shell type structure and requires a detailed dynamic

model to predict the response to seismic loading. The internals are suf-

ficientl unique from the reactor vessel that they are assigned a separ-

ate generic category even though there is dynamic coupling between the

core support structure, the RPV, fuel assemblies and control rods, for

which the design analysis must account.

The predominant modes of response are expected to be in the

amplified acceleration region of the applied response spectra. Seismic

qualification is conducted by analysis typically using multi-degree of

freedom beam, plate and shell models.

2.3 FUEL ROD CLUSTER

Typical fuel rod clusters are shown in Figure 23 (From Ref 2)

and consist of several long, slender cylindrical fuel rods arranged in a

15 x 15 square array. There are nominally 204 fuel rods in a cluster

with void locations in the array being filled by control rod guide tubes.

The fuel rods are supported laterally at several locations along their

length by spring clip grid assemblies. The fuel rod response within the

grid assemblies is non-linear. Fuel rod clusters are supported at each

end by the core support structure core plates and interact with each

other ai the grid assembly locations.

Seismic qualification of fuel rod clusters has typically been

conducted by non-linear dynamic analysis using multi-degree of freedom

beam models with appropriate boundary conditions. Tests have also been

conducted in the development of fuel rod cluster behavior under dynamic

loads. There is dynamic coupling between the reactor core support struc-

ture and the fuel rod clusters and the effects of this coupling should be

considered in the development of response factors for the fuel rods.
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2.4 CONTROL RODS AND DRIVE ASSEMBLIES

Typical control rod and drive assemblies are shown in Fig 24

(a) and (b) and are long slender active electromechanical mechanisms.

The control rods are guided by the control rod guide tubes in the fuel

rod clusters. Control rod drive assemblies are located at the top of the

reactor vessel and are compact, rigid, electromechanical systems. A

pressure housing connects this drive mechanism to the reactor top head.

The control rods are considered to be in the medium frequency

range and respond to seismic excitation as beams supported at each end.

Since the fuel rod clusters with their control rod guide tubes that house

the control rods are considerably more massive than the control rods them-

selves, the control rods are considered uncoupled dynamically and can be

treated as a unique component category.

2.5 LARGE AND SMALL DIAMETER PIPING

Piping systems have been broken into two size categories, the

size break occurring at eight inches. Large diameter piping is defined

herein to be piping eight inches in diameter or greater and small diam-

eter piping is considered to be less than eight inches in diameter. The

ASME code does not classify piping as large or small as it does for pumps

and valves. A size break for pumps and valves defined by ASME is four

inches nominal pipe diameter. Typically, the nuclear industry considers

small diameter piping as being two inches in diameter or less.

The size break at eight inches was based primarily upon the

basis for piping design in the reference SSMRP plant and not upon a defi-

nite break in dynamic response characteristics. It is our understanding

that piping eight inches in diameter and greater in the reference plant

was designed using more rigorous analysis criteria than piping less than

eight inches in diameter. If the original plant analyses are used as a

basis for establishing response factors, then such a size break is appro-

priate. If all piping is reanalyzed, then the eight inch size break be-

comes less definitive.
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There are differences in response characteristics between large

and small diameter piping. However, an extensive study would be required

to support a change in specific size or sizes for generic respons e char-

acteristics. Some of the differences that would have to be considered in

establishing size breaks based on dynamic response characteristics would

include insulation weight relative to pipe weight, weight of contents

relative to pipe weight, material damping, friction damping, effect of

support flexibility on piping response, relative effect of piping compon-

ent flexibility and governing stress criteria.

Insulation weight on small, high temperature piping systems can

be a significant source of overall pipe weight relative to larger diame-

ter piping systems. The mass to stiffness relationship for a given

length of pipe can therefore be influenced by the amount of insulation

and the piping diameter. Weight of the piping contents on large diameter

piping can be a much more significant contributor to overall piping sys-

tem weight than for small diameter piping. This has a compensating, but

more pronounced effect than insulation, on the mass to stiffness relation-

ship.

Material damping in large diameter piping tends to be greater

than for small diameter piping but friction damping tends to be more pro-

nounced on small diameter piping (Reference 3.

In small diameter piping systems, the seismic supports are typi-

cally very stiff relative to the piping, and support flexibility contri-

butes little to the response characteristics. On very large diameter

piping systems, however, the support flexibility can have a pronounced

effect on response.

Piping component flexibility and stress indices can have a sig-

nificant effect on response characteristics. Piping system response is

frequently limited by the elastically calculated stress intensity in
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elbows or bends. Thus, if a critical bend is held to elastic code stress

limits, the remainder of the piping system may be at a much lower stress

level such that response is purely elastic. The flexibility of large

diameter piping systems is influenced considerably by elbow and bend flex-

ibility. Thus, elbows and bends influence both calculated and allowable

response, the amount of influence varying with the pipe size. For in-

stance, both the flexibility factor of a piping elbow and the stress

indices for a piping elbow vary with the ratio r2/t where r is the mean

pipe radius and t is the wall thickness. For commonly used pipe sched-

ules, from schedule 40 through schedule 120, the r/t ratio is almost con-

stant for piping diameters ten inches or greater and decreases contin-

uously for piping less than about ten inches in diameter.

Fragility is not being considered in this study. However, an

additional size break may be appropriate for fragility also. The code

allows socket welds for piping two inches and less in diameter and such

construction details, though not pertinent to flexibility, are certainly

to be considered in the fragility project.

Piping systems are qualified for seismic service by analysis.

Dynamic models consist of continuous beam elements with multiple supports

considered as either rigid or flexible. On larger diameter piping, the

snubber flexibility and support back up structure flexibility are much

more important to response characteristics than for small diameter piping.

Snubbers are commonly considered rigid members for small diameter piping.

This was an additional reason mentioned above for the size break when

categorizing p-pin-g into generic component categories.

Piping subsystems, as identified for purposes of ultimately

determining response factors for use in the SSMRP probability model,

include piping support elements such as constant and variable load spring

hangers, hydraulic and mechanical snubbers, anchors, penetrations, guides,

sway arresters, etc. Both small and large diameter piping systems nor-

mally have fundamental frequencies in the amplified acceleration region

of the design response spectra.
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2.6 LARGE VERTICAL VESSELS WITH FORMED HEADS

This category includes large vertical cylindrical vessels such

as the volume control and accumulator tanks. These are characterized as

large volume, low pressure, thin wall cylindrical tanks mounted with the

cylinder axis vertical and supported at the base by a cylindrical skirt

or support legs. Since these tanks may be partially full or almost com-

pletely full at the time of a seismic disturbance, the effect of sloshing

fluid is of primary importance in determining the overall structural re-

sponse. The sloshing frequency is usually quite low. The fluid-struc-

ture interaction effect, considering local tank wall flexibility and sup-

port flexibility, is important to the structural response. Consequently,

these vessels are categorized separately from heavier wall, high pressure

tanks such as the RPV. The predominant structual frequencies are gener-

ally in the medium range accounting for both circumferential tank wall

flexibility and support and tank bending modes. These tanks have typi-

cally been designed using the Housner technique (Reference 4 to account

for fluid sloshing, but the effect of the tank wall flexibility has not

been included in the calculaton of the natural frequency of the struc-

ture. Consequently, the factor between calculated response and actual

response can be significant depending upon the contribution of the tank

wall flexibility modes to the overall response. The Housner method

assumes rigid tank wall boundaries around the fluid. If the tank walls

are, in fact, relatively rigid compared to the tank supports, then the

calculated response and actual response may be comparable. If, however,

the tank wall mode is in the amplified response region of the response

spectrum, then the calculated and actual response may differ

s4-gnifitantly. Reference provides a method to account for tank wall

flexibility in the seismic analysis of liquid filled tanks.

For large diameter, vertical, thin wall tanks, seismic loading

is one of the most significant contributors to stress response and may be

the most influential design load in determine the final design configur-

ation. Consideration should be given in the SSRMP to reanalyzing large

tanks to consider tank wall flexibility effects on response.
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2.7 LARGE FLAT BOTTOM STORAGE TANKS

This category of tank warrants special consideration in sub-

system response in that such tanks have classically been designed using

dynamic response criteria that did not account for the flexibility of the

tank wall. The Housner approach, Reference 4 is typically applied

wherein the fluid is separated into two masses. One mass is assumed to

be connected to the tank wall via a spring which accounts for the low

frequency sloshing mode. The other, and most significant portion of the

fluid mass, is assumed to be rigidly attached to the tank wall which in

turn is assumed to be rigid. The tank overturning moment is then calcu-

lated using the amplified response of the sloshing fluid mass and the

zero period acceleration times the assumed rigid fluid and tank mass.

Tank wall flexibility can result in amplified response of the

assumed rigid fluid mass. Consequently, the actual response can be con-

siderably greater than the calculated response. Reference provides a

method to evaluate the flat bottom storage tanks with flexible walls for

seismic loading.

. Due to the large and uncertain difference that may be present

between the calculated and actual response, all such safety related stor-

age tanks in the reference plant should be reanalyzed accounting for the

contribution of tank wall flexibility to seismic response.

2.8 LARGE HORIZONTAL VESSELS

This category includes large storage tanks, heat exchangers such

as the residual heat exchangers, and often diesel oil storage tanks. The

designs are characterized by large volume, relatively low pressure, thin

wall cylindrical tanks mounted with the cylinder axis in the horizontal

position. These tanks are usually supported by two saddles mounted to

the floor. The relationship between asymmetric loading from dead weight

and seismic acceleration results in a different dynamic response and a

different design problem for large, thin wall, horizontal tanks than for

large, thin wall, vertical tanks. The effect of fluid sloshing is quite
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different for horizontal tanks than for vertical tanks. Because of these

differences in fluid sloshing effects and structual response, large hori-

zontal tanks are placed in a separate category from large vertical tanks.

Fundamental frequencies are considered to be low for fluid slosh-

ing and medium for structural response.

2.9 SMALL VESSELS

This category includes the smaller vessels and heat exchangers

of cylindrical or spherical geometry with the cylindrical vessels mounted

both horizontally and vertically. These tanks are usually considered to

have rigid walls when computing dynamic response to an earthquake and

accounting for fluid sloshing effects. The dynamic models are conse-

quently very simple consisting many times of only two or three lumped

masses. The tank walls are usually not affected severely by seismic

response stresses and the major design interest for seismic loading is

the tank support integrity.

The sloshing frequency is generally low, while the tank and tank

support structural modes are usually in the medium to high frequency

range. Small tanks are commonly designed to be in the high frequency

range such that equivalent static coefficients rather than dynamic anal-

yses are used in seismic design.

2.10 BURIED PIPE

Buried pipe lines for condenser cooling water and service water

are in a unique class. Commonly, a dynamic analysis is not conducted.

The pipes are assumed to have the same strain as the surrounding soil and

the soil strain during a seismic event is computed using formulae related

to seismic motion velocity and soil properties. End point relative dis-

placements are then superposed. Since the dynamic response is determined

in a much different manner than for above ground process piping, buried

pipe is included in a separate category for response considerations.
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2.11 LARGE VERTICAL CENTRIFUGAL PUMPS

This category includes the primary coolant loop pumps, service

water pumps, fire pumps and on some plants the condenser coolant pumps

located in the intake structure. In Zion, however, it appears that the

condenser cooling pumps are not long column pumps but are merely driven

by a long vertical shaft from an overhead motor. Typically, however,

these pumps are long vertical cylinders supported from a flange near the

top of the pump housing. The electric or turbine drive motors are

mounted in line with the pump shaft and are located on top of the pump

housing.

Since the pump casings, inner support structures and shafts and

motor casings and shafts are all cylindrical in shape, the pump dynamic

models are usually constructed using co-linear beam elements. There are

several modes in the medium frequency range. Consequently, the dynamic

models are usually quite complex.

Since pump function during a seismic event is a critical design

parameter, the dynamic model is used not only for determining stress re-

sponse, it is also used for determine displacements of close fitting

parts. The pumps are too massive to be qualified for seismic service by

test and the dynamic analysis must be sufficiently thorough and accurate

to demonstrate that function will not be impaired due to excessive dis-

placements.

2.12 MEDIUM TO LARGE HORIZONTAL PUMPS

These pumps are generally mounted separate from their drive

motors and the pump and drive motors are skid mounted or mounted directly

to the floor. Drive motors are generally in line with the pump shaft.

The size of these pumps is generally much less than the large vertical

pumps described above. The pumps are considerably more compact than the

long, slender vertical pumps; consequently, the dynamic models are much

less complicated than for the large vertical pumps. Fundamental fre-

quencies of these pumps and their drive motors are usually in the medium
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range, but are generally higher than for large vertical pumps. These

pumps are generally too massive to qualify their function by test and

dynamic analysis is used to determine that stresses and critical clear-

ances are maintained under seismic loading conditions.

Several of these type of pumps are found in the secondary cool-

ing system, safety injection system and containment spray and recircula-

tion system.

Large compressers are included in this category also since they

are somewhat similar in basic response and qualification techniques.

They are also usually skid mounted with the drive motors separate and are

relatively compact and rigid.

2.13 SMALL PUMPS

This category includes all of the smaller centrifugal and recip-

rocating pumps with less than about eight inches inlet diameter. The

eight inch size is somewhat arbitrary. It corresponds to the break in

piping size and is reinforced on the assumption that small units with

their motors can be economically tested as an assembly whereas the larger

units with their motors cannot be economically tested. Also most of the

safety related pumps are eight inches or greater in size. There is a

distinct size classification in the ASME design criteria for pumps and

valves. This size break is 4 inches but the break is not related to

response characteristics or qualification testing. The eight inch size

break appears more reasonable for the intended purpose of categorizing

components by response characteristics and qualification methods.

Pumps with less than eight inches inlet diameter are usually

quite compact and rigid and are generally qualified for seismic service

by very simple dynamic analysis or by the equivalent static coefficient

method. In some instances they may be qualified by test, but generally

not. Their electric drive motors, though, are almost always qualified by

test.
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The small pumps are separated from small rigid passive compon-

ents because of the functional requirement of the pumps. They are also

separated from other small active components such as valves because of

the dissimilar mounting and likely dissimilar response characteristics

between rotating machinery and mechanical mechanism designs.

2.14 LARGE MOTOR OPERATED VALVES

Large motor operated isolation and butterfly control valves are

characterized by heavy wall, compact and rigid valve bodies with massive

motor operators extending from the valve body. The dynamic models of

these valve assemblies are quite simple and the response analysis is gen-

erally performed to determine the response of the motor operator relative

to the specified input response spectra at the valve nozzles. The calcu-

lated operator response is then used to develop a Required Response Spec-

tra (RRS) for qualification testing of the valve operator.

The valve assembly response is usually characterized by beam

bending of the valve yoke assembly that connects the valve body to the

massive operator. The fundamental mode is usually in the medium to high

frequency range. Some large motor operator valves are qualified by test

but generally testing is more common for smaller valves.

2.15 LARGE RELIEF AND CHECK VALVES

Large relief and check valves do not have the massive extended

operators characteristic of the large motor operated valves. They are

usually rigid and are evaluated for seimic service by the static coeffi-

cient method, although some dynamic analysis may be conducted. Functional

qualification is usually demonstrated by simple analyses since the valves

are too large to economically test as such tests with pipe loads and pres-

sure are quite costly. If the components are rigid, then simple static

coefficient analyses can demonstrate that seismic deformations do not

impair function.
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2.16 SMALL MOTOR OPERATED VALVES

Motor operated valves less than eight inches in diameter are

included in a separate category from large motor operated valves and

other types of valves. The size break at eight inches corresponds to the

piping size break at eight inches which was made due to a difference in

piping seismic design criteria. Thus, if we anticipate different re-

sponse characteristics between large and small diameter piping, these

response differences would effect the seismic input to the valves.

Small motor operated valves present a unique seismic problem in

that the motor operators are heavy in relationship to the valve itself

and are extended off of the valve body. Consequently, the seismic re-

sponse of the operator, and resulting seismic loading in the valve oke-

neck-stem assembly, can be more of a stress and functional design problem

than for the larger motor operated valves.

The response of small motor operated valve assemblies is tI-

cally in the amplified response region of the design response spectrum.

Small valves are more frequently qualified by test than the larger valves.

When deriving response factors for small valves qualified by test, the

piping response must be also considered; i.e., the required respose spec-

tra for the test must be compared to the anticipated actual piping re-

sponse.

2.17 MISCELLANEOUS SMALL VALVES

Small valves are defined as those less than eight inches in diam-

eter. Similar to pumps, this is an arbitrary size break but corresponds

to the piping size break which was based upon a seismic design criteria

difference for smaller piping. Although some of the larger testing labor-

atories have the capability to test complete valve assemblies that are

much larger, it is much more common to test the smaller valve assemblies

and test only the electrical operators on the larger valves, the valve

itself being qualified for seismic service by analysis.
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The small valve category includes all types of small valves,

except for motor operated valves. Many small valves are essentially

rigid components that can be analyzed for seismic response by the equiva-

lent static coefficient method. A review must be conducted of seismic

design criteria for small valves to verify similar design criteria. If,

for the reference plant, the criteria were similar and the response char-

acteristics were also similar, a single generic response factor would be

applicable for this category. Otherwise, further subdivision may be

necessary to accurately respresent the factor between calculated and anti-

cipated mean or median response.

2.18 LARGE COOLING FANS, MOTOR GENERATORS AND ELECTRIC MOTO�S

This category is characterized by large rotating electric machin-

ery of similar construction and dynamic response characteristics. Quali-

fication for seismic service may be by analysis or test. Large testing

laboratories have the capability to test motors of several hundred kilo-

watts but the larger motors are generally qualified by analysis only.

The dynamic models are usually simple or, if the motor assem-

blies are sufficiently rigid, the equivalent static coefficient method is

used for computing seismic response.

2.19 EMERGENCY AC POWER UNITS

These units are usually diesel powered alternators but in some

cases may be gas turbine powered. They are a complex system consisting

of the power unit (diesel or gas turbine), alternator, control panel, air

compressors and tanks, -ooler-s, fuel and lube oil tanks, exciter, fil-

ters, fuel and air lines, miscellaneous brackets and a main structural

mounting skid. Typically, a complete unit is qualified by a combination

of analysis and test. A dynamic model is constructed that includes all

of the main structural elements and seismic response is computed. The

minor elements of the system are then quaTifled by analysis or test.

Most of the mechanical elements are analysed using simple dynamic models
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uncoupled from the main structural model or using the equivalent static

coefficient method. The electrical equipment in the control panel is

qualified by test.

The emergency AC power units are considered as a subsystem cate-

gory because of function and not because of similar dynamic response char-

acteristics of the many components making up the subsystem. As the SSMRP

program progresses into determination of the response and fragility fac-

tors for such units, the probability model will likely consider one or

two weak links in the emergency AC power units. These weak links will be

based upon-examining a combination of the response factors and fragility

factors of each of the major components in the power supply subsystem and

eliminating those that are not significant contributors to risk. Previ-

ous analyses of emergency AC power units indicated that most of the sub-

system components' responses are so low compared to the critical component

fragility that many of the components can be readily eliminated from the

risk model.

2.20 EMERGENCY DC POWER UNITS

The emergency DC power units consist of batteries, static bat-

tery chargers and their associated supporting structures (racks). These

devices are passive components, which are compact and rigid. Because

they are electrical devices, the batteries and chargers are usually qual-

ified by test, while the racks are qualified by analysis. The racks are

usually designed in the medium to high frequency range and the batteries

and chargers are themselves generally in the high frequency range.

2.21 SWITCHGEAR

Switchgear are complex electrical systems consisting of active

and passive electrical devices housed in a structural assembly. Included

are transformers, relays, breakers, capacitors, busses, etc. Most of the

components are compact rigid elements with most of the flexibility being

in the supporting structural elements. The functional electrical devices

are qualified for seismic service by test, while the support structure is
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often qualified by analysis. Some of the electrical devices, such as

transformers, may be qualified by analysis only, especially if they are

large and testing is impractical.

As in any complex subsystem that consists of a number of compon-

ents of differing response and fragility characteristics, there will be a

weak link or links depending upon the combination of response and fragil-

ity factors for each of the subsystem elements. The probability model

must necessarily group complex subsystems by functions. Hence the choice

of the generic classification for switchgear.

The switchgear of main concern is that associated with the emer-

gency AC power supply and not that for distribution of offsite power.

Thus, the units will tend to be smaller than the main power plant switch-

gear units.

2.22 Miscellaneous Motor Control Centers, Instrument Racks, Heating,

Ventilation and Air Conditioning Controls, Auxiliary Relay

Cabinets, Breakers, Local Instruments, Heaters, Invertors, etc.

This category is somewhat of a catch all for electrical and

electronic equipment and instrumentation. Typically, a group of elec-

trical instruments or controls will be mounted in a rack or panel. If

the units are very large the structural rack is usually qualified by

analysis and the electrical contents are qualified by test. On smaller

units the racks with their contents are qualified by test as a unit.

The racks and contents are usually characterized by medium to

high frequency response with most of the instruments and controls having

high frequency characteristics.

The concept of a weak element of the subsystem will likely be

used in the probability model to characterize the response and fragility

of the complete subsystem of a designated function.
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2.23 CABLE TRAYS

Cable trays are passive, ductile structural elements qualified

for seismic service by analysis. The seismic analyses are similar to

piping analyses in that floor spectra are applied at the cable tray sup-

port points and responses are calculated and compared to deterministic

design allowable stresses. Chapter 3 discusses a combination of generic

test and analysis used by some A/Ps for seismic qualification of cable

trays.

Cable trays support heavy bundles of electrical and instrumen-

tation cable and, consequently, require a significant amount of lateral

and vertical support to resist weight and seismic loading. Typically,

the damping values used in cable tray design do not reflect the large

amount of damping inherent due to the cable bundles. Recent test data,

which is as yet proprietary, indicates a very high amount of damping in

cable trays. Response factors would then tend to be much different for

cable trays than for piping due to the large difference between damping

values used in design and the actual median values.

2.24 DUCTING

Safety related ducting for critical cooling functions are typi-

cally thin wall rectangular or circular beam-like structures. Since the

ducted fluid is light in weight and there is generally little insulation,

most of the mass of ducting is the ducting itself. Ducting would then

tend to be quite stiff for a given span in comparison to cable trays and

would require fewer supports for seismic restraint.

Ducting is qualified for seismic service by analysis similar to

cable tray analysis. The response characteristics are, however, quite

different due to the vast difference in damping characteristics, stiff-

ness and mass; consequently, the two are separated for purposes of exam-

ining actual response characteristics vs. calculated response from the

design process.
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FOOTNOTES FOR TABLE 21

1.) Passive is defined as a static function such that specific motion of
a part of the component is not required to perform the intended func-
tional requirement, i.e., a pipe is passive since its function is to
contain and channel coolant and no motion to perform this function
is required. Active is defined as a dynamic function such that
specific motion of a part of the component is required to perform
the intended functional requirement, i.e., a pump must rotate to
move fluid.

2.) Both the criteria typically used at the time of the reference plant
design and the criteria typically used for modern plants are listed.
Many current codes and standards did not officially exist at the
time of the reference plant design. Consequently, non-nuclear stan-
dards were typically applied by the NSSS and AE and were supplemented
by additional criteria to address conditions unique to nuclear pro-
jects.

3.) Low frequency is defined as a region of the response spectra char-
acterized by deamplification of the zero period acceleration. In
USNRC Regulatory Guide 160 design spectra, this region is below
about Hz for 10% damping and lower for lower damping values.
Medium frequency covers the amplified range of spectral acceleration.
For USNRC Regulatory Guide 160 design spectra this region extends
from about 35 to 33 Hz for low damping and from to 33 Hz for 10%
damping. High frequency denotes a rigid structure whose response is
not amplified above the zero period acceleration input.
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3. SEISMIC QUALIFICATION METHODS

This chapter presents a review of seismic qualification methods

with emphasis on those methods that are commonly used in the commercial

nuclear power industry. Advantages and disadvantages of each method are

discussed.

Safety related systems are classified by the United States

Nuclear Regulatory Commission (USNRC) as Seismic Category I. Reference 

specifically delineates those safety related systems that are considered

Seismic Category I. Several USNRC Regulatory Guides and pending guides

define the regulatory requirements for seismic and other environmental

qualification of Category I components and systems (Refs. 26). The

regulatory guides refer to industrial codes and standards developed by

the Institute of Electrical and Electronics Engineers (IEEE) and the

American Society of Mechanical Engineers (ASME) for methodologies and

explicit details of seismic qualification methods, (Ref 7 8 9 Plant

Owners, Architect/Engineering (A/E) firms and Nuclear Steam System Sup-

pliers (NSSS) interpret and translate USNRC Regulatory Guides with the

aid of IEEE Standards and ASME Codes to develop comprehensive seismic

qualification specifications for their power plants and systems. Thus,

the seismic qualification requirements are specified to component and

system vendors for a specific plant by the owners, A/E and NSSS organiza-

tions responsible for design, procurement and construction. The vendors

follow the requirements of the design specifications and the method-

ologies described in IEEE Standards and ASME Codes to ensure seismic

design adequacy of their components and systems. A flow chart descrip-

tion of the development and performance of seismic qualification is shown

in Fig. 31. Seismic qualification methods are grouped into three prin-

cipal categories: (1) Analytical, 2 Test, and 3 Combined Analysis

and Test Methods.
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3.1 ANALYTICAL METHODS

Analytical methods of qualification can be grouped into either

the Static Coefficient Method or the Dynamic Analysis Method. Section 

of Ref. 8 and Appendix N of Ref 9 describe methodologies and procedures

for these two analysis methods in detail. These two analytical methods

are further subdivided in accordance with assumptions, modelling tech-

niques and computational methods. These analytical methods, advantages

and disadvantages of each method and typical applications are discussed

in the following text.

3.1.1 Static Coefficient Method

The Static Coefficient Method, or Equivalent Static Method, is a

method of analysis in which the response of the equipment is assumed to

be equivalent to the peak of the Required Response Spectrum (RRS) multi-

plied by a suitable coefficient and considering a conservative and justi-

fiable value of damping ratio. No determination of the natural frequency

or frequencies of the component is required, and the assumed seismic

loads on each member of the component are obtained by multiplying the

values of the mass, peak spectral acceleration and a static loading coef-

ficient. Alternatively, for components or subsystems which are expected

to exhibit high frequency response characteristics, sufficient analysis

can be conducted to show the response is in the rigid range (f > 33 Hz)

and the static coefficients are based on the Zero Period Acceleration

(ZPA) rather than the peak of the response spectrum. A stress analysis

is then performed using the internal loads derived from the Static Coef-

ficient Analysis. A flow-chart description of this method is presented

in Fig. 32.

The Static Coefficient Method is a commonly used and widely

accepted method for qualification of non-Seismic Category I and rigid

Category I equipment. Until 1976, it was common practice to assume a

loading coefficient of 1.5 in the analysis to account for the effects of

both multifrequency excitation and multimode response. USNRC
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Regulatory Guide 1.100, Reference 3 accepts the 1.5 coefficient for

frame-like structures but requires that the loading coefficient be justi-

fied by analysis or test data for configurations other than frames.

References 10 and 11 compare response of equipment supported on

the ground and in structures when analyzed by the Static Coefficient

Method and various dynamic analysis methods. The Static Coefficient

Method and dynamic analysis methods applied to equipment with rigid and

flexible appendages have been discussed in References 11 and 12. Review

of these references and other literature indicates that the static coef-

ficient method is always conservative for rigid systems (i.e., no reso-

nances below 33 Hz) and for simple dynamic systems. However, for systems

with more than two resonances in the amplified region of the design spec-

tra, the Static Coefficient Method with a loading factor of 1.5 may not

be conservative relative to a dynamic analysis.

The Static Coefficient Method is commonly used for seismic qual-

ification of simple dynamic systems such as flow-meters, gas-analysers,

small wall mounted control panels, computer terminals, floor-mounted hor-

izontal motors and pumps and rigid Category I equipment. The procedure

used is to apply the product of the specified loading coefficient and the

peak spectral acceleration at the center of gravity of the equipment and

compute the stresses on bolts, legs, etc., due to overturning. For con-

trol panels, the stresses on door-locks, hinges and plates are commonly

conquted using the Static Coefficient Method. The Static Coefficient

Method, using a factor times the peak spectral acceleration from the re-

quired response spectra, is commonly allowed for qualification of rigid,

Category I, passive equipment. This is overly conservative, but commonly

done if the overconservatism does not penalize the design process. Often,

a simple one degree of freedom model is used to show that the equipment

is rigid; i.e., resonances are above 33 Hz. In this case, the zero per-

iod acceleration times the component mass is then applied as a static

load at the component center of gravity.
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3.1.2 Dynamic Analysis Methods

Dynamic Analysis Methods involve the generation of a dynamic

model representative of the stiffness, mass and damping of the component,

the computation of dynamic responses to earthquake excitations, and the

calculation of stresses, strains and displacements. There are several

possible methods and procedures to calculate the seismic response of sub-

systems by dynamic analysis; these are discussed in detail in Chapter 

of this report. Several linear and nonlinear finite element computer

programs are available to perform time-history and response spectrum

analyses. Response spectrum methods are most commonly used for linear

systems. Chapter 6 discusses computer programs commonly used in the

nuclear industry for performing dynamic analysis.

In Appendix N of Reference 9 several acceptable procedures for

the seismic evaluation of mechanical and electromechanical systems are

described. Linear and nonlinear modelling, response spectrum and time-

history response computation methods, and stress analysis techniques are

described. Appendix N also discusses acceptable damping values, response

spectrum peak broadening and modal and earthquake component combinations.

Recommendations in Appendix N are consistent with current regulatory posi-

tions.

The most common dynamic analysis seismic qualification method

involves the generation of a linear finite element model and the compu-

tation of responses based upon the response spectrum technique. The 0

majority of Category I equipment is qualified by dynamic analysis methods

using this method. Some specific examples of modelling techniques and

methods applied in the nuclear industry are described as follows.

Motor driven pumps that have long vertical shafts are commonly

analyzed using a colinear beam (pipe) finite element representation of

the pump assembly and applying the response spectrum technique (Ref. 13).

The pump housing and shaft are idealized into pipe elements and the motor

3-4



and its shaft are included as equivalent pipes. Compact internal struc-

tures such as the rotor and bowl assemblies are reduced to concentric

pipe elements in the model. The base plate and floor (if considered in

the model) are modelled by plates and beam elements or by equivalent

spring systems. Fluid structure interaction is not commonly considered;

however, the mass of fluid is included in the analysis. Some computer

programs have the capability to account for fluid coupling effects

between two concentric rigid cylinders. The theory for this coupling

effect is described in Ref. 14. Operability of the pump during a seismic

event is verified by the calculation of relative displacements and demon-

stration that critical clearances are maintained.

Analyses of the primary and secondary coolant loops and the ECCS

piping are major tasks in the seismic qualification of nuclear power

plant systems. Detailed finite element models combined with response

spectrum techniques are commonly used for piping analysis (Ref. 12, 13,

16). In the primary coolant system, where coupling between the piping

and major equipment is important, it is common practice to idealize the

primary coolant components such as the pump and steam-generator as equiv-

alent pipes and three-dimensional (3D) beams and the reactor vessel as a

3D beam. In modelling the piping, the weight of insulation and fluid are

distributed to the piping nodes. In-line equipment such as valves and

flow meters are modelled as equivalent pipes with eccentric appendages to

represent valve operators. In linear models, the seismic stops on the

steam generator supports are considered as open or closed depending upon

the loop temperature. More modern plant dynamic analyses include the

snubbers as equivalent springs and dashpots (Refs. 13, 15, 16, 17, 18).

Hangers and supports are modeled as springs or as rigid attachments to

the supporting structure. Nonlinear models are occasionally used to con-

sider material and geometric nonlinearities and impacts (Reference 15).
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The current practice is to use the enevelope of all design

response spectra applicable to any piping system support or anchor point

as input for analysis of piping networks that have attachments at several

elevations. Multiple spectra methods are sometimes, used, however, and

the technical basis for this technique is discussed in Chapter .

Analyses of small diameter, balance of plant piping systems are

often based upon simplified procedures due to the large amount of piping

involved (Ref. 19 and 20). Seismic analysis of buried piping is gener-

ally based on empirical relationships that consider the dynamic charac-

teristics of the soil (Ref. 21) with the assumption that pipe strain is

equal to the soil strain. Buried piping system analyses do not, in gen-

eral, consider fault movement since nuclear power plant sites are not

knowingly selected at or near faults.

In-line valves are commonly analyzed by dynamic analysis. The

valve manufacturer is given the end-nozzle loads due to piping reactions

and the response spectrum at the valve 'location. A simple one degree of

freedom model is then commonly used to compute the seismic response of

the valve operator and the consequent stresses. Valves and operators are

generally included in the pipe model as lumped masses with or without

rotational inertia.

Cable trays are analyzed through a combination of static and

dynamic analysis (Ref. 22). A dynamic analysis may be performed on sev-

eral generic configurations and the calculated loads are then applied to

supporting unistruts and bolts for stress computations. Static models

are then used for evaluation of plant specific systems and components

using the loadings derived from the generic dynamic models.
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Pressure vessels such as the reactor vessel, pressurizer and

steam-generator are often analyzed by dynamic finite element techniques.

Shell type elements are commonly used to model the reactor vessel and

pressurizer. The steam generator is a long slender cylindrical configur-

ation and may, with its internals, be modelled as concentric pipe and

beam elements. The seismic response loads are computed and then applied

to more detailed static stress models for evaluation of code stress re-

quirements. In certain cases, nonlinear models are developed for special

vessels (Ref. 18) to represent nonlinearities in supports or internal

components.

The general practice in the industry is to generate a conserva-

tive model such that dynamic response and resulting stresses and strains

are overestimated. The equivalent damping ratios used in the analysis,

as specified by Ref. 23, are considered to be lower bound and are based

upon limited data (Ref. 24, 25).

Experimental and analytical work performed in Japan (Ref. 17)

indicates that the method of combination of modal response and earthquake

components is critical and that using the absolute sum method is highly

conservative for piping systems. The square root of sum of squares (SRSS)

method of mode and earthquake component combination is recommended by

Ref. 26. In studies documented in Ref. 27 and 28, it was determined that

SRSS combination of modal responses and earthquake components is a ration-

al and safe method and preserves the conservatism that already exists in

the load definition and allowable stress criteria used in static design

analysis. It was further concluded that SRSS combination of responses to

multiple independent dynamic loads was also justifiable without exceeding

the design margins intended in design codes developed for static loading

conditions.
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3.2 TEST METHOD

The testing method of qualification entails the performance of a

dynamic vibration test under simulated operating conditions. The dynamic

test is performed in a laboratory under controlled environmental and

boundary conditions by subjecting the specimen to a series of vibrations

on a programmable shaketable. Testing methods of qualification are iden-

tified based upon the objective of the test and type of excitation used

to achieve the required earthquake simulation.

The testing method is the most positive in demonstrating seismic

resistance and is the most common method used to qualify equipment, such

as electrical equipment, which is difficult to analyze and whose function-

ability before, during and after an earthquake must be demonstrated.

Several factors influence the decision on whether to qualify a component

by analysis or test. Economics and credibility of the qualification

method are the two most influential factors. Other factors may be size

limitations, environmental conditions coincident with the seismic event

and number of units being manufactured by the supplier. Because there

are a limited number of qualified testing laboratories, time and schedule

might be significant. Laboratory shaketable capacity, controlability,

waveform synthesis and specimen transportability are other critical

factors that influence the feasibility of testing. For example, it is

not economically feasible to perform a seismic qualification test on a

steam generator under operating conditions due to the size, steam and

water flow requirements and requirements for external loading on noz-

zles. Following is an example of testing capacity of one of the major

laboratories.

The maximum seismic capabilities are as follows:

Mode of operation -,two axes, simultaneously excited

Force rating - 160,000 force pounds 711,680 newtons in

both the vertical and horizontal directions
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Maximum test specimen weight - 60,000 lb. 27,216 kg) at 2 g

Maximum test specimen size - 17 ft. x 11 ft. x 40 ft. high

(518 cm x 335 cm x 1219 cm)

Maximum displacement - 6 inches 15.24 cm)

Maximum velocity - 35 in./sec. 88.9 cm/sec), transient

14 in./sec 35.6 cm/sec), continuous

Maximum acceleration - g transient

Frequency range - 0.1 Hz to 50 Hz

Nozzle Loading Capability

A maximum static force of 200,000 lbs. 899,600 newtons) could be

achieved in conjunction with seismic loading inputs.

�luid Loading Capabilities

Steam flow capability 20,000 lb/hr 9072 kg/hr),

continuous

800,000 lb/hr 362,880 kg/hr),

transient

1,500 psi 1054,650 kg/m2

600OF (315.60C)

Water flow capability 3,500 gal/min 220.8 liters/sec)

525 psi 369.128 kg/m2

ambient temperature
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Thermal Loading Capabilities

Specimen size - to 300 ft3 00283 m3 to

8.495 m3)

Maximum temperature - 2500 to 350OF (1210C to 1760

C)

Temperature rise rate - 350OF in 3 seconds to 350OF in

3000 seconds

Specifications of shaketables in several major U.S. facilities

are summarized in Table 31.

3.2.1 Proof Te2.�

One of the widely used testing methods of qualification is known

as "proof testing". In this method, the specimen, mounted on a program-

able shaketable, is subjected to a synthesized waveform to demonstrate

that it has sufficient seismic resistance both structurally and function-

ally. The measured response spectrum of the table (Test Response Spec-

trum, TRS) envelops the Required Response Spectrum (RRS) delineated in

the equipment specification. There are several methods available to syn-

thesize a waveform to envelop the RRS (Ref. 29). Two commonly used

methods are shown in Fig. 33. Smallwood (Ref. 29) performed a review of

the large variety of synthesis methods and concluded that these methods

produce quite different waveforms and that it is not clear that they will

produce "equivalent results". He also recommended that it is important

that a spectrum not be considered as a sufficient specification and that

a floor waveform should be considered. An independent evaluation of test-

ing methods used in the nuclear industry was conducted by Southwest

Research Institute (SRI), Ref. 30. It-was reported that with current

spectrum methods, an insufficient excitation of equipment modes might

occur, even though the TRS severely envelops the RRS, and it was recom-

mended that the current test specifications should be modified. It was

further concluded in Ref. 30 that the choice of a random source or earth-

quake signal qource for conducting tests appears to be immaterial.
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Another proof test qualification method that is currently sug-

gested by A/E's is known as "Envelope Qualification". In this method,

the specimen is subjected to a Required Input Motion (RIM) which is based

upon the expected maximum floor spectra for any equipment locations at

any site in the U.S. As an example, the RIM of Bechtel Power Corporation

consists of a sine-sweep through the complete frequency range at a magni-

tude of 45 g (Ref. 31). This method is recommended for line-mounted

items such as valves. This would, in general, be a severe overtest con-

dition, and equipment might be subjected to excessive responses (Ref. 30,

32). An advantage, however, is that once an equipment item is qualified,

the qualification would be valid for most future orders. The testing

method could, however, be less conservative and achieve the same purpose.

As supported by Ref. 29, a random test at the same level would be an ade-

quate and much more realistic simulation for envelope qualification test-

ing.

Proof testing is a common, widely used method for the qualifica-

tion of manual and motor operated valves, control cabinets and their

instruments, various electrical and electromechanical devices such as

relays, display and recording meters, horizontal floor mounted pumps,

motors (up to 5,000 HP or more), electrical power and control penetra-

tions, HVAC and Iodine absorption system components, battery racks,

liquid storage tanks (low pressure), and small systems such as motor con-

trol boxes, etc. Two typical proof testing setups are shown in Figure

3-4. Most of the shaketables in industry are biaxial, therefore, the

specimen is rotated through 900 to achieve testing in all three axes.

Fluid loadings are introduced to components through a fluid med-

ium of either steam or water. In operability testing, a component is

required to be tested under specified flow conditions, such as flow rate

and pressure. To simulate the maximum flow of large prototype pumps and

valves, a test facility would be required to provide upward of 4000,000

lb/hr 1814,400 kg/hr) of steam and/or 120,000 gpm 7570 liter/sec of

water in order to test prototype pumps or valves. A source of water
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supply in the neighborhood of 200,000 gallons 757,082 liters) of water

would be required to provide the required flow. This is feasible, but

not economically practical because existing test facilities might not

have a water storage tank of 200,000-gallon 757,082 liter) capacity or a

close-by river or stream. The provision of 4000,000 lb/hr 1814,400

kg/hr) of steam is definitely beyond the reach of any test laboratory

unless the steam source could be supplied by a nearby power plant. Con-

sequently, a requirement for simulation of full-steam flow is a currently

unachievable condition.

As an alternate solution for valve testing where steam flow

requirements cannot be met, equivalent static testing has been used by

some industries. In static pressure testing, the valve is pressurized to

its specified pressure level and then subjected to seismic motions; the

performance of valve functions are then checked. The acceptability of

this approach by NRC remains to be determined.

3.2.2 Fragility Testing

"Fragility testing" is used to qualify equipment by determining

its ultimate capacity. In this case, the waveform magnitude is increased

in steps to obtain the fragility level magnitude and the Fragility Re-

sponse Spectrum (FRS). FRS can be used to qualify equipment to lower

level RRS. For the SSMRP study, fragility test results would be the most

useful. Unfortunately, fragility testing is not commonly done, and re-

sults are scarce.

3.2.3 Other Testing Methods

Sine-beat, Sine-sweep, Decaying-Sine, and Sine-dwell (Resonance

Dwell) are some of the other testing methods. Reference contains an

introduction to the various testing methods
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In addition to the analysis and design process, testing is a

necessary step in the construction of safe and reliable power plants in

seismic areas (Reference 13). Testing of nuclear power plant equipment

and structures can be performed in the laboratory or in the field (Refer-

ences 8, 13, 31). Laboratory tests are useful because a wide range of

effects can be investigated and test parameters can be easily controlled.

Vibration tests have been conducted both on individual compon-

ents and on full scale structures by the manufacturers, the NRC, the

utilities and other R/D facilities. Seismic qualification by dynamic

testing became a necessary process in the late 60's and achieved wide-

spread use in the early 70's. Sine-sweep, Sine-dwell and Decaying-sine

were used in the initial period for the identification of the dynamic

parameters. A secondary objective was to investigate the effect of dy-

namic loading on the functionability of equipment. Prof. Hudson of the

California Institute of Technology was the first to perform forced vibra-

tion tests in the late 50's for the purpose of dynamic parameter identi-

fication. A sinusoidal forcing function generated by two counter rotat-

ing eccentric masses were used because of the ease of mathematical manip-

ulation of sine functions. In the late 60's, the influx of aerospace and

military companies into the nuclear market introduced the random, low

frequency time-history and other testing methods. The advent of micro-

processors and the rapid change in electronics in the 70's provided

testing capabilities limited only by mechanical and structural con-

straints. Time-history synthesis techniques and generation of a defined

input function were computerized, and so was the data acquisition.

Several authors have experimentally and analytically evaluated

these testing techiques to quantify their ability to simulate the earth-

quake environments. References 29, 30, 32, 33 and 36 are a selected list

that provide a basis to compare the various testing methods as applied to

simulate the earthquake. It is, however, unfortunate that only qualita-

tive concluions are possible. In general, synthesized artificial earth-

quake time-histories simulate the earthquake environment reasonably well
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and the other testing methods such as sine-sweep, sine-dwell, sine-beat.

etc., tend to be conservative (i.e., overtest). The magnitude of the

conservatism is determined by the dynamics of the test specimen, type of

input function and the magnitude (Reference 29, 30, 32). Table 32 pre-

sents a qualitative summary of the various testing methods, their effec-

tiveness in simulating the earthquake environment and the applicability.

3.3 COMBINED ANALYSIS AND TEST METHOD

The combined analysis and test method of qualification entails

the performance of a vibration test and a dynamic analysis. The flexi-

bility of the method renders itself to several applications. Three com-

mon procedures are shown in Fig. 35.

In one procedure, a vibration test is performed and the system

dynamic parameters are identified. System identification techniques and

algorithms have been developed and successfully used (Refs. 32-36) A

simplified analytic model is then generated and the model parameters are

adjusted to match the test identified values. This test supported model

is then used to generate response spectra for instruments and appendages

on the structure. These appendages are then qualified by test or by ana.

lytical methods.

An example of the above method is the requalification of equip-

ment at existing nuclear facilities (Ref. 37). Based upon the field

vibration test of control panels, non-active support systems, piping net-

works, containment, auxiliary building, etc., response spectra can be

generated for the qualification of instruments and appendages. The in-

struments are then qualified for the new RRS. Another example would be

to perform a series of vibration tests on several panels to generate
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generic, enveloped response spectra for instrument qualification. These

generic models could then be used for the qualification of similar panels

for other nuclear facilities.

In another procedure, an analytic, dynamic model is first devel-

oped and overall seismic response is calculated for several locations in

the system. A stress analysis is then performed to qualify the main

structural elements of the system. Also, the model is used to generate

spectra at various locations in the system for the qualification of indi-

vidual instruments by test. The spectra generated are then used as RRS's

for qualification of instruments by proof testing.

The combined analysis and test method of qualification is flex-

ible and can be applied to a wide range of systems. It is also useful

for qualifying equipment and systems in existing plants to current cri-

teria.

Another application of combined analysis and test is the veri-

fication of analytical models and model assumptions. Generic and type

qualification of systems are best performed by this technique. Vibration

tests are performed on selected sets of systems, and analytic models are

generated. These analytic models are adjusted to match the test data and

then extended to cover other similar systems. Thus, the test supported

model is extended to other systems and qualification is performed by anal-

ysis. These analytical models can be used to qualify the system for

other facilities as well (refer to Fig. 35). Examples of this type of

qualification are cabinets (multi-bay type), electric motors, and cable

trays.

3.4 COMPARISON OF TEST AND ANALYSIS METHODS

When considering the objective of the SSMRP, evaluation of sub-

system response by test or analysis leads to advantages and disadvantages

for both methods.- In general, the same input motion in the form of an

in-structure response spectrum would be specified for either method.

3-15



Currently available test procedures are not capable of exactly matching

the actual Test Response Spectrum (TRS) with the Required Response Spec-

trum (RRS), however, and care must be exercised in order to avoid intro-

ducing a large amount of conservatism or uncertainty at this stage.

Testing has several obvious advantages. Among these are that modelling

assumptions concerning damping, stiffness, nonlinearities, boundary con-

ditions, etc., are not required and significant dynamic characteristics

cannot be overlooked or mathematically modeled incorrectly. Also, non-

linear effects are automatically included if they exist. On the other

hand, testing presents a number of disadvantages and limitations. For

many subsystems, it is difficult to test in the operating condition.

This is particularly true in cases where thermal and fluid flow are

important or where dynamic interaction with other items such as piping is

important. Limited information can be obtained for design use, as know-

ledge of tie down bolt loads, etc., can not be obtained directly from the

test, weak points are not identified unless failure occurs, and the sys-

tem must often be retested if design modifications are implemented after

the test. Size limitations and cost are additional disadvantages, and

repeated tests are normally required to establish the statistical varia-

tions expected in the equipment. One of the most severe disadvantages of

testing is that, unless fragility testing is included, the margin is not

known and predictions of capability to withstand increased input motions

cannot be made. This is of particular concern in the SSMRP when trying

to establish safety margins of equipment installed in an existing plant

for purposes of risk analysis.

Many of the disadvantages identified for testing appear as advan-

tages when the subsystem is evaluated by analysis. Design changes can be

updated with minimal effort, member and tie down loads are uniquely deter-

mined, weak areas of the system are apparent, and thermal and fluid flow

effects can be efficiently included. Also there are no limitations on

equipment size, 3 rather than 2 axes of excitation require essentially no

additional effort, and none of the "life" of the component is used up.

Also, the analysis can be extended, if necessary, with supplemental anal-
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ysis techniques to predict failure. However, assumptions on damping,

etc., are required and nonlinear effects normally require special treat-

ment. Finally, there exists to a great extent the possibility for human

error through modelling errors, lack of identification of significant

failure modes, etc.

Overall, with the exception of determining functionability of

some complex electromechanical and electrical components and assemblies,

the advantages of analysis over test are substantial when determining the

seismic safety margins inherent in most nuclear power plant subsystems.

Table 33 summarizes the advantages and disadvantages of testing and

analysis for seismic qualification of subsystems.
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TABLE 32

SUMMARY OF TESTING METHODS

No. Testing Method Conservatism Comments

1 Single Frequency tests �-_l for equipment with resonances
> 33 Hz

1.1 Continuous Sine Test >1 conservatism is a function of
(6.6.2.2) coupling between modes and

damping and may be as high as
1.5

1.2 Sine-beat test >1 same as above, except the de-
(6.6.2.3) gree of conservatism is

smaller

1.3 Decaying sine test >1 the degree of conservatism is
smaller than sine-beat tests

1.4 Sine sweep test >1 the degree of conservatism is
equal to or greater than con-
tinuous sine test

2 Multifrequency tests

2.1 Time-history tests C-1 a synthetic time-history input,
(6.6.3.2) some conservatism may be

introduced in the synthesis

2.2 Random motion test =1 some conservatism is introduced
(6.6.3.3) in the enveloping of the RRS

2.3 Random Motion with >1 the conservatism might be equal
sine-beat test to sine-beat test
(6.6.3.4)

2.4 Complex wave test -I used to reduce the conservatism
(6.6.3.5) to a minimum when other

methods do not work

3 Combined Analysis and >1 conservatism may be introduced
Test in the analysis and synthesis

of input motion

4 Shock testing - seldom used for seismic, gen-
erally used in qualification
for high frequency excitation
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NOTES: I Numbers in parentheses refer to the applicable sections of
Reference 8. Combined Analysis and Tests (No. 30) could be
applied to structures, systems, and components while others are
limited by structural and mechanical constraints of table,
exciter, etc.

2. A qualitative estimate of the conservatism assuming that the
test procedure was derived from IEEE-STD-344 (Reference )

>1 is conservative by more than 10%
=1 is within 10%
<1 is unconservative.
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TABLE 33

COMPARISON OF ANALYSIS AND TEST

Advantages Disadvantages

Test

No assumptions on modelling, No margin known unless
etc. fragility tested

Nonlinear effects included No weak points or yielding
automatically identified unless failure

occurs

Possibility for human error Difficult to test for thermal
is low and attached subsystem

effects

Size, cost limitations

Analysis

Identifies weak areas and Requires assumptions on
provides margin damping and other modelling

considerations

Multiple axis inputs, thermal Nonlinear effects require
effects handled efficiently additional effort

Doesn't use any "life" of Difficult to demonstrate
component functionability

Can be updated for design
modifications
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FIGURE 31

SEISMIC QUALIFICATION PROGRAMS

Qualification Program
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Determine Requirements
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1. Floor Response Spectra
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Plant Specific 2. Damping Values

Component Qualification 3. Operating Loads
4. Mounting Condition

L5. Other Loads

evelop Qualification Analysis

Procedure* Tests
Combined Test Analysis

Review and Appoval

by A/E or Utility

Perform Test, Analysis Stress Computation,
Floor Actual Spectra

or Both and Complete Expected Measured fre-
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L sions

Approval of Qualification

Report

In cases where Seismic Qualification is an integral part of a total

Qualification Program, coordination of Seismic Evaluation with others

is important.

3-28



FIGURE 32

STATIC COEFFICIENT METHOD

Static Method
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FIG. 33: SCHEMATICS OF TYPICAL WAVEFORM SYNTHESIS TECHNIQUES
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FIG. 34: TYPICAL TEST SETUP
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FIGURE 35

SCHEMATICS OF COMBINED ANALYSIS AND TEST METHOD
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4. RANDOM AND MODELLING UNCERTAINTY IN

SUBSYSTEM RESPONSE

In Chapter 1, the concept of a factor of safety was introduced

and was described as the ratio of the subsystem resistance capacity to

the response associated with the design level earthquake. It was further

stated that the overall safety factor is comprised of two basic constit-

uents, the factor of conservatism (or unconservatism) in the computed

response and the factor of conservatism associated with the resistance of

the subsystem to applied load. In this SSMRP study we are concerned with

the factor of conservatism (or unconservatism) associated with the com-

puted response and will refer to this factor as the "response factor".

The "response factor" can be described as the ratio of computed response

to the actual response. In most design analyses for nuclear power

plants, the methods used to compute response are biased on the conserva-

tive side and the response factor will be greater than one (1). Associ-

ated with the response factor is a variability which can be described in

probabilistic terms.

In the Reactor Safety Study, Reference 1, and Diablo Canyon

Seismic Risk Study, Reference 2 the variability of each of the variables

that make up the overall factor of safety, including both response fac-

tors and capacity factors, was not separated into random and modelling

components. Studies, documented in the literature, addressing

variability of the factors that are constituents of the overall factor of

safety, have classically lumped all variability together. Consequently,

little information is currently available to separate the overall vari-

ability into separate components.
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However, in virtually all significant practical applications of

probabilistic safety analysis, the team of analysts must recognize that

they face two fundamentally different types of variability. One is fun-

damental to the phenomenon being represented, whereas, the other is incom-

plete knowledge about the representation of that fundamental variability.

As a familiar example, the first type represents the question of whether

a coin flip will lead to a head or a tail, and the second type reflects

the degree of ignorance about the exact numerical value of the proba-

bility that the outcome will be heads. These two types of variability

are recognized by virtually all engineers in the field but they are

unfortunately variously named, making technical communication sometimes

difficult. Some refer to them respectively as "frequency" vs. "proba-

bility", some as "probabilistic" vs. "statistical", and others as "ran-

dom" vs. "systematic". In this report they will be referred to as "ran-

dom" vs. "modelling undertainty" in which the first name refers to the

underlying randomness of the parameters influencing the response factor

and the later name refers to our uncertainty concerning the values of

these parameters.

Since the literature, from which the variability of the sub-

system response factors can be derived, lumps random and modelling uncer-

tainty variability together we will first estimate the composite var-

iability of each of the response variables and then attempt to break down

this composite variability into random and modelling uncertainty

components.

For ease of presenting the concept of a response factor and the

variability of each of the variables contained in the response factor, we

will use nomenclature commonly used in the literature when working with

the properties of the lognormal distribution. The SSMRP risk model may

choose to use other than lognormal assumptions and the random and model-

ling uncertainty variability developed in this chapter can easily be con-

verted for probabilistic distributions other than lognormal.
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Lognormal distributions were selected for use in discussing

response factors and their variablity since the statistical variation of

many material properties and seismic response variables may reasonably be

represented by this distribution so long as one is not primarily con-

cerned with the extreme tails of the distribution. Use of this distri-

bution for estimating conditional probabilities of failure on the order

of one percent or greater is considered to be quite reasonable. Lower

conditional probability estimates which are associated with the extreme

tails of the distribution must be considered more suspect. However, use

of the lognormal distribution for estimating very low conditional proba-

bilities of component or structural failure associated with the tails of

the distribution is considered to be conservative since the low prob-

ability tails of the lognormal distribution generally extend further from

the median than actual structural resistance or response data might

extend since such data generally shows cutoff limits beyond which there

is essentially zero probability of occurrence.

It is generally acknowledged (References 3 and 4 that the

mechanical strength properties (e.g., yield and tensile strength) of

structural materials may be reasonably represented by a lognormal dis-

tribution. It is likewise reasonable, to assume that properties influ-

encing subsystem response may be reasonably represented by a lognormal

distribution. Thus, while a lognormal distribution may not provide a

perfect fit of the distribution for element forces due to dynamic

response, it provides a sufficient approximation. Furthermore, it is

computationally convenient since the assumption of a lognormal distri-

bution leads to a simplified combination of product and quotient random

variables which can be used to determine dynamic responses considering

several contributing variables. In addition, the central limit theorem

states that a distribution, D, consisting of products and quotients of

distributions of several variables tends to be lognormal even if the

individual variable distributions are not lognormal.
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4.1 RELATIONSHIPS FOR THE LOGNORMAL DISTRIBUTION

Some general relationships for lognormally distributed variables

are presented for information and are used specifically in subsequent

development of logarithmic standard deviations. Background and further

information on these relationships are given in References and 6.

A random variable x is said to be lognormally distributed if its

natural logarithm given by

x �A(X) (4.1)

is normally distributed with the mean of equal to kn v where is the

median of x, and with the standard deviation of equal to which will

be defined herein as the logarithmic standard deviation of x. Then, the

coefficient of variation, COV, is given by the relationship:

COV Vf ex 2 (4.2)

For values less than about 0.5, this equation becomes approximately:

COV B (4.3)

and COV and are often used interchangeably.

For a lognormal distribution the median value is used as the

characteristic parameter of central tendency (50% f the values are above

the median value and 50% are below the median value). The logarithmic
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standard deviation, �, or the coefficient of variation, COV, are used as

a measure of the dispersion of the distribution.

V
The relationship between the median value, logarithmic stan-

dard deviation, and any value x of the random variable can be ex-

pressed as:

x exp (f (4.4)

where f is the standardized Gaussian variable (mean zero, standard devi-

ation one). Therefore the probability that x is less than any value x'

equals the probability that f is less than where:

fI kn (X./x
(4.5)

Because f is a standardized Gaussian random variable one can simply enter

standardized Gaussian tables to find the probability that f is less than

V which equals the probability that x is less than x.

Using cumulative distribution tables for the standardized

Gaussian random variable, it can be shown that exp ( + �) of a log-

normal distribution corresponds to the 84 percentile value, i.e., 84 per-

cent of the data fall below the value. The exp - �) value cor-

responds to the value for which 16 percent of the data fall below.
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One implication of the usage of the lognormal distribution is

that if a, b, and c are independent lognormally distributed random var-

iables, and if

a r . bS
d t (4.6)

c

where r, s and t are given exponents, then d is also a lognormally dis-
V

tributed random variable. Further, the median value of d, denoted by d,
2

and the logarithmic variance d which is the square of the logarithmic

standard deviation, Bd, of d, are given by:

V vr VSd a b (4.7)

c

and

2 = r2 2 + S2 2 + t2 2
�d a b c

V
where va, �, and are the median values, and �a5 bI and �c are the

logarithmic standard deviations a, b, and c, respectively.
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For the SSMRP reference plant we can consider that F represents

the overall safety factor associated with the maximum credible earthquake

(MCE) ground acceleration. (Current nomenclature would define this as

the Safe Shutdown Earthquake, SSE). This factor of safety is assumed to

be lognormally distributed with median, F and logarithmic standard devi-

ation, �. Thus, the conditional probability of failure associated with

a ground acceleration A is found from Equation 45 by letting x equal

the ratio A/MCE, and equal F. Thus:

V (4.9)
P= An (A/MCE F)

This value of can then be entered into cumulative distribution tables

for the standardized Gaussian random variable to find the best estimate

of the conditional probability of failure for peak ground acceleration A.

The variability in the factor of safety is made up of two parts.

The first part consists of the underlying randomness of the parameters

influencing this factor of safety. The second part consists of uncer-

tainty in estimating these parameters due to a lack of complete infor-

mation. These two parts can be kept separate, in which case a logarith-

mic standard deviation associated with the underlying randomness, R,

and a logarithmic standard deviation associated with uncertainty, �U 9

are each separately estimated rather than being combined into a single

composite �. With this refinement, only the aR is used in Equation

4.9 to estimate the conditional probability of failure and � U is used

to evaluate the modelling uncertainty in this probability estimate. Some

details of this refinement are described in the following paragraphs.

The discussion is presented in terms of overall fragility, i.e., condi-

tional probability of failure versus peak ground acceleration level, as
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from an earthquake. Thus, this fragility curve referred to contains all

the factors and their variablity involved in soil structure interaction,

building response, subsystem response and subsystem capacity. Later,

when we address the quantitative values of the random and modelling

uncertainty variability we will be concentrating on important variables

associated with subsystem response.

The fragility curve of a component can be plotted against ground

acceleration A as shown in Figure 4.1a. If known, it would give the

"frequency" of failure (of many such components). But incomplete infor-

mation leaves the profession uncertain about this frequency PA at any

ground acceleration. This uncertainty can be expressed by assigning a

probability distribution to this frequency. Alternatively, one can

assign this second kind of uncertainty measure "horizontally" as shown in

Figure 4.1b. In this case one says there is a probability distribution

assigned to the abcissa, A, associated with any frequency level PA'

One convenient way to represent the uncertainty in the latter case is

simply to say that the median of the (unknown) fragility curve is itself

an uncertain quantity (a random variable). Symbolically, we let the

ground acceleration A be the product of two random variables R and U, the

former representing the inherent randomness and the latter representing

the modelling uncertainty in the median value. We write this product

random variable A as:

V
A = A ER EU (4.10)

in which A is the best estimate of the median of A and in which R

and FU are lognormal random varibles with medians one and standard

deviations (of the logs) respectively: B R and u. The former qual-

ifies the underlying variablity in A (i.e., the fragility curve) and
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the latter qualifies the uncertainty in the median of that curve. The

advantage of this technique for representing the two separate sources of

variability is that it is possible to easily present a composite fragil-

ity curve that displays the combined effect of both sources of uncer-

tainty and variability. Under the (independent) lognormal assumptions

stated, A is also lognormal with median A and � C value (Reference 5).

aC BR 2 + OU2 (4.11)

There is implied a "composite" fragility curve with broader dispersion as

shown in Figure 4.1b. It is sufficient for many purposes to deal only

with this composite curve and composite � C value. This was the approach

used in References and 2 In this study, however, the two values

(6R and %) making up the composite values will be considered. Figure

4-2 displays a fragility curve with both sources of variability repre-

sented (random and modelling uncertainty).

With perfect knowledge, (i.e., only accounting for the random

variability, R, the frequency of failure Pf(A), or conditional prob-

ability of failure, for a given acceleration A can be obtained from:

/tn V

JA/AA
Pf(A)=' a (4.12)R

V
in which D (-) is the standard Gaussian cumulative function, A is the

"best estimate" of the median ground acceleration capacity, and R is
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the logarithmic standard deviation associated with the underlying random-

ness of the capacity. The following simplification in notation will be

used:

P f Pf(A)

Pf' � Pf(A-)

Pf" : Pf(A11)

i.e., Pf is the frequency of failure based on the underlying randomness

associated with ground acceleration A, pf' is the failure-frequency

associated with acceleration A', etc. Then, with perfect knowledge (no

uncertainty) the ground acceleration A' corresponding to a given fre-

quency of failure (conditional probability of failure) pf, is given by:

V -1 (4.13)
A' = A exp I6R �P (Pf' )]

The uncertainty in ground acceleration capacity corresponding to

a given probability of failure as a result of uncertainty of the median

capacity can then be expressed by the following probability statement:

P[A > AIpf'-' = - 1zn_(L/A'j�
j k �U 1 (4.14)

in which P IA > A111 pfil represents the probability that the ground

acceleration A exceeds A" for a given failure frequency pf'. This

probability is shown shaded in Figure 42. However, one wishes to trans-

form this probability statement into a statement on the probability that

the frequency of failure pf is less than Pf' for a given ground accel-

eration All, or in symbols P I Pf!�- Pf I I All] This probability is

also shown shaded in Figure 42. It follows that:
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(4.15)
F f -5 f, A" P A > A" 
L

Thus, from Equations 413 and 4.14:

V
gn V/A exp IB R4� (4.16)

Ff!5pf IA"] = - B
L U

from which:

V

P[pf , pf A"' 9,n (V/A exp [BR (pf
I = 10 a (4.17)

U

which is the basic statement expressing the probability that the failure

frequency exceeds pf, for a ground acceleration A" given the "best

estimate" of the median ground acceleration capacity A, and the logarith-

mic standard deviation R and Bu associated with randomness and

uncertainty, respectively.

As an example, if:

V
A = 077, 0.36, U = 039

then from Equation 417,

PFpf > 0.5 All = 0.40j, 0.05
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which says that there is a percent probability that the failure fre-

quency exceeds 0.5 for a ground acceleration of 0.40g.

We have been discussing the mathematical significance of random

and modelling uncertainty variability, R and �U, in defining fragil-

ity curves which include all of the factors being considered in the

SSMRP, i.e., soil structure interaction, building response, subsystem

response and subsystem capacity. We will now address the significant

variables and there variability that are involved in the subsystem

response part (response factor) of the overall fragility curve.

4.2 CALCULATED RESPONSE VARIABILITY

In Chapter 3 we discussed the standard method of conducting

seismic analysis of subsystems wherein a time-history seismic analyses is

conducted for the overall structural model. The calculated in-structure

time-history responses are then converted to response spectra which are

supplied to the subsystem designer for his use. Thus, many of the vari-

ables that have a significant effect on subsystem response likewise have

an effect on structural response.

In Section 41 we defined the response factor as the factor of

conservatism (or unconservatism) in the computed subsystem response.

This subsystem response factor is made up of several components, each of

which have a dispersion about its median. For instance, if there are

four variables that can effect the computed response then there is a

factor of conservatism (or unconservatism) f f21 f3 and f41

associated with each variable used in the analysis. There is also a

dispersion about the median of each variable which results in a

dispersion about each factor, f The overall subsystem response

factor, Fss, is then comprised of the individual factors, fi,

associated with each of the response variables. If the dispersion in

each factor, fi, is lognormally distributed then the overall subsystem
V

response factor, Fss, is the product of each factor associated with

each significant variable that affects subsystem response.
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FSs = (f 1) (f2) .. .. (fi)

The dispersion in the subsystem response factor, FSs, can then

be expressed as a sum combination of the dispersion about each factor,

fil Assuming that the dispersion about each factor, f is

lognormally distributed with a logrithmic standard deviation of the
V

overall dispersion about FSs is also lognormally distributed with

logrithmic standard deviation SS'

+ 2 + �2

Ss 2 i

The variables that have the most significant effect on calcu-

lated subsystem response are considered to be:

Spectral Shape

Method of Analysis

Modal Response

Combination of Modes for Response Spectrum Analysis

Combination of Earthquake Components

Spectral shape is an important factor but is really part of the

structural response factor, i.e., the shape of the spectra used for

design as compared to a median spectra should be included in the struc-

tural response project. The method of analysis is an important variable,

especially if the static coefficient method has been used for qualifi-

cation of subsystems as in this case the variability can be quite large.

Modal response is most heavily influenced by damping and modelling accu-

racy, the modelling accuracy resulting in variability in calculated mode

shape and frequency. If the response spectrum method of analysis is

used, the method used to combine modal responses results in a factor

between median response and the calculated response and variability of
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the calculated response about the median. Likewise, the method of com-

bining earthquake components results in a factor between the median and

design calculation with associated variability.

For each of the significant variables affecting subsystem

response we will examine the magnitude of the response factor, fi,

associated with the variable and the dispersion of, fi, expresed as the

logrithmic standard deviation, � il In examining i we will first

examine the composite variability, C, of each of the above variables

and then separate the �C into random, R , and modelling uncertainty,

components.

4.2.1 Method of Analysis

In Chapter 3 the static coefficient, response spectrum and

time-history methods of analysis were discussed and examples of where

each method might be used were presented. Chapter discusses in much

greater technical detail the mathematical bases for various response

spectrum and time-history analysis methods. In this chapter we will be

concerned primarily with the general method and not with the many math-

ematical variations of each method.

4.2.1.1 Static Coefficient Method

The static coefficient method is intended to be a conservative

upper bound method by which simple subsystems may be qualified. Typi-

cally, the peak spectral acceleration is multiplied by a coefficient and

this product is multiplied by the weiqht of the subsystem to determine an

equivalent static load to be applied at the subsystem center of gravity.

If the subsystem is comprised of more than one lumped mass the same pro-

cedure may be applied at each lumped mass point in the static model or

may be applied as a uniformly distributed load on the static model. The

two cases can be illustrated as:
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Concentrated Mass At Subsystem Center of Gravity

P KSaW where

P is the load to be applied at the subsystem center of

gravity

K is a factor to account for multiple mode response

Sa is the peak spectral acceleration of the applicable

response spectrum

W is the total weight of the subsystem

Distributed Mass in Subsystem

p KSaW where in this case

p is the equivalent static distributed load

w is the distributed weight per unit length or area of

the subsystem

The response factor, fi, associated with the static coeffi-

cient method of analysis, is a function of the spectral shape, the sub-

system frequency or frequencies and the specified versus median damping.

Typically, the static coefficient method is only applied to rigid Seismic

Category I subsystems and non-seismic category subsystems with only one

or two predominant frequencies. In the past, however, this method has

been applied for design of small diameter piping systems. In such cases

the variability of the calculated response is quite large. The response

factor is generally on the conservative side, i.e., > .0, but with the

large inherent variability the factor can be less than 1.0 for multi-

degree-of-freedom systems.

The variability of the static coefficient method cannot be

generically quantified as it is specific to the particular subsystem

dynamic characteristics and the applicable response spectrum. For a
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rigid component there is essentially no variability in the response cal-

culation. Typically, the ZPA is applied to rigid components with a

static coefficient factor, K, of 1.0. If the component's fundamental

frequency is well above the point where the spectral acceleration returns

to the zero period acceleration value, there will be no variability in

the response in any direction of application of the load, no variability

due to damping, and the response factor would, in this case, be .O.

In a prior study of piping systems designed by the static coef-

ficient method, wherein the peak spectral acceleration was used with a

static coefficient (K = .0), the response factor, including the con-

tribution of mode combinations, was estimated to be approximately 16

with a logarithmic standard deviation, �, of 036.

Piping in the reference plant, designed by the static coeffi-

cient method, could be expected to have a variability on response in each

earthquake component direction of approximately that above. The response

factor would depend, however, upon the static coefficient used for design.

4.2.1.2 Dynamic Analysis Methods

Response spectrum, mode superposition, time-history and direct

integration time-history dynamic analysis methods may be applied in sub-

system response analyses. If responses for a single degree of freedom

model with best estimate material properties and damping are computed by

the response spectrum method, the mode superposition time-history method

and the direct integration time-history method we would expect to obtain

equal median centered results, assuming that the response spectrum and

time-history inputs are compatible.

If the number of degrees of freedom are increased, we may not,

however, obtain the same results between the response spectrum method and

the two time-history methods. The two time-history methods would be

expected to result in comparable, median centered results, the small dif-
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ferences being related to numerical schemes used in the treatment of damp-

ing and to solve the equations of motion. The response spectrum results

may be greater or less than the time-history results. The difference,

though, is due to dispersion in the variables that influence response

spectrum results, not in the analysis method itself.

The response spectrum method is often referred to as being con-

servative, however, the conservatism compared to a time-history analysis

is primarily due to the method of developing the spectrum. Spectra used

for design purposes are generally smoothed and the peaks are widened such

that the resulting design spectrum is conservative. There is no inherent

conservatism in the method of analysis but there is a great deal of vari-

ability. This variability, is, however associated with the variability

due to 1) modal response, 2 combination of modes and 3 combination of

earthquake components. These variables are discussed in the following

subsections.

4.2.2 Modal Response

Modal response is influenced by modelling accuracy and damping.

Modelling accuracy is influenced by the analysts' skills in representing

the subsystem and its boundary conditions in an analytical model, by vari-

ations in material properties and by connection detail that cannot be as

readily defined by the analyst. Accurate representation of damping is

very difficult due to both the lack of knowledge of damping and the ran-

domness in damping.

4.2.2.1 Modelling Accuracy

Modelling of multi-degree-of-freedom systems is usually con-

ducted using nominal dimensions, weights, and materials' properties and

is done in such a manner that further refinement of mesh size in the

finite element representation will not significanty alter the calculated

response. Representation of boundary conditions in the model may have a

significant influence on the reponse. The misrepresentation of boundary
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conditions in the dynamic model by assuming greater or lesser stiffness

or treating nonlinear gap effects linearly can not be quantified gener-

ically and each model must be treated specifically to determine a response

factor for modelling. Assuming that the analyst does his best job of

modelling, modelling accuracy could be considered to be median centered

with the variability in each of the modelling parameters amounting to

variability in calculated mode shapes and frequencies. The error in cal-

culation of mode shapes and frequencies then has an effect on the computed

response whether response spectrum or time-history analyses are employed.

Consider, for instance, the case of a modal analysis that results

in a 20% error in mode shape and a 30% error in frequency in one of the

fundamental modes. If the response spectrum method is used, the individ-

ual modal response is the product of the mode shape times the participa-

tion factor and a 20% error in mode shape results in a 20% error in indi-

vidual modal response. The 30% error in frequency may be significant if

the calculated frequency is on a steep slope portion of the response spec-

trum curve. If, however, the response spectrum curve is flat, the effect

of an error in frequency is insignificant.

We can then consider the variability in response due to model-

ling accuracy to consist of 2 parts, the uncertainty in mode shape and

the uncertainty in frequency. If these uncertainties result in a lognor-

mally distributed response, variability due to modelling accuracy can be

represented as:

M2S + 2
PM z mf (4.18)

where �ms and mf are estimated logarithimic standard deviations on sub-

system response of a given point in a multi-degree-of-freedom subsystem

due to uncertainties in mode shape and due to uncertainties in modal fre-

quencies respectively and �M is the logarithmic standard deviation due
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to modelling error. Based upon individual experience in performing many

dynamic analyses, the mode shape variability and resulting subsystem

response variability due to mode shape, ms is estimated to be about

0.15 for multi-degree-of-freedom systems. Systems that respond predom-

inantly in one mode have a lower variability in response due to mode

shape on the order of 1.

The modal frequency variability shifts the frequency at which

spectral accelerations are to be determined, so that:

Sf f-
�mf " kn (4.19)

Sf f
m

where Sf is the spectral acceleration at a given frequency, f is the

median frequency estimate and f� is the 84 percent exceedance proba-

bility frequency estimate. Based on experience and from Reference 7 the

coefficient of variation, (approximate logarithmic standard deviation) on

frequency is estimated to be about 03. The effect of frequency varia-

bility on the calculated response depends, of course, upon the spectral

shape and the point on the spectra for which response is being deter-

mined. Examinations of the Zion response spectra, developed by Sargent

and Lundy, Reference 8, indicates that for the auxilliary building, which

houses many of the safety related subsystems, there is a narrow frequency

band where frequency shift would not significantly alter the response

factors. This band, at the lower building elevation, is at a low fre-

quency range of about 0.05 to 03 Hz. The zero period acceleration (ZPA)

is at about 18 Hz and above in the lower portion of the auxilliary build-

ing. In regions other than the above, the variability due to modal fre-

quency is a strong function of the spectral shape and the calculated fre-

quency and cannot be generically quantified. In a previous study of

reactor piping system response, the mf was found to be 0.1 maximum.

That, however, was for a specific spectral shape and over the frequency

range of the piping system the mf varied from to 0.1.
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4.2.2.2 Damping

Median damping values and their variability are a function of

the material, construction details, size and stress level. For piping

and other mechanical equipment, References 9 and 10 estimate the median

and 84% exceedance probability values, with associated logarithmic stan-

dard deviations, for stress levels near yield to be:

Damping Levels at Yield Stress

84%'Exceedance Logarithmic Standard
Component Median Probability Deviation,

Piping 3% 2% 0.4

Equipment 5% 3.5% 0.36

References 11, 12 and 13 are compilations of damping values

measured from tests and in some cases actual earthquakes, on piping

equipment and structures. In most instances the tests or earthquake

responses were conducted well within the elastic range of the structural

system and the damping values were equivalent to or less than those spec-

ified above. There was a very large dispersion, however, depending upon

equipment tested, method of support, size and, in the case of piping,

whether insulation was present or not. In most cases the references do

not report the stress levels so that damping levels as a ratio of applied

stress to yield stress can be determined.

Reference 11 reports results of snapback damping tests conducted

on a /5 scale model of the San Onofre primary coolant piping system and

reactor vessel. The tests were conducaed into the inelastic range of the

system. Figure 43 plots modal damping as a function of average acceler-

ation and average displacement during five decaying vibration periods
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after release from an initial displacement. The rapid change in slope in

the damping curve at about 2 of critical damping occurs at about the

yield point of the system. Therefore, for this system, with no insula-

tion or appreciable support friction, the damping at yield is quite low.

Reference 13 reports test results from forced vibration labor-

atory tests of small diameter piping with much larger damping values

indicated. Figure 44 indicates that for very small diameter pipe that

damping increases very rapidly at about 23 of the material yield stress.

The pipe ends were fixed in this case and the damping is all material

damping. For simply supported pipe specimens the support friction con-

tributed significantly to the damping at low stress values. Figure 45

plots damping vs percent of yield stress for the simply supported case.

At 23 yield the damping is well above 10%. There is also a great deal

of scatter in this series of tests indicating the wide range of varia-

bility in damping with both material and structural damping included.

Figure 46 from Reference 13 shows damping as a function of

input G level for pressurized 2-inch pipe. Back calculation of results

shown in Figure 46 indicate that lg corresponds to about 112 yield with

the onset of yielding occurring at about 2.5g. The 2inch pipe test

damping value of about 27% at yield agrees more closely with the test

results shown in Figure 43, from Reference 11.

Reference 11 attempted to place confidence bounds on measured

damping values. Table 41, from Reference 11, lists measured damping

values from several tests and estimates confidence in the values by

defining three reliability categories, A, B, and C. Category A indicates

that the uncertainty in the estimate is within 20%. Category indi-

cates an uncertainty within + 50% and Category C estimates an uncertainty

greater than ± 0%. These uncertainty estimates are somewhat subjective
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but are an indication of the wide range of variability in damping for

various structures and equipment items.

The USNRC Regulatury Guide damping values, Reference 14, are

listed in Table 42. The median values of References 9 and 10 are approx-

imately equivalent to values specified by the USNRC, for design for the

SSE, and are significantly greater than values specified for the OBE.

For most mechanical equipment governed by ASME codes, Reference 15, the

allowable stress levels for ferritic steel, for the OBE event, range from

2/3 of yield to yield depending upon whether the structural member is

loaded in primary membrane or primary bending loading. Stress allowables

for austenitic stainless steel equipment, if presented as a percentage of

yield strength, are even higher and can range from 90% to 135% of yield

for primary membrane and primary bending loading respectively at the oper-

ating temperatures of LWR systems. Appendix F of Reference 15 allows

stress response for Level D Service, which includes the SSE event, to go

well into the inelastic regime. Thus, it appears that the regulatory

guides specify damping levels for design at about the 84 percentile non-

exceedance value as reported in References 9 and 10. The regula-

tory guide is, thus, conservative for passive components that must only

retain structural integrity in the event of an SSE.

For active components which must function during or after a SSE,

the responses are usually held within the elastic range and the regula-

tory guide specifies use of OBE damping values for the SSE event. Again,

the regulatory values are conservative.

The wide variability in the value of damping cannot be related

directly to the variability in structural response. The actual floor

spectrum shape and equipment frequency must be considered to determine

the variability fn equipment respon-se due to variability in damping.

Again, assuming a lognormal distribution of response, the logarithmic

standard deviation of equipment response D due to damping variability

can be computed f rom:
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kn m
D = (4-20)

where S = is the floor spectral acceleration at damping level, 6m,

equal to the median and S6= _ is the floor spectral acceleration at

the -W damping level. The variability for damping from References 9

and 10 is based on one level of stress response, approximately the yield

stress. References 11, 12 and 13 clearly show the dependency of damping

on response level although the responses are generally not portrayed in

terms of yield stress or percentage of SSE. If all subsystems under con-

sideration were optimally designed to the same level of stress response,

whether elastic or inelastic, the variability in response due to damping

variability would be much less than that which occurs in actual practice.

However, most subsystems and components are not, in fact, stressed to the

maximum allowable for the specified SSE and damping may be considerably

less than for components that are stressed to the maximum allowable.

This wide variation in design response stress level has a significant

effect in the response factor. There is, however, a compensating effect

in the fragility factor determination if calculated responses are com-

pared to capacities to determine the fragility factor. The problem be-

comes very complex in complicated structures where the bulk of the struc-

ture may be below yield at many times the specified SSE level while only

one small portion is highly stressed. The overall damping may, in fact,

be quite low, consistent with linear elastic response, while the one weak

link is responding inelastically. In such a case, it is difficult to

estimate what the real factor between actual and calculated response

would be. If, in the SSMRP program, major subsystems are reanalyzed,

consideration should be given to the use of composite modal damping in

the model to eliminate a potential unknown variability. Use of composite

modal damping is discussed further in Chapter 7.
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For purposes of the SSMRP seismic risk analyses various levels

of earthquake are going to be examined. -Phase of the SSMRP will be

conducted using linear elastic analysis methods, however, when the re-

sponse levels are above the linear material response range the damping

values should be adjusted upward accordingly. Table 43 from Reference

16 lists damping value ranges for structures and equipment for various

levels of response.

There are very limited data for damping above yield such that it

is difficult to quantify the median values and variability to use at var-

ious earthquake levels. Based on the data presented in References 11 12

and 13 the damping values for piping varied from 0.3-to 20 percent of

critical for a range of stress levels up to 130% of yield. There is also

a lack of correlation between values obtained in the same laboratory for

different size pipe as indicated by comparing Figures 44 for 1/2-inch

pipe and 46 for 2-inch pipe. Effects of friction are shown to affect

the damping of low levels appreciably as indicated by comparing Pigures

4-4 and 45 for 1/2-inch pipe.

The SSMRP is most interested in the responses and fragility

levels above the SSE level and, there are essentially no test data above

that level. Most of the data are for equipment responding well below the

yield level and as such the data are of much less interest to the SSMRP.

Based upon the limited data available from References 9 through

13, the estimated damping range for piping is:
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Damping, of Critical

112 SSE SSE

Logarithmic Standard Logarithmic Standard

Component Range Deviation, Range Deviation,

Piping 1-5 0.4 4-20 0.4

From References 913, the damping for large equipment items ap-

peared comparable to piping for those few cases where comparisons could

be made. Damping for major equipment items such as pressurizers, reactor

vessels, steam generators, large vessels and heat exchangers could be

expected to have damping comparable to piping. Electronic I C racks

could expect to have slightly higher damping due to the presence of

struc- tural damping of bolted joints.

We have described the coefficient of variation (approximate log-

arithmic standard deviation) in the modal damping value for piping to be

approximately 04 The effect of this variability on subsystem response

variability depends upon the spectral shape and subsystem frequency and

must, for the reference plant, be evaluated for each specific or generic

subsystem or component. In a previous study of piping response factors

and variability considering median damping of 3 a V value of 2 and a

Housner design spectra, the composite variability of response varied from

zero at the ZPA to about 0.11 maximum in the 4 to Hz range. In that

study, assuming the upper value of variability due to damping and combine

the variability due to mode shape and frequency the composite modal

response variability, MR' became,

MR 0 21
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4.2.2.3 Example of Response Factor and Variability Due Modal Response

In the previous discussion of response factors and variability

associated with computation of modal response we indicated that modal

response was influenced by modelling accuracy and damping. Further,

modelling accuracy was stated to effect the calculated mode shape and

frequency. In order to enhance the understanding of this concept an

example will be presented.

Assume a subsystem which when analyzed responds predominantly in

a single mode at 6 Hz. The modelling accuracy, including representation

of the boundary conditions, is determined to be median centered. The

original design analysis was conducted with a damping value of 1% of crit-

ical but we have determined that the median damping is 3 of critical with

a logarithmic standard deviation of 04. We previously stated that a

single-degree-of-freedom system had a logarithmic standard deviation of

about 0.1 on mode shape and about 03 on frequency. The applicable

response spectrum for the example problem is shown in Figure 47.

First we will determine the response factors for modelling error

and damping. We'stated that the modelling was determined to be median

centered such that the response factor is 1.0, i.e., the computed

response is neither conservative or unconservative due to modelling

error. However, the modal response at 6 Hz computed for 1% damping is

considerably greater than at the median of 3 damping. From Figure 47

the response at 6 Hz for 1% damping is a factor of .11 greater than the

response for 3 damping and the response factor for damping is then 1.11.

The overall response factor for modal response, assuming a lognormal dis-

tribution of response, becomes the product of the response factors for

modelling error and damping.

F F

MR FME D = 1.0 (1.11) = 1.11
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Consider now the variability in response due to modelling error

and damping. The logarithmic standard deviation for mode shape was

stated to be 0.1. Since modal response is a function of the mode shape

times the participation factor the logarithmic standard deviation of

response due to mode shape is then also 0.1. The logarithmic standard

deviation of frequency was stated to be 03. Using equation 44 the t V

range of frequency is 445 to 8.1 Hz. Using the 3 median damping spec-

trum from Figure 47, the response at 44 Hz is .91g and the response at

8.1 Hz is .94g. Again applying equation 44 the logarithmic standard

deviation on response, due to frequency, is only 0016.

We stated that the logarithmic standard deviation on damping was

0.4 with a median of 3 of critical. Applying equation 44 the ± 

values of damping are 222 and 447% of critical respectively. From

Figure 47 at 6 Hz the response at 222% damping is 0.97g and the median

response at 447% damping is 0.91g. Applying equation 44 the logarithmic

standard deviation on response due to damping variability is 0032. The

variability on modal response, MR, due to mode shape, frequency and

damping variability is then the square-root-of-the-sum-of-the-squares of

the individual variabilities.

2 2 + �2

MR Ms mf D

where Ms' �mf and D are the logarithmic standard deviations of

the subsystem response due to uncertainties in mode shape, modal fre-

quency and damping respectively. For the example problem above

MR = 322 = 0106

For the example problem we can say that the design analysis has

a median response of 1.11 times the design value with a logarithmic

standard deviation about the median of 0106.
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4.2.3 Mode Combination

The variability of mode combination depends upon the complexity

of the component. The USNRC Regulatory Guide 192, Reference 17, speci-

fies that modal responses be combined by the square-root-of-the-sum-of-

the-squares, SRSS, except for closely spaced modes which must be com-

bined by absolute sum. Many studies have been conducted to determine the

degree of conservatism or unconservatism obtained by use of SRSS combina-

tion of modes. Except for very low damping ratios, these studies have

tended to show that SRSS combination of modal responses tend to be median

centered. The coefficient of variation (approximate logarithmic standard

deviation) tends to increase with increasing damping ratios. Figure 48

(taken from Ref. 18) shows the actual time-history calculated peak re-

sponse versus SRSS combined modal responses for structural models with 4

predominant modes. Based upon these and other similar results and damp-

ing values consistent with the median for the specified SSE event the

variability due to mode combination is approximately 0.15.

For a significant amount of equipment designs based upon dynamic

analysis, peak response is calculated by estimating the predominant fre-

quency and applying the resultant spectral acceleration as a static iner-

tial loading. For equipment that responds at any point predominantly in

one mode the approach used in design is considered to be essentially

median centered with a relatively small logarithmic standard deviation

estimated to be on the order of 0.10.

4.2.4 Combination of Earthquake Components

The Zion seismic design criteria specified absolute sum combin-

ation of peak response from the worst horizontal earthquake component

plus the vertical earthquake component. These criteria are more conserv-

ative, in most cases, than current criteria which require the square-root-

sum-of-the-squares combination of peak responses from two orthogonal hor-

izontal plus the vertical earthquake components, Reference 17. Current

criteria are considered to be median centered. Based upon studies of the
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relative ratios of peak responses computed by these two methods for many

structural elements it is estimated that the Zion criteria for combina-

tion of earthquake components lead to a response factor, FEC Of 1.15

with a logarithmic standard deviation, EC, of 0.15.

Table 44 summarizes all of the composite variabilities of each

of the most significant variables that affect subsystem response when

response is computed by dynamic analysis methods.

The values in Table 44 are considered representative values of

variability in the important variables that make up the response factors.

However, as pointed out in the table and in the previous text, the vari-

ability in response depends upon the spectral shape, dampingand calcu-

lated modal frequencies.

4.3 SEPARATION OF RANDOM AND MODELLING UNCERTAINTY VARIABILITY

FOR CALCULATED RESPONSE

In Section 42, the total dispersion on the response factors

were estimated in terms of a logarithmic standard deviation �. These

values correspond to the composite logarithmic standard deviation

values, C discussed in previous sections. Such composite values are

made up of both random dispersion due to the underlying randomness of the

parameters influencing the factor of safety as defined by R , and model-

ling uncertainty in the estimated median response due to a lack of com-

plete information as defined by As discussed in the previous section,

these two sources of dispersion can be treated separately with and the
V

median response factor, FR, being used to estimate the distribution of

computed response for a given peak acceleration, A, using Equation 49

and the approach described in Section 41. Then can be used to esti-

mate the uncertainty associated with this distribution of response.

Alternately, the composite c and F can be used with Equation 49 to

make the "best estimate" of the dispersion of calculated response for a

given peak acceleration, but no uncertainty bounds can be placed upon

this estimate.
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This section describes the judgement used to break the composite

logarithmic standard deviation, B9 into the random, B R2 and modelling

uncertainty �Uq logarithmic standard deviations. Essentially, BR repre-

sents those sources of dispersion in the computed response which cannot

be reduced by more detailed evaluation of the studies, or by gathering

more data. The dispersion represented by R is due to such things as:

the variability of subsystem material properties associated with strength,

inelastic energy absorption, and damping. The dispersion represented

by is due to such things as: 1lack of understanding of subsystem

material properties such as strength, inelastic energy absorption, and

damping; 2 errors in calculated response due to use of approximate 

modeling of the structure and inaccuracies in mass and stiffness repre-

sentations; and 3 usage of engineering judgement in lieu of obtaining

complete plant specific data on response levels of equipment. The break-

down of �,Cinto its parts, BR and B, is shown in Table 45. In Table

4-5, it should be kept in mind that:

BC = B + B U

when assuming the properties of a lognormal distribution. The values in

the Table are based upon engineering judgement considering what improve-

ment could be made on the variability if all information on the variable

were known. In the case of mode shape and frequency, almost all varibil-

ity is modelling uncertainty since if everything were known about model-

ling there would be virtually no variability. There is some random vari-

ability in modelling of linear elastic structures due to the variability

in Young's Modulus and Poissons' ratio. This is considered to be very

small though when compared to the modelling uncertainty variability.

Damping is mostly a random variable inherent in the materials and con-

struction details themselves. Variability about the median computed

response due to mode combination and combination of earthquake components
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is a random variability since the individual modal responses and direc-

tional responses are random phased.

4.4 TESTING VARIABILITY

Variability in subsystem response, when testing is applied as

the method of seismic qualificaion, is more difficult to quantify than

analysis variability. This is due primarily to the lack of studies that

have explored such variability. In this section the sources of variabil-

ity in testing will be discussed as well as some of the points to be con-

sidered in determining the overall fragility factors (factor between the

component fragility and the test response spectra).

There are some inherent differences in philosophy for qualifying

subsystems and components by test as compared to analysis. These philo-

sophical differences affect both the inherent safety factor between the

required response and actual fragility and the variability of the actual

testing conditions.

Testing is usually conducted to demonstrate function of a safety-

related component under a specified seismic event. Chapter 3 discussed

the current industry practice in qualification testing of subsystems and

components. As indicated in Chapter 3 a Required Response Spectrum,

RRS, is specified for the test and the testing laboratory then synthe-

sizes an input time-history that envelopes the RRS. This synthesized

input, when portrayed as a response spectrum, is known as the Test

Response Spectrum, TRS.

In the case where passive structural components are qualified by

analysis, the calculated response is held to a code allowable stress

value with a prescribed factor of safety. However, a component is quali-

fied by test there is no such specified safety factor. Therefore, the

fragility factor, based upon a TRS, may not be known. This is a point to

be addressed in the SSMRP fragility project and is only mentioned here to
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point out a difference in qualification philosophy. A side effect of the

difference in philosophy is the variability in the damping value. Speci-

fied damping values, Reference 14, are conservative for structures that

would be stressed to the yield condition or greater during a specified

seismic event. Reference 14 specifies that the SSE damping values for

active components be the values specified for structural response of the

OBE event. The code criteria for Service Levels associated with the OBE

would allow a component to reach or exceed yield. However, an active

component that could fail to function at a very low stress level and

thus, a low damping level, has an inherently different response factor

than a component stressed to yield. That is, the factor between Regula-

tory Guide specified damping and median damping for lightly damped active

systems may be different than that for passive systems stressed to yield

or beyond. The difference between specified damping for the RRS and mean

or median damping expected for lightly damped active components must be

considered in determining response factors for active components quali-

fied by test. The variability on damping values was discussed in Section

4.2.2.2 dealing with analysis. The damping variability to be considered

for testing and would not be different. The effect on testing response

would likewise not be different.

Other sources of variability to be considered for the testing

method of qualification include:

Boundary Conditions

Spectral Shape

Instrumentation and Control Error

Acceleration Time-History Variation

Variability due to use of Spectral Testing Methods

Multi-directional Coupling Effect
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4.4.1 Boundary Conditions

The effect of test versus prototype boundary conditions can be a

significant source of variability that depends almost soley upon the dil-

igence of the test laboratory and the qualification review organization.

In general, a component that is bolted to the floor in a nuclear power

plant and which is bolted to a shake table for qualification testing,

will experience little variability in response factor due to boundary

conditions. Carelessness on the part of the various organizations in-

volved in design, fabrication, testing and installation can result in a

definite variability. For instance, the lack of a specified bolt torque

at the mounting interface can result in a significant difference between

the testing and installation condition which could have a pronounced im-

pact on the response factor. Another example, and a quite common case,

might be the situation where individual instruments are qualified for

seismic service using a generic envelope spectra and a specific mounting

condition such as a rigid fixture. The actual application in a cabinet

or panel, which could be qualified by analysis, might be such that the

local boundary condition was much more flexible than the test condition.

The variability of the subsystem response due to test boundary

conditions would come primarily from mode shape and frequency shift. The

consequences of mode shape and frequency shift on uncertainty in calcu-

lating response, were discussed in Section 42.2.1 and were stated to

depend on the spectrum and the dominant frequency of the equipment. The

variability of mode shape and frequency and resulting response due to

boundary conditions varies considerably for different generic types of

equipment. Table 46 presents estimates of this variability based upon

our experience in seismic qualification testing. The variability is

mostly random if the boundary conditions are carefully controlled, but in

installations and tests where the boundary conditions are not carefully

controlled, the variability can be predominantly classified as modelling

uncertainty.
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In defining variability due to boundary conditions the response

distribution has been considered to be lognormal for consistency in pre-

senting the variability.

4.4.2 Spectral Shape

Often, vendors will qualify their components to a generic enve-

lope TRS which will envelope practically any RRS specified by a potential

purchaser. The difference in response of the component for the TRS ver-

sus the RRS depends upon the shape and magnitude of the TRS versus the

RRS and the predominant frequencies of the equipment under consideration.

The response factor can be specified as the difference in zero period

acceleration betweeen the TRS and RRS with variability depending upon the

spectral shapes and equipment frequencies. Quantification of this varia-

bility would require a separate study considering industry practice for

both specifying RRS and generic testing to TRS.

Most of the RRS's have significant amplitudes in the low fre-

quency end of the spectra, i.e., below 3 Hz. However, most shaketable

capabilities are such that the TRS cannot envelop the RRS in this region.

Typically, the TRS falls off near 3 Hz, and in general, the TRS is below

the RRS near 2 Hz. The variation between the TRS and RRS is estimated to

be on the order of 25 to 50% and is a function of the RRS amplitude near

2 Hz.

Another source of discrepancy is on the high frequency region of

spectra. The RRS usually starts to fall off near 15 Hz and reaches the

ZPA near 35 Hz. But, most of the shaketable TRS's are well above the

RRS's above 20 Hz. Factors of 2 to 3 are common. From to 20 Hz the

TRS usually envelops the RRS by an average of 10% with a variability of

10%.

Most of the variability between the TRS and RRS is modelling

uncertainty due to equipment limitations. Table 47 summarizes estimates

of the response factor and random and modelling uncertainty variability

for spectral shape. The factors are expressed in lognormal terms.
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4.4.3 Instrumentation and Control Error

Variability due to instrumentation and control equipment used in

the laboratory is very small and contributes very little to the variabil-

ity of response. There is a source of variability that should be con-

sidered however, that is inherent in the method of synthesizing the TRS.

The frequency resolution in the synthesis of the TRS depends

upon the specific spectral analyzer used. Typically the TRS is broken up

into approximately 500 points over a range of to 100 Hz. This results

in a frequency band width of approximately 02 Hz. A rule of thumb value

for minimum frequency resolution of spectra near resonance frequency is

1% (.014 octave) for lowly damped 2%) systems. If this condition is

not satisfied, chopping of response spectra might occur. If this happens

at the synthesis stage, the synthesized time-history spectra might not

match the RRS. This is relevant for low frequencies and low damping

because the band width of the computed response spectra could fall away

from resonance resulting in inaccuracy in generating the TRS. This

variability in the TRS could be quantified in an analytical study. No

evidence of such studies were uncovered during the literature search

conducted in this project. However, (on the basis of our experimental

testing knowledge) an attempt was made to approximately quantify the

variation of response due to the modelling uncertainty. This is shown in

Figure 48.

4.4.4 Acceleration Time-History Variation

The TRS is synthesized by filtering a white noise source in

narrow frequency bands (usually 16 octave bands) and then adding the

filtered bands together. The resulting TRS can then be adjusted, via

gain controls on the electronic control system, such that it envelopes

the RRS. Just as there can exist an infinite number of artificial
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earthquake time-histories that will result in a nearly identical response

spectrum, there are an unlimited number of synthesized test time-histories

that will result in essentially the same TRS.

The synthesis of time-histories for which the TRS envelopes the

RRS tends to artificially introduce variability into the test. The

amount of conservatism depends upon how much the test engineer has to

iterate with the synthesized time-history in order to cause a minimum

amount of deviation between the resultant TRS and the RRS. After much

iteration the time-history will not closely resemble an earthquake gener-

ated time-history but does provide a relatively smooth TRS which reason-

ably envelopes the RRS. In the to 20 Hz range a typical TRS would

exceed the RRS by 10%. It was concluded in a study of test methods (Ref.

22) that the choice of a random source or earthquake source for synthe-

sizing the spectra appears immaterial. There will, however, still be

variability in responses due to the unlimited number of time-histories

that can be generated.

We are not aware of any studies that have been conducted that

quantify the variation of equipment response for various input time-

histories that result in an equivalent TRS. Studies have been conducted,

however, on the conservatism involved in the current practice of gener-

ating floor spectra in structures using artificial time-histories that

result in response spectra that envelope the Regulatory Guide 160 spec-

tra (Ref. 21) at all damping values. For instance, Reference 19 indicates

that the average industry-generated artificial time-history tends to in-

troduce about 10 percent conservatism except at high frequencies for

which the conservatism is about 20% at 33 Hz. Our own experience is com-

patible with these numbers. This relative low conservatism is a reflec-

tion of the substantial industry effort to reduce this arbitrary source

of conservatism. One area where use of an artificial earthquake time-

history compared to use of a natural earthquake does not automatically

lead to more conservative results is for the time-history analysis of
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multiply connected subsystems. The artificial earthquake is designed to

excite all modes of the primary (structure) system and these modes may

tend to respond in phase resulting in little relative displacement be-

tween anchor points. The natural earthquake on the other hand, may not

excite all modes and the relative displacement between anchor points can

be greater although the overall structure response may be less. For sub-

systems analyzed by in-structure response spectrum methods, this

potential source of nonconservatism does not occur.

It has also been observed that different artificial time-his-

tories, both of which result in response spectra which adequately enve-

lope the Regulatory Guide 160 response spectra, can lead to floor spec-

tra which may differ by a factor of 2 or more (for instance, see Refer-

ence 20). Use of the artificial time-history method for testing and

analysis can result in a small arbitrary amount of conservatism on the

average and considerable dispersion in the resultant spectra, as a func-

tion of the time-history used.

In order to quantify the variability of response of equipment

subjected to various time-history inputs which result in a TRS that enve-

lopes the RRS and for single damping values, an analytical study would be

required that considers the 'variation in spectral shapes specified for

equipment, considers the variation in input time-histories synthesized

for test and the variation in equipment complexity, i.e., number of sig-

nificant modes. Without such a study, the previous variations cited for

analysis, are considered applicable.

If the response variation of a factor of 2 is considered a ± 2�

range, assuming a lognormal distribution of response, then the composite

� would be 017. This variation is considered to be mostly random,

given the fact that artificial time-histories will be generated for equip-

ment testing. We would then estimate that R is approximately 014

and 6U is approximately 0.10.
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4.4.5 Variability Due to the Use of Spectral Testing Methods

In Chapter 3 the use of spectral testing methods versus a power

spectral density approach was discussed. Smallwood in Reference 23,

stated that it is important that a spectrum not be considered as a suffi-

cient specification.. His study of a large variety of synthesis methods

concluded that a different method may produce significantly different

results. SWRI, in Reference 22, performed an independent evaluation of

test methods and concluded that with current spectrum methods, insuff-

cient excitation of equipment modes might occur. Neither reference

attempted to quantify the magnitude of the variability that might be

experienced.

The problem stems from the fact that a synthesized time-history

contains peaks and valleys in acceleration or force and that if a signif-

icant valley in the time-history input corresponds to a predominant fre-

quency of the equipment being tested, the response may be significantly

less than the mathematically anticipated and required response.

A much better approach, as recommended in Reference 23, is to

synthesize a time-history that corresponds to a power spectral density

which envelopes the RRS rather than make the direct step from the RRS to

the synthesized time-history. This approach Vends to smooth out the

input time-history, resulting in less chance for an equipment mode to

coincide with a significant valley. Most testing laboratories do not,

however, have this capability.

Quantification of the variability that might result from use of

spectral methods could be accomplished by analytical studies that com-

pared responses to synthesized time-histories keyed to power spectral

densities as opposed to those synthesized directly to match the RRS.
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The variability due to the use of spectral test methods is

expected to be smaller than that due to instrument and control error and

acceleration time-history variation and is considered to be principally a

modelling uncertainty in that most of the variability could be eliminated

by using more sophisticated test equipment. Without conducting a study

to quantify the variability, we would estimate the U range of response

to be within 25% equating to a of .11 of whichC R 0.05 and 0.10.

4.4.6 Multi-Directional Coupling Effect

When subsystems are qualified for seismic service by analysis

the individual responses to the three specified components of an earth-

quake are combined by the square-root-of-the-sum-of-the-squares, SRSS,

method. This was discussed in an earlier part of this Section as being

median centered and the variability about the median was described as

being all random variability with a logarithmic standard deviation on

response equal to approximately 0.15 (see Table 45).

In a test, usually only two axes can simultaneously be excited

at one time. Typically the vertical RRS and one horizontal RRS are ap-

plied simultaneously. Recalling, that earlier in this section we dis-

cussed the fact that for systems with moderate damping, the SRSS combin-

ation of modes was median centered with random variability equal to ap-

proximately 0.15, (see Table 45 and Figure 48). The two axes testing

condition with the phase relationship for the two axes inherent in the

simultaneous application of two separate time-histories, is analogous to

the SRSS combination of modes and SRSS combination of two earthquake com-

ponents. We then have a difference between analytical requirements and

test practice.

On older plants it was common for design purposes to use the

absolute sum for combination of responses to the worst horizontal and the

vertical seismic input. This tends to be more conservative than the SRSS
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combination of three earthquake components. In a previous study con-

ducted on an older plant, it was determined that the factor of conserva-

tism was approximately 15%. If one looks at various combiations of hori-

zontal and vertical earthquake responses, the ratio between SRSS combina-

tion of all three components, as applied in analysis, and the SRSS com-

bination of the worst horizontal plus the vertical components, as achieved

in biaxial testing, will vary from about 1.0 to 14 depending upon the

degree of coupling. Using the properties of the lognormal Mstribution

and assuming that the extremes are approximately the t 2 limits, appli-

cation of Equation 44 would yield a median factor of unconservatism of

1.17 with a of 0.08. The variability, �, is considered to be all

random. The median factor of unconservatism could be accounted for by

increasing the test response spectra by 17% if coupling in the two hori-

zontal axes is apparent. The variability is, however, a function of the

ratio of directional responses to earthquake component input and without

precalculating the responses or measuring the responses, no basis would

exist for adjustments in the TRS to eliminate the variability.

4.5 CONCLUSIONS

Representative values for random and modelling uncertainty vari-

ability of important subsystem response variables have been presented for

systems qualified by analysis and test. However, as was pointed out, the

variability in subsystem response due to the frequency part of modelling

accuracy and due to damping variability are a function of the specific

spectra and the calculated modal frequencies. Generic values could be

generated for the reference plant by examining the shapes of spectra at

critical subsystem locations and by reviewing representative design

reports of components and subsystems to determine the most significant

frequency ranges. There will be specific ranges of the spectra though,

where response variability due to frequency shift or damping variability

will be particularly sensitive. Detailed examination of the reference

plant spectra will identify these regions and aid the analyst in making
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decisions on generic categories for response. Thus the generic cate-

gories listed in Chapter 2 may be altered after review of the reference

plant in-structure response spectra and representative design reports.

Variability in testing variables was discussed and in some

instances could not be readily quantified due to a lack of any published

information on the subject. Variability of some of the variables listed,

(boundary conditions, acceleration time-history variation and multi-

directional coupling effects) could be approximately quantified by rela-

ting to their equivalent analytical variable. The variability due to

spectral shape was estimated based on past testing experience. The vari-

ability due to instrumentation and control error was analytically approx-

imated. Variability due to the use of spectral testing methods cannot be

quantified without further study as no known studies have been documented

on the subject. An estimate was, however, made based upon engineering

judgement by comparing the relative variability to variability due to

other testing variables.

Further work is needed in the SSMRP to define the variability of

the important analysis and test variables for the reference plant. These

variabilities, though plant specific, should in most instances be reason-

ably generic for use in safety studies of other plants, however, caution

must be expressed in the use of the reference plant variabilities for

other plants. A thorough understanding of the bases of the variabilities

is necessary before an analyst can rationally decide upon and justify

variabilities for another plant.
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TABLE 42

REGULATORY GUIDE 161 DAMPING VALUESI

(Percent of Critical Damping)

Structure or Component Operating Basis Safe Shutdown
Earthquake or
Safe Shutd wn
Earthquake

Equipment and large-diameter piping 2 3
systems3, pipe diameter greater than
12 in.

Small-diameter piping systems, dia- 1 2
meter equal to or less than 12 in.

Welded steel structures 2 4

Bolted steel structures 4 7

Prestressed concrete structures 2 5

Reinforced concrete structures 4 7

1Table is derived from the recommendations given in Reference 

2In the dynamic analysis of active components as defined in Regulatory Guide
1.48, these values should also be used for SSE.

3Includes both material and structural damping. If the piping system consists
of only one or two spans with little structural damping, use values for small-
diameter piping.

REFERENCE

1. Newmark, NM., John A. Blume, and Kanwar K. Kapur,
"Design Response Spectra for Nuclear Power Plants,"
ASCE Structural Engineering Meeting, San Francisco,
April 1973.
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DAMPING VALUES

Stress Level Type of Condition Percentage of
of Structure Critical

Damping

I. Low, well below a. Vital piping 0.5
proportional limit b. Steel, reinf. or prestr.
stresses below 14 concr., wood; no cracking,
yield point no joint slip 0.5 to 1.0

2. Working stress, no a Vital piping 0.5 to 1.0
more than about 112 b. Welded steel, prestr.
yield point concr., well reinf. concr.

(only slight cracking) 2
c. Reinf. concr. with

considerable cracking 3 to 7
d. Bolted and/or riveted steel 

wood structs with nailed or
bolted joints 5 to 7

3. At or just below a. Vital piping 2
yield point b. Welded steel prestr. concr.

(without complete loss in
prestress) 5

c. Reinf. concr. and prestr.concr. 7 to 
d. Bolted and/or riveted steel,

wood structs, with bolted joints 10 to 5
e. Wood structs ith nailed joints 15 to 20

4. Beyond yield point, a. Piping 5
with permanent b. Welded steel 7 to 0
strain greater c. Prestr. concr. , reinf. concr. 10 to 5
than yield point d. Bolted and/or riveted steel,
limit strain or wood structs 20

5. All ranges Rocking of Entire Structure*

a. On rock, c > 6000 fps 2 to 
b. On fi m soil, c > 2000 fps 5 to 7
c. On soft soil, c < 2000 fps 7 to 

Higher damping values for lower values of seismic velocity, c.

Table 43: DAMPING VS RESPONSE AMPLITUDE
[after Newmark and Hall 1969)]
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TABLE 4 4

TYPICAL COMPOSITE VARIABILITY

Composite Logarithimic

Category Variable Standard Deviation

�C

Modal Response Damping 0.11 (1)

Modal Response Mode Shape 0.15 (2)

Modal Response Frequency 0.1 (1)

Total Modal Response 0.21

Modal Combination 0.15

Combination of 0.15

Earthquake Components

Total Response Variability 0.30

(1) Maximum value from a previous piping system study. Variability depends
on spectral shape and frequency. In flat portions of the spectra the
variability due to frequency is O.O.

(2) Multidegree of freedom systems. Systems that respond predominantly in
one mode have a lower variability on the order of 0.1.
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TABLE 45

COMPOSITE, RANDOM AND MODELLING UNCERTAINTY VARIABILITY OF SUBSYSTEM RESPONSE

Modelling
Category Variable Compositel Random Uncertainty

C R U

Modal Response Damping 0.11 0.10 0.05

Modal Response Mode Shape 0.15 0 1 0.15

Modal Response Frequency 0.10 0 0.10

Total Modal Response 0.21 0.10 0.19

Mode Combination 0.15 0.15

Combination of 0.15 0.15

Earthquake Components

Total Response Variability 0.30 0.23 0.19
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TABLE 46

RESPONSE VARIABILITY DUE TO BOUNDARY CONDITIONS

Generic 8
Category Subsystem 8R U Comments

1 Valves, Motors, Pumps, .05 .01 Laboratory Simulation is
Operators, Actuators Realistic

2 Control Cabinets, Tanks
Heat Exchangers

a)Welded to Floor .05 .01 Very Close Simulation in
Laboratory

b)Wall Mounted and .05 .03 Size Limits for Wall Mounted
Bolted. No Torque Units Limits Variability
Specified or Con-
Trolled

c)Large Floor Mounted, .05 .01 Good Simulation in Labor-
Bolt Torque Specified atory

d)Large Floor Mounted, .05 .05 Test Technician can Detect
Bolt Torque Unspecified Extra Loose Mounting by

Response Characteristics

3 Small Panel Mounted
Instruments

a)Bolted .05 .03 Same as Small Wall Mounted
Cabinets

Wriction Snaps, .05 .12 Size Limits Control Excess
Spring Latches, Variability
Set Screws, etc.

c)Mounting Conditon .05 .01 Mounting Screw Torque Set
Carefully Controlled Screw Torque, etc. Specified

d)Qualified Generically .1 .33 Large Differences Can Exist
Between Lab. and Installed
Boundary Conditions

4 Electro-Mechanical .05 .01 Usually Tightly Bolted
Components and Rigid Structures
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TABLE 47

RESPONSE FACTOR AND VARIABILITY DUE TO SPECTRAL SHAPE

RRS J6U
Frequency Range 18R Response Factor

<5 HZ .05 .19 .75

5 to 20 HZ .05 .03 1.1

>20 HZ .05 .19 2.0

4-56



FIGURE 41. C01,1DIT10NAL PROBABILITY OF FAILURE

VS. GROUND ACCELERATION
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FIGURE 41 (b) Alternate Reoresentation of Figure 41 (a)
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5.0 RECOMMENDATIONS FOR THE MOST APPROPRIATE RESPONSE ANALYSIS METHODS

A discussion is first presented of the various general methods

of analysis of subsystems, including advantages and disadvantages of each

method. Emphasis is given to those methods which are most widely used in

the nuclear industry. Recently developed methods and methods under devel-

opment, with high potential for future use, are also included.

The discussion of the general methods of analysis is followed by

a discussion on the interaction of systems and subsystems, which is then

followed by a discussion on the levels of uncertainties in the different

methods. Final recommendations are then presented.

5.1 Methods of Analysis for Subsystems

A discussion is presented below of the different methods of anal-

ysis for the calculation of subsystem response. In general, there is

significant overlap in methods used for primary system and subsystem re-

sponse analyses.

5.1.1 Time-History Analysis Method

This method is one of the more widely known and accepted tech-

niques for analyzing systems and subsystems of all types for any given

dynamic lo-ading. The basic outli-ne of this procedure is as follows: The

equations of motion (which include inertia, damping, and stiffness terms)

are developed (externally or internally in a computer program) for all

the degrees of freedom of the mathematical model for a given system or

subsystem. A time-history of ground acceleration, which is either

assumed on the basis of a historical record or derived from a prescribed

ground response spectrum, is used as the excitation input for this model.

This point is further explained below.

5-1



Since the present state of the art is such that future ground

motion at a site cannot be precisely predicted, a USNRC recommended

design ground response spectrum, developed on the basis of several his-

torical earthquake time-histories (Ref. 1), is used as the basic criter-

ion. An artificial time-history whose response spectrum is usually gen-

erated matches this design spectrum and this is the time-history which is

used as the input motion for the analyses. It has been noted, however,

that no simulated (or artificial) time-history is unique, i.e., many art-

ificial time-histories may be generated to match the "target" spectrum,

each producing a different structural response. Nonetheless, the tech-

nique is justified on the basis that as long as the artificial time-

history envelopes a conservative response spectrum, it will contain the

required frequency content to produce conservative floor response spectra.

Once the time-history of ground motion is specified, the solu-

tion can be obtained using one of the two commonly used procedures, name-

ly, direct integration and modal superposition. The direct integration

approach involves the solution of coupled equations of motion simultan-

eously for each time step of the input motion by using numerical tech-

niques. This yields the time-history of responses (i.e., stresses,

strains, displacements, etc.) desired for design. The modal superposi-

tion approach involves a linear transformation of the equations of equi-

librium to modal coordinates, i.e., expressing the actual displacements

as a linear combination of the mode shapes. The equations of motion are

then uncoupled to produce a series of independent, single-degree-of-

freedom equations corresponding to each mode of the building system. In

this latter approach, modal responses (e.g., modal displacements) are

calculated for each significant mode at each time step of input motion.

These modal responses are then transformed back to the actual structural

coordinates to produce the response time-history corresponding to each

degree-of-freedom. The above two methods are discussed below in more

detail.
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If the subsystem of interest is included in the primary system

model, its response time-history is then obtained directly. The sub-

system and its supports are then designed to withstand the maximum

response demand. In the analysis of coupled primary and subsystem

response, the dynamic feedback from the subsystem to the primary system

is automatically accounted for. Also, for multiply connected subsystems,

the effects of end point differential displacements are directly calcu-

lated from the overall model.

For uncoupled subsystems not included in the primary system, the

usual approach is to use the time-histories of floor motion to generate

floor response spectra which provide maximum design response for un-

coupled subsystems or to apply the floor motions time-history to the un-

coupled subsystems and conduct a time-history response analysis. Dynarhic

feedback is not normally accounted for in this method although special

techniques have been developed which do so.

5.1.1.1 Direct Integration Method

As mentioned earlier, in the direct integration method, the

coupled equations of equilibrium are integrated using a numerical step-

by-step procedure to calculate the time-history of response. The term

'direct' means that prior to the numerical integration, no transformation

of the equations into a different form is carried out. Static equilib-

rium, which includes the effect of inertia and damping forces, is sought

at discrete time points within the interval of solution. A variation of

displacements, velocities, and accelerations is assumed within each time

interval t. It is the form of this assumption that determines the

accuracy, stability, and cost of the solution procedure. The following

are some of the most commonly used numerical methods used for direct

integration:

(a) The Linear Acceleration Method

The basic operation in the step-by-step solution of the simul-

taneous differential equations of motion is their conversion to a set of

simultaneous algebraic equations. This is accomplished by introducing a
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simple relationship between displacement, velocity, and acceleration

which may be assumed to be valid for a short increment of time. On this

basis, the incremental changes of velocity and displacement can be ex-

pressed in terms of the changes in acceleration, or alternatively, the

changes in velocity and acceleration can be expressed in terms of the

incremental displacements.

The linear acceleration method assumes that the acceleration

varies linearly during each time increment, which then leads to a qua-

dratic variation of the velocity vector and a cubic variation of the dis-

placement vector. Only one unknown remains in the incremental equilib-

rium equations, which may then be evaluated by any standard simultaneous

equation solution procedure.

(b The Wilson-0 Method

This method is basically an extension of the linear acceleration

method. The acceleration is assumed to be linear in a time interval from

time t to t + Mt, where .0. When = , the method reduces to the

linear acceleration scheme. For unconditional stability, however,

should be greater than 137. Usually a value of = 14 is used.

The Wilson-0 method is an implicit integration method, because

the stiffness matrix is a coefficient matrix to the unknown displacement

vec- tor. No special starting procedures are usually needed. The method

is generally stable, and is unconditionally stable for a certain range of

values of as discussed above.

(c) The Newmark Method

This method can also be considered to be an extension of the

linear acceleration method. Two additional parameters are used in

conjunction with the assumption of linearity which can be determined to

obtain integration accuracy and stability. Newmark originally proposed

as an unconditionally stable scheme the constant average acceleration

method.
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(d) The Central Difference Method

Theoretically, a large number of different finite difference

schemes can be employed to approximate the accelerations and velocities

in terms of displacements. However, the Central Difference Method is

considered to be one of the most effective methods. It is an explicit

integration procedure because it is based on using equilibrium conditions

at the previous time step to determine the solution at the current time

step. This procedure does not require a factorization of the (effective)

stiffness matrix in the step-by-step solution. The central difference

method also requires a special starting procedure.

The advantage of this method lies in the fact that since no

stiffness and mass matrices of.the complete element assemblage need to be

calculated, the solution can essentially be carried out on the element

level and relatively little high level storage is required. However, the

effectiveness of the procedure depends on the use of a diagonal mass

matrix and neglecting of the general velocity-dependent damping forces.

It is also an implicit integration method. One of the main disadvantages

of the method is that it requires small time steps for stability and is,

therefore, generally expensive to use.

5.1.1.2 Modal Superposition Method

As mentioned earlier, the modal superposition method involves use of

normal coordinates to transform the equations of motion from a set of N

simultaneous differential equations, which are coupled by the off-diagonal

terms in the mass and stiffness matrices, to a set of N independent nor-

mal coordinate equations. The dynamic response is then obtained by solv-

ing separately for the response of each normal (modal) coordinate and

then superposing these responses to obtain the response in the original

coordinates.

The modal superposition procedure is a very convenient approach for

response analysis, and is usually helpful in providing at an early stage

a good understanding of the dynamic characteristics of the system.
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The method employs uncoupling of the damping forces through the use of

normal coordinates. This is an approximation and can, therefore, be con-

sidered to be a disadvantage of the method. However, most damping data

for subsystems is obtained in the form of modal damping ratios and can,

therefore, be directly used in conjunction with this method, which is an

advantage of the method.

The eigenvalue solution can be performed using one of the fol-

lowing approaches:

(a) Rayleigh-Ritz Procedure

The Ritz extension of the standard Rayleigh method is one of the

most convenient procedures for the evaluation of the first several natur-

al frequencies and modes of vibrations of a system. The basic assumption

of the Ritz method involves the expression of the displacement vector in

terms of a set of assumed shapes of amplitude. To obtain the best re-

sults from the least possible number of coordinates, each vector is usu-

ally considered as an approximation to the corrsponding time vibration

mode shape. Many other schemes have also been proposed for selecting the

trial vectors. For example, the static condensation process can be

looked upon as a means for defining a set of Ritz shapes. The fact that

a specified set of elastic forces is to be set to zero constitutes a con-

straint which makes it possible to express the corresponding set of dis-

placements in terms of all the others.

(b) Determinant Search Procedure

The determinant search solution algorithm basically combines

triangular factorization and vector inverse interation procedures in an

optimum manner to calculate the required eigenvalues and eignevectors;

these are obtained in sequence starting from the latest dominant

eigenpair wl, 1. An efficient accelerated secant iteration

procedure which operates on the characteristic polynomial is used to

obtain a shift near the next unknown eigenvalue. The eigenvalue separ-

ation theorem (Sturm sequence property) is used in this iteration. The
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determinant search solution technique is best suited for the analysis of

large structural systems in which the stiffness and the mass matrices

have relatively small bandwidths.

(c) Subspace Iteration Procedure

The Subspace Iteration Procedure can be interpreted as a

repeated application of the Ritz method, in which the computed eigen-

vectors from one step are used as the trial basis vectors for the next

iteration until convergence to the required p eigenvalues and eigen-

vectors is obtained. The solution is carried out by iterating simultan-

eously with q linearly independent vectors, where q > p. In each itera-

tion, the vectors span the q-dimensional subspace, and the best eigenvalue

and eigenvector approximations are calculated.

(d) Inverse Iteration Method

The Inverse Iteration technique is very effective for the cal-

culation of eigenvectors, as well as for the corresponding eigenvalues.

This procedure is employed in the Determinant Search and Subspace Itera-

tion procedure described above.

(e) Householder's Procedure

This is an important and widely used technique for the solution

of eigenvalue problems, although it is limited to the solution of

standard eigenvalue problems. A generalized eigenvalue problem has to be

first transformed to the standard form before the Householder-QR-inverse

itera- tion (HQRI) solution technique can be used. However, the

transformation is only effective in some cases. The procedure involves

the following three basic steps.

Householder transformations are employed to reduce the
matrix K into tridiagonal form.

QR iteration yields all eigenvalues.

Inverse iteration technique is used to calculate required
eigenvectors of the tridiagonal matrix.
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M Jacobi's Method

The basic Jacobi solution method was proposed over a century ago

for the solution of standard eigenvalue problems. A major advantage of

the procedure is its simplicity and stability. Since the eigenvector

properties are applicable to all symmetric matrices with no restriction

on the eigenvalues, the Jacobi method can be used to calculate negative,

zero, or positive eigenvalues. It is applicable only to moderate size

problems, however.

5.1.1.3 Advantages And Disadvantages Of TIme-History Methods

There are a number of advantages which the time-history method

has over other approaches; some of the principal ones are listed and

discussed below:

Analytically, it is more precise than other procedures
available for generating the time-history of floor motions
(such as response spectrum, stochastic and frequency-domain
methods, described later); i.e., for a given ground motion
input and structural model, the time-history method allows
for the complete computation of structural response in time,
providing the phase and frequency content of such motion.

Nonlinear effects may be rigorously included in the analysis.

Uncoupled subsystems with multiple supports may be analyzed
directly in that inertial and relative displacement effects
are included in one procedure.

It has widespread acceptance, and numerous computer programs
are commercially available to handle linear models of great
complexity.

Several of the disadvantages of the time-history method include

the following:

The computational effort in terms of computer time can be
significant when compared to other analytical approaches;
note, however, that this is a function of a number of var-
iables including whether a direct integration or modal anal-
ysis procedure is used and whether the specific computer
program selected is efficient. Additionally, engineering
labor is a factor which should be considered in comparing
the cost of methods.
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The selection of a specific time-history of ground motion,
as mentioned previously, is problematic. This may necessi-
tate the use of more than one analysis, using a different
time-history in each case, particularly for nonlinear prob-
lems.

There may be many uncertainties in the material properties
of both structure and foundation soil which may signifi-
cantly influence the amplitude and frequency content of the
resulting floor response spectra. Thus several such time-
history analyses may be necessary, or, as an alternative,
the peaks in the floor spectra may be widened. While this
problem exists with any method, the question that might be
asked in some cases is whether this more precise method is
justified when the floor spectra may require widening or
smoothing to either account for uncertainties or to have a
workable curve for use in design. (The uncertainties in the
different analysis procedures are discussed later in this
chapter).

In any case, the above advantages and disadvantages point out

the requirement for careful modeling of the building system as well as

the subsystem. Successful application of the time-history approach, or

any approach for that matter, requires experienced engineering judgment

both in developing the analytical model and in evaluating the results.

5.1.2 Stochastic and Frequency-Domain Methods

In addition to the time history approach discussed above and the

response spectrum approach discussed later, which are available for gen-

erating floor response spectra, other more theoretical techniques exist

which have their foundations in mathematics, statistics, probability, and

random vibration theory. At present, these techniques have not found

wide use in the industry, partly due to the fact that they are at a some-

what developmental stage and also partly because they are more theoret-

ical. It is nonetheless worthwhile to briefly discuss two such methods

which are representative of these recent approaches which are available

in the literature.

The first method, proposed by M. P. Singh in Reference 2 is a

technique for generating floor response spectra from a prescribed ground
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response spectrum. The method is based upon the hypothesis that earth-

quake motions can be modeled as homogeneous random processes. The appli-

cation of the procedure requires: (a) the prescribed (design) ground

response spectrum for the site and the calculation of the dynamic charac-

teristics of the structure (i.e., mode shapes, frequencies, and partici-

pation factors); and (b) the computation of the floor response spectrum

value at each oscillator (or subsystem) frequency of interest based upon

a transfer function which takes into account the building characteristics

and the statistical properties of the input ground acceleration. The

approach is relatively simple to apply, is suitable for computer, and is

computationally inexpensive when compared with other available approaches.

The method has recently been modified (Ref 3 for situations where the

frequency and damping ratio of the oscillator on a floor match the cor-

responding parameters of one of the modes of the structure. Methods such

as these make it practical to-generate equal probability of exceedance

floor spectra considering soil and structure uncertainties.

The second method has been described by its authors, R. H.

Scanlan and K. Sachs, as a Fourier transform approach to obtain floor

response spectra for multi-degree-of-freedom systems when a given ground

response spectrum has been specified for design (Ref 4 A Fourier

transform is a mathematical function which may be used to convert or

transform expressions from the time domain into the frequency domain.

The details of this method will not be discussed here; however, the

conceptual basis for the approach taken involves the following:

1. Basic Fourier transform theory.

2. The assumption that the maxima of the ground amplitude
spectra-are some multiples of the standard deviation of
structural response.

3. The reasoning that spectral floor response maxima are most
influenced by exciting frequencies lying close to natural
frequencies of the structure.
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Examples given by the authors show good comparisons with the

time-history methods, particularly in the important peak regions of the

floor spectra. Additionally, the spectra generated by this method are

smooth, which is advantageous for design. As pointed out when discussing

the first stochastic method, the Fourier transform method is a promising

development which deserves further study.

5.1.3 Response Spectrum Method

5.1.3.1 Generation of In-Structure Spectra Directly From Ground Spectra

As an alternative to the detailed time-history method, various

approximate procedures have been derived to simplify the design of rela-

tively light subsystems supported by a primary system subjected to

dynamic motions. An early investigation by Newmark (Ref. 5) noted that

the maximum amplification of response possible for light subsystems, even

when tuned to a frequency of the system on which it is supported, could

not exceed the square root of the ratio of the mass of the primary system

to that of the subsystem.

An early approximate method for design of single-degree-of-

freedom subsystems was presented by Penzien and Chopra (Ref 6 based on

the forced response of separate two-degree-of-freedom systems, one for

each mode of the primary system.

Another simplified procedure was proposed by Biggs and Roesset

(Ref 7 which incorporates two assumptions: (1) the significant input

to the subsystem consists of a series of damped harmonics, each of which

corresponds to one of the normal modes of the structure, and 2 the most

significant harmonic components of the earthquake motion with respect to

the equipment are those which are in near resonance with the equipment.

Kapur and Shao (Ref. 8) have also proposed a method similar to Biggs

which has additional analytical justification.

In all the above mentioned methods, as well as in most other

procedures not mentioned, an uncoupled condition is assumed to exist

between the primary system and the subsystem, and, therefore, interaction
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effects are neglected. However, additional work by Newmark and others

(Refs. 9 10) has led to approximate design procedures which take into

account interaction effects. In Reference 9 the combined influences of

both the damping factor and the effective mass ratio are considered in

the development of amplification factors around resonance.

In the following review, the Biggs (Ref. 11), Kapur and Shao

(Ref. 8), and Nakhata, Newmark, and Hall (Ref 9 methods will be briefly

discussed.

The Biggs procedure for computing the maximum subsystem acceler-

ation response follows, and is based upon, the results of a response

spectrum analysis of the supporting system. The method, similar to Ref-

erence 6 utilizes the concept of treating an uncoupled single-degree-of-

freedom subsystem and its supporting system (which in the general case

may have many degrees of freedom) as separate two-degree-of-freedom sys-

tems, each comprised of the supported subsystem and an uncoupled normal

mode of the supporting primary system. Based upon this concept and the

two assumptions noted above regarding the earlier Biggs and Roesset

study, the contributions to the subsystem response at each significant

mode of the primary system are computed. These modal responses are then

combined to give the maximum component response. By repeating the above

procedure at different component periods, floor response spectra may be

generated.

In the consideration of amplification factors for calculating

the above modal contributions to the subsystem response, this method

observes that the maximum acceleration response of subsystems may be

considered to be an amplification of either:

a. the ground response spectrum for subsystems with long
natural periods (i.e., subsystems which are flexible
relative to the structure); or

b. the peak acceleration of the structure at the point of
support for subsystems with short periods (i.e subsystems
considered somewhat stiff relative to the structure).

5-12



The above observations are substantiated by time-history analyses

of two-degree-of-freedom systems subjected to ground motions from several

historical earthquakes. Figure 5-1 shows the model used in this study.

The equipment shown can be generalized to any uncoupled building sub-

system. When the ratio of peak equipment acceleration (A e) to the

maximum acceleration of the structure at the point of equipment support

(A sn) for a given damping is plotted, a close trend is apparent for

small ratios of equipment to structure periods, Te/Ts, as seen in

Figure 52. When the ratio of the peak equipment acceleration to the

acceleration which would occur if the equipment were supported on the

ground (A eg) is plotted, a close trend is also apparent, however, it

now occurs for longer period ratios as seen in Figure 53. These ampli-

fication curves are each used in the range where they are the most accur-

ate.

A simplified flow chart of this method is shown in Figure 54

which details the overall procedure. It can be seen that depending upon

the ratio of subsystem period to the modal period of the structure,

Te/Tsn,, certain amplification factors apply. It should be noted that
these factors are also dependent upon the amount of damping in the sub-

system and the primary system.

Kapur and Shao (Ref. 8) have proposed a method which may be

described as a modification of the Biggs approach. In this method, the

equations used to compute the modal contributions to component response

have bpen analytically derived: however, these equations apply only for

short and long component periods outside the resonance range where the

modal response of the structure is assumed sinusoidal and damping in

equipment is neglected. To obtain amplification factors at or near

resonance (i.e., ratios of equipment to structural periods from 09 to

1A), artificial time-history--studies were conducted on two-degree-of-

freedom models; the time-history was chosen to envelope the design

response spectra recommended by Regulatory Guide 160. The application

of this method is quite similar to the Biggs procedure. For the gener-
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ation of floor response spectra, both methods are readily programmable

for computer calculation but may result in excess conservatism for high

frequency subsystems.

Nakhata, et al. (Ref 9 have also investigated the effect of

various parameters on the dynamic response of secondary systems which led

to the development of approximate procedures for predicting secondary

system response. The procedure basically involves determining the max-

imum amplification factor associated with secondary system displacement

relative to its support point (i.e., "spring distortion bounds") for the

various secondary system and primary system modes. Calculation of second-

ary system response then follows the analysis of the primary system (e.g.,

by the conventional response spectrum approach).

For the undamped case, simple rules were developed for obtaining

the maximum amplification factor for secondary system response based upon

the following assumptions:

1. Only one frequency of the secondary system is equal to one
of the frequencies of the primary system.

2. The significant input to the secondary system consists of a
series of harmonic components with frequencies equal to the
natural frequencies of the primary system.

3. The modal shapes of the secondary system remain the same,
except the magnitude is enlarged by the results of the
dynamic interaction between the primary and secondary
systems.

4. The modal shapes of the combined system are the same as
those for the primary system, with the addition of the
amplified modal deflections of the added secondary masses.

From the results of the observed "exact" solutions and also by

analogy to the undamped case, additional empirical rules were developed

for the damped condition. Thus, for any given combined system, the am-

plification factor, Aji, of the secondary system due to the effects of

the "jth" mode of the secondary system and the "ith" mode of the primary
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system, may be computed. A is then summed for all significant modes

of both systems which then gives the total amplification factor associ-

ated with the secondary system response. This factor is then used to

amplify the response at the support point of the secondary system which

has been obtained from a conventional response spectrum analysis of the

primary system. Results indicate that, generally, a reasonable estimate

of maximum secondary spring distortions can be obtained by this method.

5.1.3.2 Use of In-Structure Spectra for the Analysis of Subsystem

Response

The floor spectra are obtained in the horizontal and vertical

directions at various floors or other subsystem support locations of

interest from the analysis of the primary system using one of the methods

described previously in this chapter. The spectrum ordinates should be

computed at sufficient frequency intervals to produce complete and accur-

ate response spectra. Spectrum peaks should normally be expected to occur

at the frequencies of the supporting primary system and the frequency con-

tent of the ground motion. References 12 and 13 describe a method for

selecting spectral frequencies. Another acceptable method may be to

choose a set of frequencies such that each frequency is within 10 percent

of the previous one and then superimpose the natural frequencies of the

supporting primary system onto the set. The response spectra developed

at the subsystem supports as described above, are widened and enveloped

according to the requirements of the USNRC to develop envelope spectra.

This is necessary to take into consideration the uncertainties associated

with structural and soil properties, and modelling procedures, etc. The

USNRC recommended methods for determining the amount of peak widening are

presented in Reference 12.

For a single support subsystem, the envelope spectra, so devel-

oped for each global direction, are used directly for the analysis of the

subsystem. However, for multiple-supported systems, a decision has to be

made at this stage in regard to whether a multiple support excitation
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would need to be performed using the envelope spectra obtained at each

support, or a single envelope spectrum which envelopes spectra at all

supports would be used. The standard practice in the industry is to use

a single spectrum for the analysis of subsystems mainly because it is the

most convenient and economical approach. However, it can sometimes be

overly conservative, (but not necessarily so), especially if piping

systems are running between several levels of a structure with signifi-

cantly different spectra. Multiple support excitation analysis using

different spectra at different supports is usually not performed since it

is more expensive and many companies do not have capabilities for such

analyses. Furthermore, such analyses do not necessarily always provide

significantly lower results than those obtained using single spectrum.

For subsystems with significantly different spectra at different supports,

it is, therefore, preferable to perform multiple support excitation anal-

ysis using different time-histories (rather than spectra) at different

supports. Such analyses, although more expensive, provide the most real-

istic and the least conservative results.

The analyses of the subsystem are performed for the three global

directions separately by using the corresponding three spectra at the

supports and then combining the responses by using the square-root-of-

the-sum-of-the-squares (SRSS) of the codirectional responses caused by

each of the three spectra at a particular point of the subsystem. Some-

times, in addition to the three translational spectra, it is necessary to

use rotational spectra and then combine the responses by using the SRSS

procedure.

The analyses of the subsystem are then performed using'a modal

superposition procedure, where the individual modal responses are com-

bined using the SRSS procedure. If there are closely spaced modes, how-

ever, an acceptable method for obtaining the system response is to take

the absolute sum of the responses of the closely spaced modes and to com-

bine this sum with other modal responses using the SRSS procedure. Two

modes with frequencies within 10% of each other are usually considered to

be modes with closely spaced frequencies.
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The use of the SRSS procedure to combine modal responses and the

responses for different components of motion has been shown to be reason-

able and not unconservative (Reference 14 ), and is discussed in Chapter

4.

5.1.3.3 Advantages Of The Response Spectrum Methods

Some of the advantages of the various response spectrum methods,

in comparison with the time-history methods, may be summarized as follows:

Less computational effort is required to either obtain the
maximum response of a given subsystem or to generate a floor
response spectrum.

Results, as shown in a number of examples, are generally
conservative as compared to the time-history approach. Thus
these approximate methods are useful for either preliminary
designs or in cases where detailed time-history analyses are
judged unnecessary.

It has also been reasoned by different authors that if
artificial time-histories must be generated to envelope
design response spectra, then the response spectra should be
used directly.

5.1.3.4 Disadvantages of The Response Spectrum Method

In regards to the Kapur and Shao method, the responses
obtained may be excessively conservative as compared to the
time-history approach. Stoykovich (Ref. 15) notes that the
results are much too conservative in the short period (high
frequency) range for resonance conditions. For any given
-c-on6-4i-ation of structLure a-nd -equipment damping, the most
conservative value is used in the analysis. It is apparent
how conservative this value becomes at higher frequencies.
Stoykovich suggests the following improvement: the peaks of
the amplification curves (i.e., around resonance) can be
treated as frequency dependent so that they approach unity
as structure and equipment frequencies approach the absolute
rigidity range. In regards o the Bggs-method, the vari-
ability of the amplification factor around resonance does
not appear as severe.

The Biggs and Roesset method, as noted by Castellani
(Ref.16), may underestimate the acceleration ascribed to
lower stories while overestimating the accelerations at
upper stories.
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The Nakhata, Newmark, and Hall method provided results which
occasionally were markedly conservative depending upon the
support location of the secondary system and certain values
of damping and effective mass ratios.

For all response spectrum methods, the phase relationships
for the modal responses are not known so that some assump-
tion must be made regarding how these responses are to be
combined. Typically, for closely spaced modes, the absolute
sum method is employed; for other cases, a combined value is
calculated such as by the square root of the sum of the
squares (SRSS) technique. The use of the SRSS technique is
reasonable for seismic loads, but for other loads involving
high frequency components, such as impulsive loads, this
technique may not necessarily be valid.

In summary, the above response spectrum methods for gnerating

floor response spectra are considered to be limited to approximate or

preliminary design of subsystems which rationally take into account var-

ious dynamic effects. However, further work is clearly warranted to

produce more refined techniques which do not result in unwarranted

conser- vatism. The newer response spectrum methods based on power

spectral den- sity and other methods are clearly adequate and more cost

effective for the majority of subsystem designs.

5.2 Comparison Of Analysis Methods

Methods which are available for analyzing subsystems for dynamic

motions may be either static or dynamic in nature. In general, dynamic

methods offer a means to rationally consider the dynamic characteristics

of the entire primary system as well as the nature of the ground motion;

thus, the ability to more accurately predict the actual motions within a

building allows for a more reasonable estimate of the stresses demanded

from the subsystem. Static force methods, on the other hand, have as

their principal advantage simplicity of application; however, there is

little or no rational consideration of the dynamic properties of the

building component or the primary system. Only dynamic methods were

therefore discussed in this chapter.
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The following is a summary comment on each of the principal

methods presented in this chapter.

The time-history method remains at present the most rigorous
and universally accepted procedure for the analysis of
structures. However, the response spectrum method is the
most widely used analysis method for equipment. In the case
of irregular structures or where nonlinear effects need be
considered, the time-history method is the most rigorous
method to use. It is, however, the most expensive of all
procedures and requires the use of one or more assumed time-
histories of ground motion.

The stochastic and frequency domain methods are new develop-
ments which have not as yet seen wide usage. However, they
appear to offer results which compare favorably with the
time-history method while utilizing a design ground response
spectrum rather than a time-history of ground motion. These
methods deserve further study.

The response spectrum methods are generally semi-empirical
in nature; they include, however, rational consideration of
the dynamic characteristics of the structural system and the
ground motion (via a ground response spectrum). The main
advantage of these methods over the time-history procedure
is the smaller computational effort which is required for
either obtaining a single design acceleration or generating
an entire floor response spectrum.

Some of the general considerations involved with any method

chosen include the following:

Accuracy: While the dynamic methods may more accurately
assess dynamic effect than static methods, there remain
numerous uncertainties which should be considered. The
major problem lies in the need to select a prescribed or
postulated time-history or response spectrum of ground
motion whose details cannot be precisely predicted for a
particular site. There are additional uncertainties asso-
ciated with the physical properties of the structure and
soil, the modeling technique, the method of analysis, and
various other assumptions. Thus, in selecting any method,
the consequence of compounding all uncertainties should be
assessed in terms of the final confidence level in the
results.
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Cost: The economics involved with any method is a function
of many variables. For any dynamic method of analysis, com-
puter implementation is a practical necessity, if only to
solve the eigenvalue problem for mode shapes and frequencies.
It is important, however, to consider engineering labor as
well as computer time in assessing the overall costs. With
the development of efficient computer programs, computa-
tional costs may become less of a determining factor.

Experience: For all methods, both dynamic and static, there
is a clear need for experienced engineering judgment. At
the design stage, this requires a recognition or awareness
of where possible dynamic problems may exist and how to
avoid them. This is particularly true with static design
approaches which may not require further analysis. Should a
dynamic analysis be required, careful attention must be
given to constructing an accurate structural model and
selecting an appropriate input ground motion. The results
obtained must be carefully evaluated in light of the various
uncertainties and limitations of the model, the input motion
and the method of analysis.

It can further be observed that there are numerous considera-

tions to be taken into account in the selection of any analysis method.

The dynamic approaches, in general, are more accurate than present static

force methods; however, the details and computations required are greater.

This may not be too significant considering the implementation of compu-

ter programs and the benefit of a far safer design. It may be possible,

however, to develop approximate procedures which can account for dynamic

effects through further investigations of historical in-building motions

and additional analytical studies.

5.3 Discussion Of The Interaction Of Systems And Subsystems

In the process of selecting an appropriate analysis method for

subsystems, it is necessary to judge whether the supported subsystem

affects the overall response of the structure acting as the supporting

system and vice versa. For example, certain subsystems can have a stiff-

ening effect on the structural lateral force resisting system. The

amount of additional stiffening contributed is a function of the physical

characteristics and mode of attachment of the subsystem as related to the

primary structure. If the stiffening effect is significant, then the
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overall response of the primary structural system to ground motion will

be significantly affected. Thus, in order to accurately evaluate the

actual stresses and strains imposed upon the subsystems, it is necessary

to include such elements with the structural system and then analyze the

resulting integrated model. Most subsystems, however, are typically not

envisioned as being a part of the integrated structural system, i.e.,

they are usually not designed to be elements of the vertical or lateral

force resisting system. Nonetheless, by virtue of their basic physical

dynamic characteristics, some subsystems may have a potential for

affecting building response.

Similarly, the response of a subsystem can be significantly

affected due to an interaction of its physical dynamic characteristics

with those of the primary system. If the subsystem is uncoupled from the

primary system and then analyzed, its response can be significantly dif-

ferent than if it were considered to be coupled and analyzed in conjunc-

tion with the primary system, depending on the relative dynamic character-

istics of the two systems.

It is necessary, then, to evaluate the significance of the phys-

ical properties of a subsystem in relation to those of its supporting

system. These subsystem properties include mass, stiffness, damping,

strength, and connectivity (or mode of attachment) to the supporting

system. It is the combination of these physical aspects of the component

which determines its dynamic characteristics. However, to predict the

actual response of the subsystem, its pysical properties must be com-

pared to those of the primary system. This evaluation can be done on the

basis of whether the presence of the subsystem has a significant effect

on the dynamic characteristics of the primary system.

It is dfficult to make an unconditional statement in regard to

the effect of coupling on the response of the subsystem and the primary
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system. As mentioned above, it depends on their relative dynamic charac-

teristics, mainly their relative masses and frequencies. It has been

noticed, however, that the coupling effects generally tend to amplify the

response of the subsystem and deamplify the response of the primary sys-

tem. An example is presented below depicting the influence f coupling
on responses of subsystems and primary systems.

Figure 5-5 shows a linear elastic two mass model representing a

subsystem with mass m2, supported by a primary system, mass ml (Ref.
17, 18). For simplicity, each system has zero damping and a single char-

acteristic stiffness (i.e., ki and k2 for masses ml and m2l
respectively). Two parameters of interest were then defined as shown in

Figure 5-5:

Frequency ratio, Rf = ratio of the natural frequency of the sup-
ported subsystem to the natural frequency of
the supporting system.

Mass ratio, Rm = ratio of mass of the supported subsystem to
the supporting system.

The ratios of the masses and frequencies of the subsystem to
those of the primary system were varied and their influence on the over-

all system response determined. In this example, ml and k, were
chosen to give a natural frequency of 10 Hz; m2 and k2 were then
varied to achieve the various mass and frequency ratios desired. In addi-
tion, a constant ground acceleration response spectrum of l.Og magnitude

was uspd to define the input motion for an analysis of interaction effects

on acceleration response. The first and second mode frequencies of vibra-
tion of the combined system were selected as the basis for observing the
interaction effects on the free vibrational characteristics of the system.

The results may be summarized as follows:

The first and second mode frequencies as a function of Rm
and Rf are shown in Figures 56 and 57 respectively.
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For certain ranges of mass and frequency ratios, it can be
observed that the first and second mode frequencies of
vibration for the total system may be predicted with rea-
sonable accuracy by analyzing each system individually; this
is an uncoupled condition for which the influence of one
system on the other is negligible. Thus, for Rm below
about 0.1 and Rf less than 1.0, the first mode frequency
of the combined system is given approximately by f2 = Rf
x fj as shown in Figure 56. (For example, observe that
when Rm = .1 and RI = .5, the first mode frequency is
about Hz = .5 Hz.) The second mode frequency (i.e-,
the higher frequency) is then governed by system 1, the pri-
mary structure, and thus remains relatively constant at fj
= 10 Hz, since only system 2 is being changed to vary Rm
and Rf6.,For Rf greater than 1.0 and Rm still below
about , fj is now approximately the lower frequency of
vibration for the total system, and f2 is the higher fre-
quency.

At higher mass ratios, e.g., for Rm above about 0.1 it
can be observed from Figures 56 and 57 that the simple
predictions of the first and second mode frequencies for the
total system become less accurate; this is a coupled condi-
tion for which the influence of one system on the other is
significant. Table 5-1 shows quantitatively the errors
incurred in assuming as uncoupled model for various mass and
frequency ratios. In general, for any given Rf, the error
is larger for greater Rm. Also for any Rm, the error is
largest at or near Rf equal to 1.0. The error also appears
to be larger in the first mode frequency than in the second
at any given Rm and Rf.

Thus, it can be seen that certain quantitative guidelines may be

established to decide whether the interaction effect, observed here as

the difference in modal frequencies between the coupled and uncoupled

conditions, are significant or not. The following criteria is recommended

by the USNR (Reference 19-) in regard to Decoupling of Subsystems.

If Rm< 0.01, decoupling can be done for any Rf

If 0.01 R 0.1, decoupling can be done if 08>

Rf > 125

If R > 0.1, an approximate model of the subsystem should

be included in the primary system model.
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It is also recommended in Reference 19 that if the subsystem is

comparatively rigid and also is rigidly connected to the primary system,

it is sufficient to include only the mass of the subsystem at the support

points in the primary system model. On the other hand, in case of a sub-

system supported by very flexible connections, e.g., pipe supported by

hangers, the subsystem need not be included in the primary model.

When the entire system is subjected to the constant ground accel-

eration response spectrum and analyzed by the usual response spectrum

approach, the accelerations obtained for the two masses, plotted in

Figures 5-8 and 59 show the marked effect of interaction. (The contri-

butions of acceleration from each mode were combined by the square root

of the sum of the squares method.) In the range of frequency ratios

close to 1.0, the acceleration response of mass ml indicates a dramatic

decrease for any nonzero mass ratio, while the response of mass 2

indicates an exceptional increase. The responses are sharply peaked or

"tuned" for very small mass ratios and tend to broaden and shift at

higher mass ratios. The marked decrease in the acceleration response of

mass m2 with increasing mass ratios should also be observed (Figure

5-9).

Another aspect of the interaction effects which influences

secondary system response has been noted by Castellani in Reference 16.

Building component acceleration response was observed to be overestimated

when coupling between the primary system and the subsystem was neglected.

The explanation is that energy is dissipated due to feedback from the

equipment to the structure, thus resulting in a noticeable reduction in

the amplification of equipment to structure acceleration response in the

range of resonance. The system and the reduction in amplification is

shown in Figure 5-10; the curves were obtained as average amplifications

in the period range from 025 to 1.0 seconds from the Taft and El Centro

accelerograms. It is clear that even for mass ratios as small as 0.001,

a significant reduction in amplification of component response around

resonance is possible.
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In one of the more comprehensive series of parametric studies

performed to date, Nakhata, Newmark, and Hall (Ref 9 investigated the

effects of interaction between multi-degree-of-freedom primary systems

and one and two-degree-of-freedom subsystems on the dynamic response of

the subsystems. Approximate procedures were developed for predicting the

response of subsystems which can be used for preliminary design purposes

in lieu of more elaborate analyses. The concept of effective mass ratio,

defined as the ratio of generalized mass of a significant mode of the

subsystem to that of the nearest mode of the primary system, was employed.

The significance of damping in the two systems and the location of the

subsystem's connection point was also studied.

Pickel, in Reference 20, noted that uncoupling of systems is

possible if (i) the mass or stiffness of the supported system (or compon-

ent) does not appreciably affect the dynamic response of the supporting

system, or if (ii) the mathematical model of the supporting system can be

suitably modified to account for interaction effects at the interfaces of

the systems. Three methods were considered for uncoupling a simple

lumped-mass system. The effectiveness of the method of separation was

determined by the percentage of error in eigenvalues for the modified

supporting system when compared to the corresponding eigenvalues of the

complete system. Guidelines for uncoupling were then selected on a con-

servative basis of 2 to 3 permissible error in eigenvalues; these guides

are shown in Table 52.

A similar study has been conducted by Lin and Liu (Ref. 21) for

several lumped-mass configurations. Guidelines for recommending a coupled

systems model are presented in Table 53 which are based upon: (i) errors

in the natural frequencies as predicted by the uncoupled systems, and (ii)

consideration of the benefits derived from a reduction in response of the

supported system in a coupled as compared to an uncoupled condition.
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In addition to the recommendations given in the above references,

additional guidelines for coupling or uncoupling systems, referred to as

the I'Decoupling Criteria for Subsystems" are specified by the Nuclear

Regulatory Commission (NRC) in Reference 19. These guidelines, presented

in Table 54, are slightly more conservative than those given in Refer-

ence 21.

5.4 Uncertainties in Analysis Methods

Various methods of analysis for the evaluation of the response

of systems and subsystems were discussed, followed by a discussion on the

importance of interaction between systems and subsystems on their

responses. Before recommendations can be made in regard to the use of

specific methods for the analysis of specific equipment and piping

systems, it is important to be aware of the levels of uncertainties in

these methods. As pointed out earlier, uncertainties exist in the load-

ing, material properties, modeling techniques, methods of analysis, and

design and construction practices. These uncertainties, when compounded,

have a major influence on the response of systems and subsystems. The

most significant uncertainties are mainly in the loadings, followed by

the next level of uncertainties in the material properties and the design

and construction techniques. These uncertainties, however, are common to

all analysis methods. The uncertainties in the individual methods and

the associated modeling techniques are discussed below.

5.4.1 Time-History Analysis Method (Direct Integration and Modal

Superposition_)_

The time-history method can be considered, in general, to have

the lowest levels of uncertainty. Analytically, it is supposed to be

more precise than other available procedures because it simulates the

real behavior of the system in time, including the phase and frequency

content of such motion. It can also rigorously include the nonlinear

effects. The-uncertainties in the time-history method are mainly asso-

ciated with the following:
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M Development Of Artificial Time-Histories To Envelop USNRC

Regulatory Guide 160 Response Spectrum

This procedure may create artificial characteristics in the time-

history of input as well as response not found in the real situation.

The level of these uncertainties may not be low because the response

spectrum generated by the artificial time-history has to match the design

spectrum within a certain tolerance regardless of the location of minor

peaks and valleys.

(ii) The Time Step Used In The Analysis And The Filtering Of High

Frequency Components

The size of the time step has to be small enough so that impor-

tant high frequency components are not filtered out. At the same time,

it should not be too small, such that the costs of analyses are too high.

Before the analyses of a complex system are initiated, it is usually very

difficult to know in advance the importance of the high frequency compon-

ents in detail. It is always possible that due to the unusual behavior

of some local areas of the primary or the secondary systems, there may be

unpredictable higher frequencies with significant participation factors

requiring smaller time increments in the input time-history than those

actually used. There are, therefore, always uncertainties involved with

the selection and use of time steps in any analysis. However, the level

of these uncertainties is usually very small for usual and regular

systems.

(iii) Damping Used In Conjunction With The Time-History Method

In the direct integration method, the general practice is to use

Rayleigh's damping, (aM + $K), which is usually computed using two

modes only. Depending on the type of problem, the selection of modes for

the computation of Rayleigh damping, etc., the response can be signifi-

cantly affected. There is a reasonably high level of uncertainty involved

with the use of damping in the direct integration procedure.
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In the modal superposition procedure, the modal dampings are either

assigned directly or computed using Biggs', Modified Biggs', Tsai's or

other procedures from the component damping. Depending on how the modal

dampings are assigned or what procedure is used for the computation of

modal damping, the response can be significantly different. There is,

therefore, a reasonably high level of uncertainty involved with the use

of damping in the modal superposition procedure, but it is perhaps lower

than that for the corresponding uncertainties associated with the direct

inte- gration procedure.

Ov) Eigenvalue Solution Technique Used With The Modal Superposition

Procedure

The level of uncertainty associated with the eigenvalue technique

will depend on exactly what technique is used, how accurate it is, and

even on the computer system used. In general, therefore, the level of

this uncertainty will vary with the technique used. The level of this

uncertainty, however, is usually lower than that of the uncertainty asso-

ciated with the numerical integration techniques used with the direct

integration procedure.

5.4.2 Response Spectrum Method

The following discussion is mainly addressed to the response spec-

trum analysis of subsystems. The discussion related to the generation of

floor response spectrum using the response spectrum method is mainly

limited to Subsection (V) of this section. The response spectrum methods,

in general, can be considered to have slightly higher levels of uncertain-

ties than the time-history method. The method does not take into consid-

eration the phase relationships for the modal response, and the final

response is obtained by using the SRSS procedure for combination of modal

responses, except when modes are closely spaced in which case the absolute

sum method is used. Most of the versions of this method, where floor

response spectra are directly computed from the input design spectrum, are

semi-empirical in nature, although they include rational consideration

of the dynamic characteristics of the structural system and the ground

motion.
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The earlier methods usually provide very conservative results as compared

to the time-history approach, with a few exceptions. Rigorous nonlinear

analyses cannot be performed using this method, although nonlinear

behavior can be approximately included.

The uncertainties in the response spectrum method are mainly asso-

ciated with the following:

M Combination Of Modal Responses In The Modal Superposition Procedure

The usual practice is to use the SRSS procedure for the combination

of modal responses if the modes are evenly or uniformly distributed, and

the absolute sum procedure if the modes are closely spaced. Sometimes a

combination of these two procedures is used.

In general, it is difficult to decide when the modes are closely

spaced and when not and when exactly the SRSS procedure should be used

versus the absolute sum or other procedures for the combination of modal

response. This is especially true if there are high frequency components

associated with the motion. There is, therefore, a high level of uncer-

tainty involved with the combination of modal responses in the response

spectrum method. This uncertainty was quantified in Chapter 4.

(ii) Assumption Of Uncoupling Between Systems And Subsystems

In most of the response spectrum methods used for the generation of

floor response spectra directly from the ground spectrum, an uncoupled

condition is assumed to exist between the primary system -and the sub-

system, and the interaction effects are neglected. The same is true for

the response spectrum analysis of subsystems. The influence of this

assumption on the subsystem response can vary from insignificant to very

significant, depending upon the ratios of mass and frequency of the sub-

system-to those of the primary system. There -s-, terefore, a high level

of uncertainty involved with this assumption.
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(iii) The Frequency Step Used In The Analysis

The size of the frequency step in the response spectrum analysis of

subsystems as well as generation of floor response spectra using the

response spectrum approach can sometimes have a significant influence on

the response of the subsystem. The size of the frequency step should be

small enough, but not too small to significantly increase the cost of

analyses. There is uncertainty associated with the size of the frequency

step, but it is usually of low magnitude.

Ov) Damping Used In Conjuction With the Response Spectrum Method

As with the time-history method, there is uncertainty associated

with the selection of damping in the response spectrum approach, espe-

cially for coupled and composite models including primary and secondary

systems. If soil structure interaction is included for a coupled system

consisting of a primary system and a subsystem, the level of this

uncertainty may become significantly higher. For the analysis of

isolated and uncoupled systems or subsystems, the level of uncertainty is

low. In general, the damping values used in response spectrum analyses

are usually very conservative and have a high uncertainty associated with

them. Damping uncertainty is quantified in Chapter 4.

(v) Approximations In The Use Of The Response Spectrum Method In

Development Of Floor Response Spectra

When the response spectrum method is used for the direct generation

of floor response spectra, there are usually several assumptions and

approximations used involving amplification factors, and for some methods,

simplification of the problem by using selected harmonics for the loadings

which are assumed to interact with selected modes of the systems and sub-

systems, etc, as described previously. The assumptions and approximations

vary depending on the specific method employed. There is often a very

high level of uncertainty involved with these assumptions and approxima-

tions, particularly many of the early methods.
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5.4.3 Stochastic and Frequency-Domain Methods

These methods have some uncertainties associated with them at the

present time because of their developmental nature and because they have

not been extensively tried on many practical problems. However, in the

future, it is expected that the level of uncertainty associated with

these methods will be significantly lowered as they are further developed

and used more extensively, and will perhaps fall in the range of the

levels of uncertainties associated with the time-history and the response

spectrum methods.

5.5 Recommendations for the Use of Specific Methods of Analysis and

Analytical Models for Specific Subsystems

It is difficult to make definite recommendations for the use of

specific methods of analysis and analytical models for specific sub-

systems. The selection of a method of analysis or analytical model

should depend on the objectives of the analysis, the information required,

and the required level of confidence in the results. In the following

text, therefore, only general guidelines are presented. When faced with

a decision in regard to the selection of a-method of analysis for a

specific problem, the analyst must use his judgement on the basis of his

previous experience with similar problems.

Chapter 7 discusses several improvements to the recommendations

made in this chapter for subsystem analysis. The recommended improvements
deal with modification to currently specified design analysis methods in

order to remove conservatisms, such that computed responses will be mean

centered and not deliberatedly biased. Special analysis for storage tanks

and buried pipe are also addressed in Chapter 7 whereas they are treated

in this chapter in a more generic manner.

Before a specific method of analysis for a subsystem is selected,

it must be ascertained that there is essentially no coupling between the

subsystem and the primary system. The usual practice is to assume such
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uncoupling, and in many cases it is a good assumption. The previous dis-

cussion in this chapter on the coupling betweeen systems and subsystems

and the accompanying charts may be helpful in this regard.

If it is determined that a particular subsystem has negligible

interaction with the primary system, it will be necessary only to include

the mass distribution of the subsystem in the model of the primary system.

The subsystem can then be analyzed independently using the time-history,

the response spectrum, or the power spectral density function, obtained

at the floor elevation where the subsystem is located from the analyses

of the primary system. It may be necessary sometimes to use more than a

single time-history, response spectrum, or power spectral density func-

tion if the subsystem is supported at more than one floor elevation. The

response spectrum approach is most commonly used for the analysis of sub-

systems, as discussed later.

If it is determined that there is very significant coupling between

the subsystem and the primary system, the equipment may be included with

the primary system model. In such 3 case, no separate subsystem support

excitations need to be generated because the subsystem will be excited

directly through the primary system. Alternatively, special techniques

can be used to account for the coupling in generating the in-structure

time-history and floor response spectra.

If the interaction between the subsystem and the primary system is

not too significant, the representation of the subsystem in the primary

system model need not be too detailed. A separate detailed model of the

subsystem can then still be used for detailed stress analysis of the sub-

system.

5-32



5.5.1 Analysis Techniques for Subsystems

(i) Response Spectrum Analysis of the Subsystems

This is the most commonly used approach for the analysis of sub-

systems because of its simplicity and frequently inherent conservatism,

as discussed earlier.

The response spectrum approach is often used in conjunction with

lumped-mass stick models (although not necessarily so) for obtaining the

overall response of subsystems, including the displacements, accelera-

tions, gros's member forces, and support reactions. The response spectrum

method can be used, in general, for pumps, compressors, valves, cooling

fans, motors, generators, transformers, switchgear, cable trays, fuel rod

clusters, control rods and drives, and pipes, etc. It can also be used

to obtain rough estimates of response for reactor internals and vessels,

etc. Table 5-5 presents recommendations in regard to the use of specific

approaches for specific subsystems.

(ii) Time-History Analysis of the Subsystems

This approach is often used for the analysis of subsystems if a

detailed stress analysis needs to be performed for the subsystems and a

detailed model, such as a finite element model or a multi-mass lumped-

mass model, is used. For coupled models, where the subsystem is included

with the primary system and the whole system has to be analyzed, it is

often desirable to perform time-history analysis. The advantage of using

a time-history approach is that the phase and frequency content are

properly included, and the results so obtained are not overly conserva-

tive. It must be recalled that in a response spectrum approach, the

modal results have to be combined using absolute sum or SRSS techniques

which is not necessary in the time-history approach. The time-history

approach usually must be-used ff nonlinear aalysis-neects to be performed.

Time-history analysis may also be preferable if there are a number of

loads specified in the time-domain, such as earthquake, safety relief

valve discharge, thermal, LOCA, etc.
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OM Stochastic and Frequency-domain Analysis of Subsystems

If stochastic or frequency-domain analysis is performed for the

primary structure and the corresponding output, such as a power spectral

density function, is developed at the floor elevation where the subsystem

is supported, the subsystem should be analyzed using the power spectral

density function as the input. In general, there appears to be no par-

ticular advantage in using a stochastic or a frequency-domain approach,

especially considering that they are still in developmental stages and

are not inexpensive to use.

(iv) Multiple Input Response Spectrum or Time-history Analysis

For subsystems supported at several locations, the response due to

simultaneous excitations by different motions at each support may be

determined by using multiple input response spectra or time-histories. A

subsystem supported at multiple supports with different characteristic

response spectra can be conservatively analyzed by using a single envel-

ope response spectrum as the input to all the supports. This envelope

spectrum can be obtained by enveloping all the response spectra at the

different seismic anchor and restraint locations. This is a very com-

monly used approach and can provide highly conservative results. An

alternate approach is the use of different spectra at different supports

if the analyst has access to a computer program with such a capability.

This approach is generally less conservative than the previous approach

(use of a single spectrum). However, if the spectra at different supports

are significantly different, it is preferable to use multiple time-history

input which is more realistic, as discussed below.

The stresses in a subsystem supported at multiple supports are

produced due to two main effects; namely, inertial effects and relative

support displacements. If it is believed that the stresses due to rela-

tive support displacements may be significant and the main objectives of

the analysis are to obtain a detailed distribution of stresses, it is

preferable to use different time-histories at different supports, if the

analyst has access to a computer program which can handle such analysis.
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This approach is most realistic since it takes the phase differences of

motion into consideration and provides significantly lower results as

compared to the previous two approaches. However, it is somewhat more

expensive to use.

Table 5-5 presents recommendations in regards to the use of

specific approaches for specific subsystems.

5.5.2 Analytical Models for Subsystems

M Stick Models With LumRed Masses

Stick models with lumped masses are most commonly used for the

analysis of subsystems. They are usually appropriate for relatively

stiff subsystems if the objective of the analysis is only to obtain over-

all response of the subsystem, including displacements and accelerations

with some estimates of the overall forces. They can also be used for the

analysis of flexible subsystems if they are not of thin plate and shell

types with predominant plate and shell modes. In general, it should be

first ascertained if the subsystem is going to behave predominantly in

beam type modes or shell type modes. If it is believed that the beam

type modes will dominate and will have the highest participation factors,

a stick model should be used. These models are inexpensive to use. How-

ever, they should be used with caution because of the approximations

involved and possibility of elimination of high frequency motions.

Stick models can be used, in general, for pumps, compressors,

valves, cooling fans, motors, generators, transformers, switchgears,

cable trays, fuel rod clusters, control rods and drives, and pipes, etc.,

in context of their overall response. Such models can also be used to

obtain rough estimates of overall response for reactor internals, vessels,

and buried pipes, etc. For valves and small pumps, etc., which are usu-

ally very rigid, it is sufficient to use a two to three mass system only

for seismic loads. However, if high frequency motions related to impact,
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Safety Relief Valve discharge and LOCA loads, etc, are involved, use of

two or three masses will not be sufficient. For vessels, large pumps and

compressors, generators, and-motors, etc., ten or more nodes are usually

required.

(ii) Finite-element Models

Three-dimensional or axisymmetric finite-element models should be

used for the analysis of subsystems if detailed stresses are required in

local areas. These types of models should also be used when it is ascer-

tained that the subsystem will behave predominantly in the shell or plate

type of modes. In general, an attempt should first be made to investigate

the possible use of axisymmetric finite-element models because they are

relatively inexpensive to use. Nonaxisymmetric portions of the subsystems

can be modeled using 'equivalent' axisymmetric elements if they constitute

only small portions of the overall subsystem. Small three-dimensional

finite-element models, in conjunction with the overall axisymmetric model,

can also be used for small nonaxisymmetric portions. Complete three-

dimensional finite-element models should be used if the structure is very

highly nonaxisymmetric.

Finite-element models should generally be used for large vessels,

reactor internals, and large pipes, etc. For other components, finite-

element models should be used if detailed stresses are required in local

areas, as pointed out previously. It may also be sometimes desirable to

use finite-element models if detailed investigation needs to be performed

for fluid-structure interaction and sloshing in flexible vessels. In

such cases, fluid finite-elements can also be used. If the stiffness

interaction is not significant in a fluid-structure interaction problem,

it may be sufficient to use lumped-mass beam models in conjunction with

consistent mass matrices.

Table 5-5 presents recommendations in regard to the use of specific

models for specific subsystems.
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In conclusion, it needs to be restated that the selection of a

method of analysis or an analytical model for a subsystem should depend

on the objectives of the analysis, the information required, and the

required level of confidence in the results. The analyst must use his

judgement in this regard on the basis of his previous experience with

similar problems, the accepted practice, and the regulatory requirements.

1
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TABLE 5-1

ERROR IN PREDICTION OF MODAL FREQUENCIES

BY UNCOUPLED MODEL FOR EXAMPLE IN FIGURE 5-5

Mass Freq. Modal Frequencies from: Error in

Ratio, Ratio, Coupled Uncoupled Uncoupled

Rm Rf Mode Model Model Model (%)

.001 .1 1 0.9995 1.0 0.05
2 9.995 10.0 0.05

.5 1 4.997 5.0 0.06
2 9.997 10.0 0.03

1.0 1 9.838 10.0 1.6
2 10.15 10.0 1.5

1.5 1 9.986 10.0 1.4
2 15.01 15.0 0.06

2.0 1 9.989 10.0 0.11
2 20.00 20.0 0.0

.1 .1 1 0.999 1.0 0.10
2 10.00 10.0 0.0

.5 1 4.917 5.0 1.7
2 10.16 10.0 1.6

1.0 1 8.539 10.0 17.1
2 11.70 10.0 14.5

1.5 1 9.273 10.0 7.8
2 16.16 15.0 7.2

2.0 1 9.409 10.0 6.3
2 21.24 20.0 5.8

1.0 .1 1 0.9945 1.0 0.55
2 10.05 10.0 0.5

.5 1 4.368 5.0 14.5
2 11.44 10.0 12.6

1.0 1 6.177 10.0 61.9
2 16.17 10.0 38.2

1.5 1 6.669 10.0 49.9
2 22.47 15.0 33.2

2.0 1 6.844 10.0 46.1
2 29.19 20.0 31.5
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TABLE 52

GUIDELINES FOR SUBDIVISION OF

SYSTEMS AND ANALYSIS REQUIREMENTS (Ref. 12)

Case Rf Rm Supporting Subsystem Supported Subsystem

Ia <0.5* <0.20 As uncoupled using As uncoupled using ground
method I motion as input at support

points.

Ib <0.5 >0.20 Single model as coupled system or by analysis
procedures which adequately account for coupling
and resonance effects.

Ha 0.5 to 20 <0.001 As uncoupled using As uncoupled using as input
either method or 3 at support points the re-

sponse determined from dy-
namic analysis of the sup-
porting subsystem.

IIb 0.5 to 20 >0.001 Single model as coupled system or by analysis
procedures which adequately account for coupling
and resonance effects.

IIIa >2.0 <0.20 As uncoupled using As uncoupled using as input
method 3 at support points the re-

sponse determined from dy-
namic analysis of the sup-
porting subsystem.

IIIb >2.0 >0.20 Single model as coupled system or by analysis
procedures which adequately account for coupling
and resonance effects.

*Condition on R for cases Ia and Ma must hold for each significant natural
frequency of t9e supporting subsystem.
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TABLE 53

A SIMPLIFIED GUIDELINE PROPOSED FOR COUPLING SEISMIC

MATHEMATICAL MODELS OF BUILDING AND EQUIPMENT (Ref 7

fe/fS fie /HS STATUS

0. < > 002 Coupling recommended

or
< 20

0. > > 0.20 Couplinq recommended

or

;;- 2.0

fe f = Natural frequencies for the equipment and building respectively.

Me, = Masses for the equipment and building, respectively.
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TABLE 54 DECOUPLING CRITERIA SPECIFIED BY USNRC

IN STANDARD REVIEW PLAN 37.2 (June 1975)

Decoupling Criteria for Subsystems

It can be shown, in general, that the absolute frequencies of systems and

subsystems have negligible effect on the error due to decoupling. It can

be shown that the mass ratio, RI and the frequency ratio, RV govern

the results where R and R f are defined as:

Total mass of the supported subsystem
IRm Rass that supports the subsystem

IR Fundamental frequency of the supported subsystem
f Frequency of the dominant support motion

The following criteria are acceptable:

1. If RM< 0.01, decoupling can be done for any R V

2. If 0.01 < R< 0.1, decoupling can be done if

0.8 > Rf> 125.

3. If Rm> 0.1, an approximate model of the subsystem

should be included in the primary system model.
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TABLE 5-5

RECOMMENDED ANALYSIS METHODS AND MODELS FOR SUBSYSTEMS

Generic Objective
Component or of Analytical Analysis
Subsystem Analysis Model Method Comments

Overall Response Lumped-Mass Beam Response Spectrum
RCS Vessels

Response Spectrum
Stresses Finite-Element or

Time History

Overall Response Response Spectrum Time History
Reactor core Finite-Element or Preferable
support structure Stresses Time History

Time History,
Overall Response if detailed

Fuel Rod Cluster Lumped-Mass Beam Response Spectrum nonlinear or
Stresses (1) interaction

results required

Control Rods Overall Response Time history
and Drives Lumped-Mass Beam Response Spectrum if nonlinear

Stresses (1) effects required

Large Diameter Overall Response For multiple
supported pipes,

Pipe 8 Lumped-Mass Beam Response Spectrum multiple input
Diameter Stresses (2) or Time History if excitation

nonlinearities exist required

Small Diameter Overall Response For multiple
supported pipes,

Pipe < " Lumped-Mass Beam Response Spectrum multiple input
Diameter Stresses (2) or Time History il excitation

nonlinearities exist required

Fluid-Structure

Overall Response Lumped-Mass Beam Response Spectrum interaction
analysis may be

Large Vertical required.
Vessels Response Spec-

Response Sectrum trum or Time
Stresses Finite-Element or History used

Time History with Finite-
Element Model.
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TABLE 5-5 (continued)

RECOMMENDED ANALYSIS METHODS AND MODELS FOR SUBSYSTEMS

Generic Objective
Component or of Analytical Analysis
Subsystem Analysis Model Method Comments

Fluid-Structure

Overall Response Lumped-Mass Beam Response Spectrum interaction
analysis may be

Large Horizontal required.
Vessels Response Spec-

Response Spectrum trum or Time
Stresses Finite-Element or History used

Time History with Finite-
Element Model.

Overall Response Two or three
Small Vessels mass models

Lumned-Mass Beam Response Spectrum are usually
Stresses adequate

Overall Response Empirical Soil Model mpirical equation Pipe strain
Buried Pipe for soil strain assumed to

Response Spectrum equal soil
Stresses Finite-Element or strain

Time History

Detailed Finite-
Element model

Large Vertical Overall Response Lumped-Mass sometimes
Centrifugal Col-inear Beams Response Spectrum required, with
Pumps Stresses (1) Response Spec-

trum or Time
History

Detailed Finite-
Element model

Medium to Large Ov-erall Resp-onse Lumped-Mass Beam/ sometimes
Horizontal Pumps Spring Model with Response Spectrum required, with
and Compressors Stresses (1) 10 to 20 nodes Response Spec-

trum or Time
History
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TABLE 5-5 (continued)

RECOMMENDED ANALYSIS METHODS AND MODELS FOR SUBSYSTEMS

Generic Objective
Component or of Analytical Analysis

Subsystem Analysis Model Method Comments

Small Pumps Overall Response Lumped-Mass Beam Usually
< 8" Diameter (1-2 Masses) Response Spectrum Rigid Structure

Stresses (1)

Overall Response
ILarge Motor Lumped-Mass Beam Response Spectrum
Operated Valves Stresses (1) (3-4 Masses)

Large Relief Overall Response Lumped-Mass Beam Usually
and (1-2 Masses) Response Spectrum Rigid Structure

Check Valves Stresses

Miscellaneous Overall Response Lumped-Mass Beam
Small Valves (1-2 Masses) Response Spectrum
< 8" Diameter Stresses (1)

Large Cooling Overall Response Lumped-Mass Beam
IFans (3-4 Masses) Response Spectrum

Stresses (1)

AC Power Units Overall Response Response Spectrum Auxiliary Equip-
(Diesel), Lumn0d-Mass Beam ment usually
Generators (IOL20 Masses) treated as

Stresses (1) Static Analysis uncoupled

DC Power Units Overall Response Lumped-Mass Frame Response Spectrum
(Batteries and with Beam Elements
Static Charges) Stresses

Motor Generators Overall Response Response Spectrum

& Electric Motors
Stresses Lumped-Mass Beam Static Analysis

Overall Re .sponse Lumped-Mass Beam Response Spectrum Flexible to
Transformers Rigid Supports(2-3 Masses)Stresses (1)

Overall Response Response Spectrum Testing
Switchgear Lumped-Mass Beam or Desirable

Stresses (1) Time History

Stresses usually computed by static analysis using calculated response loading as static
load input. 5-46



TABLE 5-5 (continued)

RECOMMENDED ANALYSIS METHODS AND MODELS FOR SUBSYSTEMS

Generic Objective
Component or of Analytical Analysis
Subsystem Analysis Model Method Comments

Miscellaneous
Motor Control
Centers, Instru-
ment Racks, Overall Response Lumped-Mass Frames Response Spectrum Testing often
H&V and A&C with Beam Elements required
Controls Auxiliary Stresses
Relay Cabinets,
Local Instruments,
Heaters, Invertors,
etc.

Cable Trays Overall Response Lumped-Mass Beam Response Spectrum Nonlinear Anal-
and sis using Time

HVAC Ducting Stresses (1) History required
in special cases

Notes

(1) Stresses computed by applying internal loads from dynamic m'odel to hand calculations
or static finite element models.

(2) Stresses usually computed using stress indices or stress intensification factors
and internal loads from lumped-mass beam model.
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FIGURE 5-1 MODEL FOR TIME HISTORY ANALYSIS
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MODE IN THE CASE OF A MDOF STRUCTURE.(Ref.1)
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Analyze the supporting primary system by
conventional response spectrum methods
on the basis of a given ground response
spectrum

Select T es the equipment or component
period

Determine Aeg

or each significant mode of the
structure at natural period Tsn

If Le .9 Calculate model contribution
as a function of amplification

Tsn of structure's motion

T Calculate modal contribution
If T e > .5 as a function of amplification

sn of ground motion

Te Calculate modal contribution
if 0.5 < T < 09 as an interpolation of the

sn above two contributions

Continue

Obtain maximum component response by combining the contributions of all
significant modes via appropriate method such as SRSS or absolute sum

\I/ -
Continue selecting new component periods to establish other points on the
floor response spectrum

FIGURE 54 FLOW CHART OF THE BIGGS METHOD FOR

GENERATING FLOOR RESPONSE SPECTRA
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6. AVAILABLE COMPUTER PROGRAMS FOR SUBSYSTEM RESPONSE ANALYSIS

Currently, a large number of computer programs are available for

the response analysis of subsystems. These programs vary considerably

with respect to the range of applicability, the permissible problem size,

and the program philosophy. To decide on which program should be used

for analysis of each component or subsystem, information is presented in

this chapter under four sections. The first section discusses capabil-

ities of different available computer programs followed by the second

section which compares some of the most widely used general purpose pro-

grams in a tabular form. The next section lists the originating sources

of the programs, the organizations that may be contacted in order to

obtain further information on the programs. The selection of a computer

program for analysis of a particular subsystem can only be made by evalu-

ating the purpose and required results of the analysis, the user's in-

house expertise and desire to maintain in-house programs and the user's

access to particular software systems. The information presented in this

chapter and in Chapter should enable the user to make such a selection.

6.1 Description of Available Computer Programs

The available computer programs for subsystem response analysis

may be broadly classified into two categories:

(i) General purpose programs

(ii) Special purpose programs

6.1.1 General Purpose Programs

These programs are developed for the computation of response of

structures composed of several types of members (such as plates, shells,

beams, etc.) subjected to different loading types (static, dynamic or
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thermal) and with different types of material properties (linear elastic,

elastoplastic, nonlinearly elastic, etc.). They are characterized by

their ability to solve a broad class of problems which also include anal-

ysis of some special problems as one capability. These programs are based

on various numerical methods, such as the finite element method or the

finite difference method. However, the majority of these programs are

based on the finite element method because of the high standard of devel-

opment of the finite element technique, its applicability to nearly all

engineering fields and the simplicity of the method which enables the

analyst to handle different types of geometry and the loading cases in

the easiest possible way. Some of the most widely used general purpose

computer programs for subsystem analysis and a description of each of

these programs are given below. The list is by no means exhaustive since

most proprietary programs which are not availabe to outside users are not

included.

ANSYS

ANSYS, developed by Swanson Analysis Systems, Inc., is a large

scale general purpose structural analysis program which can perform

static and dynamic; plastic, creep and swelling; small and large deflec-

tions steady state and transient heat transfer and steady state fluid

flow analyses. There are forty different finite elements available for

static and dynamic analysis and ten different elements for heat transfer

analysis. This variety of elements gives ANSYS the capability of anal-

yzing different types of structures such as axisymmetric shells of revo-

lution, piping systems, etc. Dynamic analysis can be performed either by

modal superposition or direct integration. The dynamic loading may con-

sist of force time-histories or acceleration time-histories or response

spectra. Loadings for heat transfer analysis may consist of internal

heat generation, convection and radiation boundaries and specified tem-

peratures or heat flows.
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The program has extensive plotting capabilities, which include

plotting the geometry, plotting of stresses and displacements, plotting

mode shapes and plotting of time-histories. Post-processing programs are

available to the program for'combining responses due to different modes

in the response spectrum analysis procedure, generation of floor response

spectra, stress evaluation of piping networks, pressure vessel stress and

fatigue evaluation.

MSC/NASTRAN

NASTRAN is a finite element program which performs a wide range

of static and dynamic analysis and heat transfer analysis. Many different

types of elements are available to the program. Dynamic analysis is per-

formed by the mode superposition method, where eigenvalues and eigenvec-

tors are extracted first by using either the Determinant Search Method,

Inverse Power Method, or Tri-diagonalization Method, followed by response

computations for loadings applied as force time-history, ground acceler-

ation time-history, or response spectra. The program has the capability

to perform modal complex eigenvalue analysis and buckling analysis.

Dynamic analysis can also be performed by the direct integration method.

Several geometry generation and plotting options are available in the

program. In dynamic analysis, the Guyan Reduction procedure may be used

to reduce the size of the system to a set of dynamic degrees of freedom

so that eigenvalues and eigenvectors may be extracted for a reduced

system. The program has the capability of performing analysis using

substructures. This procedure may be used in the solution of large prob-

lems for reducing the size of the individual computer runs and reducing

the total amount of computer time. Restart capabilities are available to

the program.

The program was originally developed under NASA contracts, and

so it is oriented somewhat more towards aerospace industry applications.
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STARDYNE

STARDYNE performs static and dynamic structural analysis of com-

plex elastic structures. It consists of a series of compatible computer

programs designed to analyze linear elastic models. The static capabil-

ities include the computation of deformations and member loads and

stresses caused by thermal or applied load or specified displacements.

Dynamic analysis is performed utilizing either direct integration or the

normal mode technique. Dynamic loading may consist of transient, steady

state, harmonic, random and shock spectra excitation. Eigenvalues and

eigenvectors may be extracted either by the Inverse Iteration Method or

Householder Tri-diagonalization and Q-R extraction for a system with

reduced dynamic degrees of freedom. In the time-history modal analysis

method, composite modal damping may be computed by a weighted strain

energy procedure. Several pre- and post-processor programs are available.

The geometry of the structure can be plotted in both the undeformed and

deformed states. The plotted deformations may be the result of static,

modal extraction or dynamic response solutions. The program was devel-

oped by Mechanics Research Institute.

ASKA

ASKA is a general purpose finite element computer program which

can perform linear static and dynamic analysis of three-dimensional

structures. The program has the capability to perform time-history

response analysis by mode superposition and direct integration of equi-

librium equations. The program does not have any nonlinear analysis cap-

ability or response spectrum procedure to compute the seismic response.

ASKA has not found widespread usage in the nuclear industry in this

country.

MSAP

A general purpose program which can perform static and dynamic

analysis of three-dimensional linear structural systems. The program is

a modified version of SAP, originally developed at the University of
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California at Berkeley. The program can perform frequency analysis,

modal superposition dynamic analysis using time-history input, or ground

motion input or a response spectrum. It also has the capability to per-

form frequency domain analysis by modal superposition. In the dynamic

time-history analysis option, composite modal damping values may be com-

puted using a weighted strain energy procedure, and floor response spectra

may be generated and plotted for computed floor acceleration time-

histories. The program has automated band minimization capability. The

frequencies and mode shapes of the system may be computed using the

Determinant Search Procedure, Subspace Interaction Procedure, and Mass

Condensation Procedure (Guyan Reduction) for large dynamic problems. It

has the capability to plot the geometry and the mode shapes. A special

fluid finite element is available to the program which may be used to

model fluids to study fluid-structure interaction problems. Axisyvnmetric

solid of revolution elements, which can perform analysis of axisymmetric

structures subjected to nonsymmetric loading, are also available to the

program.

MARC/CDC

MARC is a large scale linear and nonlinear general purpose

finite element structural analysis program with heat transfer analysis

capabilities. Linear and nonlinear analysis can be performed, both for

static and dynamic type of loadings. The elastic-plastic and large dis-

placement analyses are performed in a series of piecewise linear incre-

ments. Creep and thermal effects, which cause initial strains, may be

included. The program has the capability to compute the buckling and

collapse load. Dynamic analysis may be carried out either by modal super-

position or the direct integration procedure. Pre- and post-processor

plotting options are available to the program. The program is developed

and maintained by Marc Analysis Corporation.

MODSAP

MODSAP, developed at General Atomic Company, is a modified and

expanded version of the program SAPIV, originally developed at the Uni-
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versity of California at Berkeley. The program can perform static anal-

ysis and modal superposition dynamic analysis using time-history or

response spectrum input. In the dynamic time-history analysis option,

composite modal damping values may be computed by proportioning the

damping factors in each component according to the mass or stiffness of

the components. The program has the capability to perform analysis of

structures with localized nonlinearities by using a computationally effi-

cient force correction technique, thus affording nonlinear analysis capa-

bility at near the cost of linear analysis. Pre- and post-processing

plotting options are available to the program. The program also has the

capability to perform analysis of axisymmetric solids and shells subjected

to nonsymmetric loading as well as additional finite elements.

SAP6

SAP6 is a proprietary structural analysis program developed by

the SAP Users Group which has evolved from the SAP series of computer

programs originally developed at University of California at Berkeley.

The program can perform static and dynamic analysis of three-dimensional

linear structures. The static loading on the structure may consist of

mechanical, thermal and inertial loadings. The frequency and mode shape

analysis can be performed by using the Rayleigh-Ritz method, determinant

search method, or subspace iteration method. Dynamic response of struc-

tures, subjected to time-histories of forces or acceleration can be deter-

mined by mode superposition or direct integration methods. Response of

structures can also be computed by the response spectrum approach. The

program has substructuring capability.for static analysis. The program

can plot deformed shapes and mode shapes of the structure, and has band-

width minimization and restart capability.

ASHSD

The program evaluates the time dependent displacements and

stresses of complex axisymmetric structures subjected to any arbitrary

static or dynamic loading or base acceleration. Three different types of

elements, an axisymmetric thin shell element, solid of revolution element
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and an axisymmetric boundary element are available to the program. The

program'can solve five cases of loading: dead load, arbitrary static

load, arbitrary dynamic load, horizontal and vertical components of earth-

quake acceleration record applied at the base of the finite element model

as a time-history or response spectrum. The program can be employed for

the analysis of pressure vessels subjected to either axisymmetric or non-

symmetric loads.

DRAIN D

The program determines the dynamic response of inelastic two-

dimensional structures of arbitrary configuration resulting from earth-

quake-type ground motions. All the supports are assumed to move in phase;

however, independent horizontal and vertical motions may be specified.

Static load effects may be considered prior to the application of dynamic

loads. A variety of inelastic elements such as beam, truss, and two-

dimensional infill panel element are available to the program.

ANSR

ANSR is a general purpose computer program for static and dynamic

analysis of three-dimensional nonlinear structures. The program is writ-

ten in a modular form so that new finite elements, and new constitutive

laws can be added easily. Dynamic loading may consist of earthquake

ground accelerations, time dependent nodal loads and prescribed initial

values of nodal velocities and displacements. Static loads may be applied

as a series of load increments prior to the application of dynamic loads.

The element library in the program consists of a truss element, beam ele-

ment, two-dimensional plane stress, plane strain, axisymmetric element,

three-dimensional solid element, gap element, infill panel element and

degrading stiffness beam element to model reinforced concrete beams.

Currently, a new version of the program is under development which will

include features such as specification of different time-histories of

ground acceleration at different supports.
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NONSAP

NONSAP is a finite element structural analysis program for the

static and dynamic response of nonlinear systems. The system response is

calculated using an incremental solution of the equilibrium equation with

Wilson-o or Newmark time integration methods. Nonlinearities due to large

displacement, large strain, and nonlinear material behavior may be in-

cluded. The program has truss, plane, axisymmetric and three-dimensional

elements. The program is an in-core program; the capacity, therefore, is

limited to a finite number of degrees of freedom in the system.

ADINA

ADINA is an extension of the program NONSAP, currently in the

development stage at MIT. Additional elements such as a three-dimensional

beam element and reinforced concrete element are included. The program

can handle out-of-core problems. Additional material and geometric models

are being currently incorporated in the program. Thermo-elasto-plastic

and creep material models are also available to the program. A computer

program ADINAT which is a compatible heat transfer analysis program to

the stress analysis program ADINA is available. The program ADINAT can

be used for general linear and nonlinear steady-state and transient heat

transfer analysis. Both the programs AINA and ADINAT have considerable

usage for the linear, nonlinear and heat transfer analysis of pressure

vessels and other subsystems.

6.1.2 Special Purpose Programs

These programs ae developed for the computation of response of

a special type of structure (such as shells of revolution, frames or

plates, piping systems, without permitting combination of different types

of structures), with exactly defined loading types (static, dynamic or

thermal) or types of material properties (linear elastic, elastoplastic

and nonlinear elastic). Some of the various programs available in this

category are as follows:
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ADLPIPE

The program can be used for static and dynamic analysis of com-

plex piping systems. The input data may be pre-processed and plots made

for checking the geometry. The output of the program automatically in-

cludes a stress analysis per the requirements of the ANSI B31.1 or the

ASME Section III code. For Class I piping systems, fatigue usage factors

may be computed. The static loads on the piping system may be thermal,

dead- weight, seismic loads, externally applied forces and moments and

wind loads. The dynamic responses are computed using normal mode theory

for seismic response spectra or time-history forcing functions in one or

more directions.

PIPESD

PIPESD is a comprehensive computer program designed to perform

linear elastic analysis of three-dimensional piping systems subjected to

sets of user prescribed static, thermal and dynamic loadings. In a single

computer run, the PIPESD system will solve several static load cases.

Each static load case may consist of thermal expansion, support displace-

ments, gravitational loadings and internal pressures. The program will

extract periods and mode shapes for the piping system by the Householder-

QR method, and then will determine the dynamic response of the piping

system to earthquake motions using the response spectrum modal superposi-

tion approach. The program also performs stress calculations for Class 

and Class 2 piping components according to the ASME code.

NUPIPE

The computer program NUPIPE performs linear elastic analysis of

three-dimensional piping systems subject to thermal, static, seismic and

dynamic time-history loads. The program performs analysis in accordance

with the requirements of the ASME Section III code. Dynamic analysis is

performed using the modal superposition procedure. The program has auto-

matic bandwidth minimization capability.
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PDYN

PDYN is a special purpose program for static and dynamic time-

history analysis of three-dimensional piping systems consisting of

straight and curved members. Static analysis may be performed for dead

weight, thermal and internal pressure loading. Dynamic response of the

piping system subjected to a different acceleration time-history at dif-

ferent supports may be obtained. Time-histories and maximum values of

joint displacements, member forces and support reactions may be computed.

PWAP

PWAP is a special purpose program to determine the nonlinear

dynamic response of three-dimensional piping systems of arbitrary config-

uration following rupture, given the time-history of resulting pressure

forces. The program element library includes inelastic pipe elements and

inelastic pipe whip restraints. Large displacement effects may be in-

cluded for pipe whip restraints. The program can perform a static anal-

ysis for thermal, pressure and gravity loading prior to dynamic analysis

and the results can be algebraically added. The yield criteria of the

pipe elements may be defined in terms of moment-curvature and torque-twist

relationships.

SEQGEN

SEQGEN generates an artificial earthquake time-history, whose

response spectrum matches a smooth design response spectrum for a speci-

fied damping. The program uses an iterative procedure in which the start-

ing time-history may be generated by the program or it may be input as a

time-history of an existing acceleration record. The program may also be

used to scale and/or truncate the acceleration values of a given maximum

and frequency cutoff of input motion beyond a given value. It also has

an option to plot the acceleration time-history and/or the computed and

design response spectra using a CALCOMP plotter.
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RESPEC

RESPEC computes the response spectra of acceleration time-

histories digitized at equal time intervals. Spectral accelerations are

computed for frequencies and damping ratios selected by the user. It may

also be used to compute the associated velocity and displacement time-

histories by numerical integration of the specified acceleration record.

The program may also be used to plot the acceleration, velocity, displace-

ment time-histories and/or computed acceleration response spectra using a

CALCOMP plotter.

BOSOR 4

BOSOR 4 is a comprehensive computer program for analysis of the

stress, stability and vibration of segmented, ring stiffened, branched

shells of revolution. The program performs large deflection axisymmetric

stress analysis, small deflection nonsymmetric stress analysis. The pro-

gram is based on the finite difference energy method, and is applicable

for stability and buckling analysis of pressure vessels.

6.2. Comparison of General Purpose Computer Programs

In this section the general purpose programs frequently used in

the public domain for analysis of different components or subsystems are

compared in a tabular form (Table 61). The basic comparison is made

considering ten main categories. Under each main category there are sub-

categories, which need to be considered for selecting a program. The ten

main categories and their importance in making a decision on choosing a

particular program are discussed in the following paragraph.

The geometry and boundary condition category describes whether

the structure to be analyzed is axisymmetric or two-dimensional or three-

dimensional and whether the supports to be considered are inclined to

global axes or in the direction of the global axes. The capabilities of

a program based on the type of analysis needs to be considered to decide

which program can be used for linear analysis or nonlinear analysis or

heat transfer analysis or stability analysis to determine the critical
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buckling load. The type of loading category describes whether time-

independent static analysis or time-dependent dynamic analysis needs to

be considered. Also it describes, if dynamic analysis is to be performed,

whether analysis is to be performed in the time domain or frequency

domain. Some programs have built in capability to determine floor

response spectra after time-histories of acceleration responses are com-

puted. This feature is described under Category 4 In Category 5, the

capability of a program to perform a frequency analysis to determine fre-

quencies (real or complex) and mode shapes is presented. Knowledge of

nonlinearity capability in a program is important because the analyst

will select a program depending on whether he wants to consider only

material nonlinearity or geometric nonlinearity or whether he wants to

include long duration time dependent effects like creep, etc. Also, in

making a decision on which program should be used for the analysis of a

particular component, the analyst must know what types of material models

are available to each of the elements. The pre- and post-processing,

plotting capabilities of a program are of practical importance, particu-

larly where a large number of analyses are to be performed. The capabilty

of a program based on this is presented in Category 8. The computer sys-

tem on which the program is operational is described in Category 9 This

information will indicate whether the program has machine dependent or

machine independent features. Finally, the program availability and

sources of availability are considered to provide a quick assessment on

the methods of procurement and type of support the analyst will get in

using a particular program.
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6.3 Originating Source of Computer Programs

The programs described in Section 61 can be further classified into two

categories depending on their sources of development. The first type

includes programs developed at Universities under grants from private and

government organizations. The source code and documentation of these

programs are usually available to the public. The second type are those

programs which are developed and maintained by private companies. These

programs are proprietary and, hence, must be used by the public as black

boxes. The users have no control over these programs.

This section lists the originating source and availability

(whether public domain or proprietary) of several computer programs. The

listed sources may be contacted to obtain further specific information on

a particular computer program.

PROGRAM ORIGINATING SOURCE AVAILABILITY

ANSYS Swanson Anlaysis Systems, Inc. Proprietory
870 Pine View Drive
Elizabeth, Pennsylvania 15037

MSC/NASRAN The MacNeal-Schwendler Corporation Proprietory
7442 N. Figueroa Street
Los Angeles, California 90041

STARDYNE System Development Corporation Proprietory
2500 Colorado Avenue
Santa Monica, California 94046

ASKA Universitat Stuttgart Proprietory
7 Stuttgart 0
Pfaffenwaldring 27
West Germany

MSAP Engineering Decision Analysis Co., Inc. Proprietory
480 California Ave., Suite 301
Palo Alto, California 94306

MARC/CDC Marc Analysis Research Corporation Proprietory
105 Medway Street
Providence, Rhode Island 02906
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PROGRAM ORIGINATING SOURCE AVAILABILITY

MODSAP General Atomic Company Public Domain
San Diego, California

SAP6 Sap Users Group Proprietory
University of Southern California
Dept. of Civil Engineering
Los Angeles, California 90007

ASHSD NISEE Public Domain
720 Davis Hall
University of California
Berkeley, California 94720

DRAIN 2D NISEE Public Domain
720 Davis Hall
University of California
Berkeley, California 94720

ANSR NISEE Public Domain
720 Davis Hall
University of California
Berkeley, California 94720

NONSAP NISEE Public Domain
720 Davis Hall
University of California
Berkeley, California 94720

ADINA Department of Mechanical Engineering Proprietory
Massachusetts Institute of Technology
Cambridge, Massachusetts

ADLPIPE Arthur D. Little, Inc. Proprietory
20 Acorn Park
Cambridge, Massachusetts

PIPESD URS/John A. Blume Assoc., Engineers Proprietory
San Francisco, California

NUPIPE Nuclear Services Corporation Proprietory
Campbell, California

PDYN Engineering Decision Analysis Co., Inc. Proprietory
480 California Ave., Suite 301
Palo Alto, California 94306
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PROGRAM ORIGINATING SOURCE AVAILABILITY

PWAP Engineering Decision Analysis Co., Inc. Proprietory
480 California Ave., Suite 301
Palo Alto-, California 94306

SEQGEN Engineering Decision Analysis Co., Inc. Proprietory
480 California Ave., Suite 301
Palo Alto, California 94306

RESPEC Engineering Decision Analysis Co., Inc. Proprietory
480 California Ave., Suite 301
Palo Alto, California 94306

BOSOR-4 Lockheed Missiles Space Co., Inc. Public Domain
P.O. Box 504
Sunnyvale, California 94088
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TABLE 61

General Purpose Computer Programs Comparison

V)
:* >_ (-) CL

U) f-) 1� ::C CC
>_ 0:� Q_ U V) U) Of ;E:
V) C-) <C Q� (_) C3_ V)

V) CC CD 1< V) 2-1 r"INO CAPABILITY Ln ct 1:7- ::_

1 Geometry and Boundary Conditions

Axisymmetric

2-Dimensional X

3-Dimensional X

Skew boundaries X X

2 Types of Analysis

Linear

Nonlinear X X X X X

Linear heat transfer X X X X X X X

Nonlinear heat transfer X X X X X X X

Buckling X X X X X X X X

3 Types of Loading

Static - Thermal X X

- Dead weight X

- Externally applied load

Dynamic - Response spectra X X X

Time-history by M/S X X

Time-history by DI

Yes

X No
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TABLE 61 (continued)

General Purpose Computer Programs Comparison

LO M
CZ >- C-) C-

C) 1�1 < ko CD <
Of a_ L.) V) V) Z:
< < Cn D- V)

V) Ln < CD < V) 2-1 f-11NO CAPABILITY M V) M: IE .2:: Ln < < <

Random X X X X X X X X

Steady state X X X X X X X X

Frequency domain X X X X X X X X X

4 Time-History - Response Spectra X X X X X X

5 Frequency Analysis

Real eigenvalue extraction X

Complex eigenvalue extraction X X X X X X X X X

6 Type of Nonlinearities

Material nonlinearities

Elasto plastic X X X X X

Creep X X X X X X X

Geometric nonlinearities X X X X X X

7 Types of Elements

2-Dimensional - Truss X

Beam X X

Membranes X

Yes

X No
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TABLE 61 (continuedl

General Purpose Computer Programs Comparison

cc >_
Ln cm < t-0 cm
>_ __ Of a- L-) V) V) Olf
V) L-) < <C 0:: 0- V)

Ln Ln -::c C) CZ V)
NO CAPABILITY < U) M: M: Z: V) C* ::c :::c

Shells x x x

8 Node shells x x x x x x x x

Sandwich shells x x x x x x

3-Dimensional 8 Node solid x x

20 Node solid x x x x x x

Axisymmetric shell * X x x x

Axisymmetric solid *

Variable node x x x x x x

General 3-D x x x x x x x

Special Fluid elements x x x x x x x

Pipe elements x x x

Gap element x x x x x x

Substructure
Element x x x x

Boundary element x

Reinforced
Concrete element x x x x x x x x

8 Plotting Capabilities

Static deformations x x x x

Mode shapes x x x x x

Response time-histories x x x x x

Yes

X No
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TABLE 61 (continued)

General Purpose Computer Programs Comparison

Uj

<
V) (-3 CZ :Z, n C1. V)V) F-- -cc C�4.Z V) :C Ln

NO CAPABILITY V) ::r-

9 Operational On

IBM x x x x x

CDC

UNIVAC x x x x x

Others x x x x x

10 Program Availability

Federal software center x x x x x x x x x

Commercially available x x x

Source code - availability to
public x x x x x x x

Yes

X No
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7. FURTHER IMPROVEMENTS TO RECOMMENDED APPROACHES

In Chapter 5, various approaches to calculating subsystem re-

sponse were discussed and recommendations were made for the most appro-

priate response analysis methods for several generic categories of sub-

systems and components. The recommended approaches were essentially

those currently being used for production design of nuclear power plant

subsystems and components, as they are the current state-of-the-art

accepted methods. There are several improv ements over the standard

methods that have been implemented by several organizations and there are

also several improvements that have not found widespread acceptance in

the nuclear industry. These improvements with suggested applications

will be discussed in this chapter.

As discussed in Chapters 3 and 5, the standard method of com-

puting response of subsystems is to consider the subsystems uncoupled

from the structure and conduct a response spectrum analysis using in-

structure floor spectra generated by elastic time-history structural

analysis. A single damping value, which represents a lower bound damping

of the various elements that make up the subsystem, is specified and

used. Typically, for piping systems that are supported at several

elevations, a response spectrum that envelopes all spectra applicable for

the various elevations is synthesized and applied. This overall approach

is conservative, is analytically economical, and within the in-house of

most captive and service bureau computer programs. The conservatism is

generally not a serious design problem; thus the wide usage of this gen-

eral approach.

In instances where systems are known to behave nonlinearly

and/or computed responses exceed allowable design stress values, the

designer may resort to linear or nonlinear time-history analyses to
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remove some of the conservatism. Again, though, in a design process, the

analyses tend to remain on the conservative side to satisfy regulatory

requirements.

In the SSMRP, several critical structures and subsystems of the

reference plant may require reanalysis in order to obtain response infor-

mation not readily obtainable from existing documentation or to apply

more modern analytical methods to improve the accuracy of the subsystem's

response. If reanalysis is performed, the objective should be to do a

mean or median centered analysis instead of a conservative design type

analysis, as required by current codes, standards and regulatory guides.

The analyst would then want t not only use median spectra, median damp-

ing, median geometry and material properties, he would also want to use

median centered computational methods.

Several items should then be addressed where the current state-

of-the-art is not necessarily used to a great extent in current design

processes and was certainly not used for the reference plant seismic

design. These items include:

Analysis procedures for large storage tanks

Analysis procedures for buried pipe

Generation of spectra directly from spectra

Use of multiple response spectra

Composite modal damping

Use of inelastic response spectra

Combination of modal responses

Coupling effects of interfacing structures

The above items are all applicable to the linear elastic anal-

ysis methods to be used in the Phase SSMRP. Additional topics can be

considered for nonlinear response.
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7.1 ANALYSIS PROCEDURES FOR LARGE VERTICAL STORAGE TANKS

The majority of aboveground fluid containing vertical tanks do

not warrant sophisticated finite element hydrodynamic fluid-structure

interaction analyses for seismic loading. However, the commonly used

alternative of analyzing such tanks by the "Housner-method" contained in

TID-7024 (Reference 1) may, in some cases, be significantly unconserva-

tive. The major problem is that direct application of this method is

consistent with the assumption that the combined fluid-tank system in the

horizontal impulsive mode is sufficiently rigid to justify the assumption

of a rigid tank. For the case of flat bottomed tanks mounted directly on

their base or tanks with very stiff skirt supports, this assumption leads

to the usage of a spectral acceleration equal to the zero-period base

acceleration. This assumption is unconservative for tanks mounted on the

ground or low in structures where the spectral acceleration does not

return to the zero period base acceleration at frequencies below about 20

Hz, or greater. More recent evaluation techniques (References 2 and 3)

have shown that for typical tank designs, the modal frequency for this

fundamental horizontal impul�ive mode of the tank shell and contained

fluld is generally between 2 and 20 Hz. Within this region, the spectral

acceleration is typically significantly greater than the zero period

acceleration. Safety related vertical storage tanks in the reference

plant should therefore be re-evaluated considering the spectral acceler-

ation associated with the modal frequency for the fundamental horizontal

impulsive mode of the tank shell and contained fluid.

Reference 4 discusses this problem and presents detailed formu-

lae and procedures for calculating the base shear, overturning moment and

tank hoop stress due to base excitation from a seismic event.

7.2 ANALYSIS PROCEDURES FOR BURIED PIPE

The reference plant contains buried service water piping running

from the crib house to the auxiliary building. The condenser cooling
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piping is also buried, running from the crib house to the turbine build-

ing. It, however, is not a safety-related item in the tentative risk

model.

Long buried pipes are primarily subjected to relative displace-

ment induced strains rather than inertial effects. These strains are

induced primarily by seismic wave passage and by differential displace-

ment between a building attachment point (anchor point) and the ground

surrounding the buried pipe. The Standard Review Plan (Reference 5) and

the references contained therein provide good guidance for the analysis

of buried pipe; however, this guidance is incomplete and leaves room for

vastly differing interpretations. A considerable amount of work has been

performed in this area in the last several years to expand upon the refer-

ences given in Section 37.3 of the Standard Review Plan, which should be

considered in any re-evaluation of the reference plant service water

piping. Some of the problem areas deal with:

a. The type of earthquake induced waves which primarily cause

the relative displacement induced strains,

b. the effective wave propagation speed in the direction of

the axis of the buried structure, and

C. the impact of the seismic induced strains on the perfor-

mance capability of the buried structure.

Reference 4 provides recommendations for minimum requirements

for a safe design of long buried pipe. The requirements are primarily

based upon References 6 through 10 and are keyed to simple analysis

procedures which are considered adequate for a safe design. They are

not, however, intended to preclude more sophisticated finite element

analyses if warranted.
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7.3 GENERATION OF SPECTRA DIRECTLY FROM SPECTRA

Most subsystems are analyzed using the response spectrum tech-

nique. Floor spectra, applicable to the subsystem interface with the

building structure, are usually generated via a time-history analysis of

the building structure. In Chapter 5, methods for generating floor spec-

tra directly from ground spectra were discussed. This subject properly

falls within the SSMRP structural response project, but should also be

considered for application to complex subsystems where spectra within a

complex subsystem may be required for inclusion in a test specification

or for conducting response spectrum analysis of a component within a sub-

system. Examples of a complex subsystem where the approach might be used

are diesel generators and large instrument, control and relay racks.

Currently, the Standard Review Plan (Reference 5) states that:

"For the analysis of interior equipment, where the equipment analysis is

decoupled from the building, a compatible time-history is needed for com-

putation of the time-history response of each floor. The design floor

spectra for equipment are obtained from t4is time-history information."

Furthermore, it is standard practice to require that response spectra

obtained from this artificial time-history of motion should generally

envelope the design response spectra for all damping values to be used.

In addition, Section 37.2 of the Standard Review Plan encourages the use

of a time-history approach to generate floor spectra by stating: "In

general, development of the floor response spectra is acceptable if a

time-history approach is used. If a modal response spectra method of

analysis is used to develop the floor response spectra, the justification

for its conservatism and equivalency to that of a time-history method

must be demonstrated by representative examples."

Several problems exist in the use of time-history methods to

generate floor response spectra. For elastic analyses, these problems

can be eliminated by using some of the more modern modal response spectra
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techniques to directly generate floor spectra from the base input spectra

(Regulatory Guide 160) or to generate spectra within a subsystem directly

from the floor spectra.

A number of more recent algorithms have been developed to

directly compute the floor response spectra from ground response spectra

without time-history analysis (References 11 through 16).

The Singh approach (References 11 and 12) appears to produce

excellent, consistent, and repeatable results as compared to time-history

approaches. This method is based upon the assumption that earthquake

motions can be modeled as a homogeneous random process. The concept of a

spectrum-consistent power spectral density function has been used in the

development of this method. Figure 71 compares the 2 percent damped

floor spectra generated at one level in Dresden 2 using the Singh method

versus that obtained from an artificial time-history analysis. The arti-

ficial time-history used closely approximated the Regulatory Guide 160

response spectra at each natural frequency of the structure. It gener-

ated a response spectrum which tended to be mean centered on the Regula-

tory Guide 160 spectrum as opposed to enveloping the Regulatory Guide

1.60 spectra. Thus, no conservative bias was introduced by use of this

time-history. One can see the excellent agreement obtained between the

floor spectrum from the Singh method and this artificial time-history.

This figure is representative of the results obtained for many other

cases as well. The Singh method should be seriously considered as an

economic and acceptable artificial time-history method for generating

floor spectra. It eliminates artificial conservatism and large disper-

sion in the results and, as such, would tend to be more of a mean centered

approach for use in the SSMRP.

Another method which also deserves serious consideration is the

Fourier transform approach. Scanlan and Sachs (Reference 13) approxi-

mated the acceleration response of an oscillator as a series, the detailed
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form of each term in the series accounting for the starting transient

from quiescent initial conditions. The response transfer functions of

the structure and appendage are then used to compute the floor spectra.

Similar approaches have been used by others (References 14, 15, and 16)

to estimate the spectrum of an appendage-building system. All these

methods produced spectra that matched favorably with spectra generated by

the time-history analysis method.

All of these direct generation methods are based upon good

theoretical backgounds and are suitable for adaptation on computers.

Because these algorithms are efficient, parametric studies are economi-

cally feasible. These methods use the SRSS method for combination of

components and produce smooth, realistic spectra. These methods in con-

junction with parametric studies would reduce the uncertainties associated

with floor spectra generation.

Reference 4 contains further discussion on the uncertainties

involved in applying current regulatory guides to the generation of floor

spectra and suggests that direct generation of equal probability of

exceedance floor spectra is a more rational seismic design basis for sub-

system designs than deterministic floor spectra generated by the time-

histor method.

7.4 USE OF MULTIPLE RESPONSE SPECTRA

Piping system models are frequently very large due to the neces-

sity to extend the model to known boundary condition points (anchors).

The large models may be supported at several different elevations within

a building, each with a uniquely different floor spectra. Most service

bureau piping computer programs are incapable of conducting a response

spectrum analysis using more than one spectrum input which is applied to

all support locations for a given direction. The input spectrum must

then envelope all of the spectra specified for the different locations in

the structure. This can lead to very conservative response predictions
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which may result in design difficulties. In the case of the SSMRP,

reanalysis of subsystems should be median centered and not deliberately

biased to the conservative side. Consequently, for piping systems or

other components that are supported at significantly different elevations,

the seismic input should be representative of the actual support location.

In most time-history analysis programs, multiple accelerations

or force time-histories may be applied at various nodes. Time-history

analysis is, however, expensive and should be limited to those cases where

time-history results are necessary because of a requirement to consider

nonlinearities or to treat oth�r dynamic loading functions specified as a

time-history.

A response spectrum approach that can properly account for dif-

ferent spectral input at different support points is therefore recommended

as a realistic method to compute median centered responses for complex

subsystems subjected to multiple dynamic load inputs at the supports.

Methods and proprietary computer codes exist that can perform

multiple spectra response spectrum analyses. A procedure that has been

used at EDAC for piping analysis using a modified version of the SAPIV

code is described as follows.

A finite element model of the piping is constructed. Masses of

pipe elements and valves are directly input as distributed masses. Nodal

point masses are then computed internally and lumped at the appropriate

nodal points. A diagonal mass matrix is used with three dynamic degrees

of freedom at each nodal point. An eigenvalue extraction is first per-

formed to obtain natural frequencies and mode shapes. For dynamic load

cases where different spectra are specified at different supports, the

usual dynamic analysis procedure requires a complete modification of the

load vector in the equation of dynamic equilibrium as shown below:
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M + C + K U = M R Uq

where

M, C, and K = Mass, damping, and stiffness matrices of the
system

and U = Relative acceleration, velocity, and displacement
vectors

U = The ground acceleration vector, which may be
different at different supports

R = The matrix which takes into account the different
input motions at different supports

In the above formulation, the matrix R is obtained by applying

statically one support displacement at a time, and determining the cor-

responding system displacement vector, which constitutes one column of

the R matrix. Once the matrix R is determined, the responses due to

different support excitations can be computed by the standard response

spectrum analysis procedure contained in the program.

Comparisons of this method with the envelope spectra method have

been made for several systems, and significant differences in the results

have been observed. The SSMRP should, consequently, consider the use of

this method when piping systems are support at locations with signifi-

cantly different specified spectra.

7.5 COMPOSITE MODAL DAMPING

Frequently in the design process, subsystems that consist of

several types of structural elements are analyzed using a single damping

value for all elements in the model. This is realistic for many sub-

systems where the major portions of the structural members are similar in

material and construction. Cases arise, however, where a mixture of

structural elements with different damping characteristics are modeled.

Many computer programs will accept only one value of modal damping for

all elements in the structure. For design purposes, the minimum damping

value is chosen, resulting in conservative response calculations.
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Examples of this problem might be in analysis of a welded tank

supported on a bolted frame structure or analysis of large equipment such

as a steam generator where part of the concrete building structure may be

included in the model.

The SSMRP, in striving to conduct median centered response anal-

yses, should include the effects of different modal damping characteris-

tics in major structural elements of the models if there is a major dif-

ference in damping anticipated.

Several basic methods, developed originally for the treatment of

soil-structure interaction, can be applied to subsystems to account for

different damping characteristics of different elements in the subsystem

model. The Biggs approach employs a weighted strain energy technique.

Tsai's method employs a matching of exact response at certain points in

the structure against the modal response in order to compute modal damp-

ing values. In Roessets method, the composite damping ratios are com-

prised of two terms. One term accounts for energy assumed to dissipate

in viscous form while the second term accounts for hysteretic energy dis-

sipation. A brief discussion of each approach is presented in the follow-

ing paragraphs.

Biggs' Approach

This method (Reference 17) employs weighted averages based on

the elastic strain energy associated with each mode for the composite

structure components. In this method, the strain energy for each element

of the model is computed and the hysteretic damping associated with each

element is weighted based upon the strain energy of the element. The

weighted damping values are then combined to result in an average modal

damping value to be used in the analysis.

Tsai's Approach

Thismethod (Reference 18) employs matching of the normal mode

and exact solutions of the amplitude transfer functions for certain
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locations on the structure at all the natural frequencies simultaneously

to compute the modal damping ratios. The exact solution of the transfer

function for location i, denoted by Hi( can be analytically obtained
i W tby assuming a harmonic ground motion u(t) e . The amplitude of

Hi( w ) is then equated to the amplitude of the corresponding transfer

function, i(w), for the normal mode solution, at all significant

natural frequencies, to compute the modal damping ratios. The equation

Hi(A for k = 2 3 . .....

is solved using an iterative technique.

Roesset's Approach

In the procedure developed by Roesset, Whitman, and Dobry (Ref.

30) the composite damping ratios consist of a term for the viscous energy

dissipated and a separate term for hysteretic energy dissipation. The

composite damping ratio for the jth mode is

< CV + 1 < if-j> [C I (Q)j!
2

2

where [CV] and [CH] are the viscous and hysteretic damping matrices,

respectively, and is the mode shape for the ith mode.

The methods are applicable to time-history analyses using the

direct integration and mode superposition techniques.

7.6 USE OF INELASTIC RESPONSE SPECTRA

Structures and subsystems are capable of absorbing and dissi-

pating a considerable amount of energy when strained beyond their elastic
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limit, while an earthquake is capable of inputting only a limited amount

of energy into a structure. Unless corrected for inelastic response cap-

ability, a linear elastic response analysis is incapable of accounting

for the inelastic energy absorption capacity of a structure even when

response results are compared to ultimate strength capacities defined for

static loads. The energy absorption obtained from a linear elastic anal-

ysis carried up to the ultimate strength is usually only a fraction of

the total energy absorption capability of a structure.

A number of studies have demonstrated the reduction in required

strength permitted by accounting for a limited amount of inelastic energy

absorption capability and have made such a recommendation (References 19

through 23). In order to show the equivalence between the computed re-

sponse and the results of damage surveys conducted after major earth-

quakes, accounting for the inelastic energy absorption capability of

structures has been required. Otherwise, computed responses predict far

greater damage than actually observed. Ignoring even a limited amount of

inelastic energy absorption capability has a tendency to lead to overly

strong and stiff structural designs.

Studies (Reference 22) have shown that both the Blume Reserve

Energy Technique and the Newmark Inelastic Response Spectrum Technique

adequately predict the inelastic response of typical structures as com-

pared to inelastic time-history analyses, so long as the total inelastic

response is low. The Newmark Inelastic Response Spectrum Technique

(Reference 19, 20, 21 and 23) is preferred for design-analyses, particu-

larly for cases where peak seismic response must be combined with

responses from other concurrent loadings. In this approach, current

design criteria as to load factors, and allowable strengths can still be

maintained. The input design response spectrum is simply reduced to

account for inelastic energy absorption capability, and this reduced

design response spectrum is used in linear elastic analyses as currently

performed to obtain peak seismic responses or to generate floor spectra

for subsystem design. Displacements computed by means of the reduced

spectra must be multiplied by the ductility factor.
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Consideration of the energy absorption capability of the struc-

ture falls within the scope of the SSMRP structural response project;

however, the same concept may be applied to subsystems as part of the

subsystem response project.

The seismic input to structure supported subsystems is generally

defined in terms of floor spectra. Therefore, it is necessary to gener-

ate elastic floor spectra at various locations on the structure for use

as input to the subsystem seismic analysis. These elastic floor spectra

can then be modified to obtain inelastic subsystem floor spectra for sub-

system design based upon a subsystem ductility factor following the same

techniques used for generating the elastic floor spectra for inelastic

structural response.

Since the SSMRP will be striving for median centered response

predictions, it is important that the energy absorption characteristics

of structures and subsystems be considered in the study as-the consider-

ation of energy absorption can significantly alter the computed floor

spectra used for analysis of subsystems. The difference in computed floor

spectra depends upon the ductility assumed in the analysis. In the SSMRP,

if spectra are modified to account for energy absorption, the assumed

ductility must be compatible with the anticipated overall level of sub-

system response; i.e., different subsystems may respond at different mag-

nitudes of inelastic behavior at their individual fragility levels. It

may therefore be necessary to generate floor spectra for several levels

of ductility so that the correct spectrum can be selected for the antici-

pated subsystem fragility.

References 19 and 20 provide more detailed discussion of the

actual procedure and make some recommendations for allowable ductilities

to be considered in designs.

7.7 COMBINATIONS OF MODAL RESPONSES

Regulatory Guide 192 (Reference 24) requires that modal

responses be combined by SRSS except for closely spaced modes, in which

7-13



case responses must be combined by the absolute sum method. In Chapter

4, we discussed the variability of this method and based upon the results

of a study of a four mass system, concluded that SRSS combination of

modal responses was reasonably mean centered except for very low damping

(see Figure 43).

Section 37.2 of the Standard Review Plan (Reference 5) requires

that sufficient modes be included in a dynamic response analysis to insure

that inclusion of additional modes does not result in more than a 0%

increase in response. This is a valid requirement; however, the imple-

mentaion of this requirement may require the inclusion of modes with

natural frequencies in excess of 33 Hz in the response analysis. The

question arises as to how responses from such modes should be combined.

Nothing in the Standard Review Plan or the Regulatory Guides precludes

SRSS combination of such modes, and yet SRSS combination of such modes is

believed to be highly inaccurate and may be significantly unconservative.

The SRSS combination of modal responses is based on the premise

that peak modal responses are randomly time phased. This has been shown

to be an adequate premise throughout the majority of the frequency range

for earthquake type responses. However, at frequencies approximately

equal to or greater than the frequency at which the spectral acceleration,

Saq roughly returns to the peak zero period acceleration, ZPA, and

greater, this is not valid. At these high frequencies, the seismic input

motion does not contain significant energy content and the structure

simply responds to the inertial forces from the peak ZPA in a pseudo-

static fashion. The phasing of the maximum response from modes at these

high frequencies (roughly 33 Hz and greater for the Regulatory Guide 160

response spectra) will be esse'ntially deterministic and in accordance

with this pseudo-static response to the peak ZPA. Reference 4 presents

some examples to demonstrate the inaccuracies that could occur with SRSS

combination of high frequency modal responses.

An efficient and practical solution to inclusion of the combina-

tion of high frequency modes is available. In this method, only the
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modal responses for those modes with natural frequencies less than that

at which the spectral acceleration returns to the ZPA are calculated.

The fraction of the degree-of-freedom (DOF) mass (participating mass) is

then determined for each degree of freedom included in this dynamic anal-

ysis and is summed. The fraction of the DOF mass not included in the

summation is then multiplied by the zero period acceleration and added to

the SRSS summation of the modal responses.

This procedure is easy because it requires the computation of

individual modal responses only for the lower frequency modes (below 33

Hz for the Regulatory Guide 160 response spectra). Thus, the more diffi-

cult, higher frequency modes do not have to be determined. The procedure

is accurate because it assures inclusion of all modes of the structural

model and proper representation of DOF masses. It is not susceptible to

inaccuracies due to an improperly low cutoff in the number of modes

included.

Consideration should be given to adopting the above method for

conducting median centered subsystem response analyses.

Another practice used in design analysis, which appears to have

no theoretical or practical basis other than in the interest of design

conservatism, is the Regulatory Guide 192 requirement that modal

responses of closely spaced modes be combined by absolute sum.

Potential problems in the use of SRSS combination of responses

for closely spaced modes was first identified in Reference 25 in which

what has become called the "Double-Sum" method or essentially an equiva-

lent method provides more accurate results for peak combined response

than does the pure SRSS method in the case of closely spaced modes. How-

ever, this "Double-Sum" modification of the pure SRSS method only results

in minor improvement in the vast majority of cases shown.

The methods in Regulatory Guide 192 for response combination of

closely spaced modes represent a deviation from the Double Sum method in
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which absolute signs are used for individual modal responses in lieu of

algebraic signs. The studies presented in Reference 27 show that this

use of absolute signs introduces considerable conservative bias to the

peak combined response with closely spaced modes. With the introduction

of absolute signs, the results are considerably less accurate than those

obtained from the pure SRSS method in which the natural reinforcement

from closely spaced modes is ignored.

In the SSMRP, median centered analysis should not include analyt-

ical methods that tend to be biased, and, as such, the regulatory require-

ments for absolute summation of modal responses for closely spaced modes

should not be followed.

From a practical standpoint, the need for special procedures for

modal response combination for closely spaced modes is questionable. The

improvement in results over the pure usage of the SRSS method is minor

and does not appear to justify the added complexity. However, if closely

spaced modes must receive special treatment, then one should use relative

algebraic signs for individual modal response and not absolute signs in

the Double Sum method as required by the original theory. Requiring the

use of absolute signs introduces unnecessary conservatism and will bias

the subsystem response calculations.

7.8 COUPLING EFFECTS OF INTERFACING STRUCTURES

The most prevalent method for performing analyses of structures

and light supported equipment when the structure is subjected to dynamic

input is to perform independent uncoupled dynamic analyses of the struc-

ture and of the supported equipment. In this approach, a detailed struc-

tural model is developed (often this model includes the mass content of

the supported equipment, but does not incorporate the frequency or stiff-

ness characteristics of the supported equipment), and a dynamic analysis

of the structure subjected to the dynamic input is performed. Using this

uncoupled model, the response time-history at the attachment point of the

supported equipment is obtained. Then, this response time-history (or
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else the corresponding floor spectra obtained from this response time-

history) is used in conjunction with an uncoupled dynamic model of the

equipment in order to calculate equipment response. This approach is

known as an uncoupled analysis because the dynamic model of the structure

and the equipment are never directly coupled and no dynamic feedback from

the subsystem to the primary system occurs.

It has been recognized that uncoupled analyses can significantly

overestimate the response of the supported equipment in some cases (Refer-

ences 27 and 28). The response time-history at the equipment attachment

point obtained from an uncoupled structure analysis will contain harmonic

oscillatory response at each of the uncoupled structure modes excited by

the input time-history. Thus, the floor spectra from this time-history

will show substantial amplified spectral acceleration at each of the

important uncoupled structure modes. If the uncoupled equipment model

has any important equipment modes with frequencies in the vicinity of any

of the frequencies of these important uncoupled structure modes, then

this uncoupled response time-history (or corresponding floor spectra),

when applied as input to the uncoupled equipment model, will excite a

substantial amplified response of the equipment. However, in reality,

when any uncoupled structure natural frequencies and any uncoupled equip-

ment natural frequencies are nearly the same, the supported equipment

will modify and suppress to some extent the response of the structure at

that frequency in the vicinity of the equipment attachment point. Thus,

in this case, the structure response time-history input will not be the

same as that obtained from an uncoupled structure analysis, but will be

partially suppressed at eac-h of the important equipment natural frequen-

cies that correspond to a structure natural frequency. In this case, the

equipment response will be reduced.

This effect on reducing equipment response is often very impor-

tant in those cases where uncoupled structure and uncoupled equipment

natural frequencies are similar. In fact, uncoupled analysis may result

in substantial overestimation of equipment response whenever uncoupled

7-17



frequencies are similar and the ratio of effective modal mass, associated

with the attachment point for the equipment and for the structure, is

greater than about 0.1 percent. Thus, if the effective equipment modal

weight is 1000 pounds, this effect is important if the effective modal

weight of the structure at the equipment attachment point for a corre-

sponding structure mode is less than about I x 106 pounds. Actually,

the effective modal weight of the structure is often much less than the

total structure weight. This is particularly true for the higher modes.

Thus, if the uncoupled response floor spectra show significant amplified

response at higher mode frequencies, equipment coupling is particularly

effective in reducing these responses.

Chapter discusses the effects of coupling on the calculation

of frequencies and responses. Guidelines are presented for decoupling

which are dependent upon the mass and uncoupled frequency ratios.

For major equipment items, overestimation of equipment response

is most easily corrected by performing a coupled analysis in which a

single dynamic model of both the structure and equipment is used. In

this way, the coupling effects between the structure and equipment are

automatically included. However, a coupled analysis is not practical for

every item of equipment or for the majority of the piping loops. For

these cases, the only practical option has been to perform uncoupled

analyses, even where such analyses may be overconservative.

Techniques exist, however, to account for the coupling effects

using the dynamic characteristics of the two uncoupled systems. For

instance, a computer program (Reference 29) has been developed to enable

coupling effects to be incorporated into the results of the uncoupled

structures and equipment analyses. The procedure is as follows:

1. Perform uncoupled structure response analysis using

standard uncoupled analysis techniques.

2. Determine modal response characteristics of the uncoupled

structure model subjected to an applied force at the

equipment attachment point.
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3. Determine the modal response characteristics of the

uncoupled equipment model subjected to base acceleration.

4. Input into the coupling program the uncoupled structure

response time-history at the equipment attachment point.

5. Use the coupled response time-history at the equipment

attachment point (or corresponding floor response spectra)

as input to an uncoupled equipment analysis. The resultant

equipment response includes the effect of coupling between

the structure and equipment.

The theory for this procedure is contained in Reference 29 and

is mathematically rigorous. The procedure enables the effects of struc-

ture and equipment coupling to be incorporated for equipment and piping

in those many cases in which it is not practical to perform a single

coupled analysis. The overall cost of this procedure is not significantly

greater than the standard method of performing two uncoupled analyses.

Certain outputs of the uncoupled analyses are, however, required that are

not usually saved in most instances and the dynamics programs used for

uncoupled analyses require slight modifications to retrieve the desired

modal response characteristics information for use in the coupling pro-

gram.

The above method of accounting for coupling effects between

structures and equipment may be useful in the SSMRP, as the objective

will be to remove conservatism in calculating subsystem response. If, in

performing subsystem analyses, it appears that consideration of coupling

could be beneficial in reducing response, then the above method may be a

cost-effective means to account for coupling.
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8. NdNLINEAR BEHAVIOR OF SUBSYSTEMS

Most subsystems have, to a certain degree, nonlinear response

characteristics, especially when a safe shutdown or greater level of

earthquake is being considered. In addressing nonlineararities in sub-

systems, the behavior of passive versus active components must be con-

sidered. The fragility of passive components is generally governed by

the component's ability to deform inelastically; thus, a great deal of

nonlinear behavior may be present near the fragility level. On the other

hand, active components may respond almost completely elastically right

up to the point of inoperability. If nonlinear behavior of subsystems is

to be considered, care must be taken to separate the degree of nonlinear-

ity that may be present between active and passive components.

Nonlinear response of subsystems is not commonly considered in

the design process unless linear elastic stress limits cannot be met.

For the SSE event, the designer may then opt to use one of the inelastic

load or stress limits in Appendix F of the ASME Code (Reference 1). How-

ever, the response to the OBE must always be held to elastic limits, and

nonlinear material behavior may not be considered in the response anal-

ysis, although nonlinearities due to gaps, etc. may be included. When

components are qualified for seismic service by testing, the RRS is

always based on linear response of the component. This is appropriate as

there is no rational way of accounting for any nonlinearity in the com-

ponent response without first performing extensive analytical studies on

exploratory testing.

In the SSMRP, the principal objective in conducting subsystem

response analyses will be to predict mean or median centered response of

subsystems. It is consequently essential to include the effects of non-

linearities where practical and where necessary. There are two types
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of nonlinearities to be considered which may be'handled in different

manners to achieve the end goal of predicting realistic response to a

seismic event. Material response nonlinearities (inelastic energy absorp-

tion) and nonlinearities due to gaps, sliding surfaces and local yielding

of supports can be adequately treated using methods considerably less com-

plex and expensive than direct integration elastic-plastic time-history

analysis.

In Chapter 7 the consideration of structural inelastic energy

absorption was discussed and a method of modifying response spectra to

account for this inelastic energy absorption was suggested. It was also

suggested that elastic floor spectra that have been generated considering

inelastic structural response could be further modified to account for

inelastic subsystem response. For subsystems that are passive and whose

fragility is determined by their inelastic deformation capacity, the

inelastic spectra approach described in Chapter 7 is recommended as a

realistic means of accounting for the effect of inelastic energy absorp-

tion on subsystem response. This method would be applicable to piping,

vessels, cable trays, ducting and structural parts of racks, panels, etc.,

which support other equipment. For active subsystems and components

whose fragility is based on functional capability, it is much more diffi-

cult to generically treat nonlinear material response, as failure to func-

tion may occur while the subsystem is responding in a linear manner.

Unless it can be clearly shown that part of the subsystem response is sub-

stantially nonlinear prior to reaching its functional fragility level, it

is recommended that active subsystems and components be evaluated using

linear respons-e methods. This does not, however, preclude the considera-

tion of inelastic building response when generating floor spectra to be

applied to subsystems.

The treatment of gaps and other local nonlinearities is not

readily handled by the modification of response spectra. There are, how-

ever, analysis methods that have been successfully applied to local non-
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linearities that are accurate and much more cost effective than general

purpose nonlinear dynamic analysis approaches. There is also an inten-

sive ongoing industry effort to assess the effects of gaps and other non-

linear behavior in pipe supports.

The treatment of gaps is especially important in determining the

seismic response of Westinghouse PWR primary coolant pumps and steam gen-

erators. These major components are supported vertically on columns and

are allowed some lateral movement to compensate for thermal growth of

piping. Stops are placed in the hot and cold position such that this

lateral support contains a gap, the direction of the gap depending upon

the operating temperature of the primary coolant system. Small gaps may

also occur in piping supports or equipment supports such as battery racks

and cable tray supports. Until recently, most of the available work on

nonlinear response has been concentrated on structural behavior, includ-

ing inelastic energy absorption and base slab uplift (References 2 3,

and 4, or has been concentrated on specific mechanical problems with the

support of fuel pins. A recent interest has emerged on the nonlinear

behavior of pipe supports and the effect on piping response (References

5-14). Several conclusions have been drawn from these studies; however,

the conclusions are not always consistent. In general, the effect of

gaps is significant, but in the case of piping systems, treatment of the

piping supports as linear elastic members has tended to be on the conser-

vative side.

Some examples of the effect of gaps and local nonlinearities in

both structural and equipment response are presented to portray the mag-

nitude of effect in the response that might be expected by inclusion of

local nonlinearities in the response analyses.

8.1 EFFECT OF NONLINEARITIES IN STRUCTURAL RESPONSE

Reference 2 compares results of linear and nonlinear analyses

conducted on a HTGR reactor containment building. The nonlinear analyses
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considered the effect of geometric nonlinearity due to base slab uplift.

Figure 8-1 compares the accelerations at different levels of the contain-

ment building and the Prestressed Concrete Reactor Vessel, PCRV, for three

different sites of varying soil condition using linear and nonlinear anal-

yses. Figure 82 compares the calculated response spectrum at the top of

the PCRV for a hard rock site (Site A) using linear and nonlinear anal-

yses. The peak of the response spectrum is shown to reduce without much

shift in frequency. However, the high frequency response range is in-

creased. Figure 83 compares the response spectra at the same locations

for a soft soil condition. In this case, a quite significant increase in

response is observed at just under 10 Hz where the linear analysis indi-

cated the most significant response spectrum peak to be at about 2 Hz.

Two extreme cases are presented which show both a decrease and an increase

in various portions of the floor spectra depending upon the boundary con-

ditions, which, in this case, significantly effect the amountof nonlin-

earity.

Reference 3 presents results of both linear and nonlinear

analyses conducted for a small test reactor building. Both base slab

uplift and sliding nonlinearities were considered in the nonlinear

analysis. Figure 84 compares the floor spectra computed for the top

floor of the building from the linear and nonlinear models. In this

case, the peaks of the spectra are significantly reduced, but there is

very little frequency shift due to the nonlinearities. Both of these

cases are more pertinent to the structural response project, but they do

demonstrate the effects of local nonlinearities on calculated response.

In both of these cases, the peak responses were at relatively

low frequencies. Small nonlinearities are expected to have a more signi-

ficant influence on higher frequency response such as may be present in

mechanical subsystems.

Reference 4 discusses the problem of response in a containment

structure due to aircraft impact loading. Studies of this problem show
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that if local nonlinearities at the point of impact are included in the

dynamic model, the floor response spectra are reduced by about 30% to 50%

and the frequencies at which the peaks occur are shifted to a lower range

by about 10% or more. Forces in the containment structure were also

found to be reduced by about 50%. Local nonlinearities in equipment

supports are expected to have similar effects.

The effects of nonlinear pipe supports on dynamic response of

piping systems was the subject of several special sessions at the ASME

Third National Congress on Pressure Vessels and Piping held in San

Francisco, June 25-29, 1979. Several interesting studies were documented

that may be useful in approximating the effect of nonlinearities in pipe

supports. A summary of pertinent papers from the conference is presented

with qualified conclusions from each presentation.

8.2 EFFECTS OF SUPPORT STIFFNESS ON DYNAMIC RESPONSE

OF PIPING SYSTEMS

Reference describes the load-deflection characteristics of two

types of one particular brand of mechanical snubber. Characteristics of

locking and nonlocking mechanical snubbers were presented. Each type has

a lost motion (gap) and a tensile and compressive load-displacement rela-

tionship. Figure 8-5 is a typical load-displacement diagram for a locking

type mechanical snubber. The nonlocking types allow a constant acceler-

ation which is independent of load. Thus, the load-deflection relation-

ship, after taking up lost motion, is not linear, and a hysteresis loop

would result from repeated reversal of loading (see Figure 86).

Hydraulic snubber characteristics are discussed in Reference 7.

Hydraulic snubbers have a lost motion followed by a nonlinear load-

deflection response. The nonlinearity is due to the bleed rate. Figure

8-7 shows a typical load-deflection relationship for a hydraulic snubber.

Typically, the analyst uses an effective spring rate to model the snubber

load-deflection characteristics. This is an approximation which varies
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in degree of applicability depending upon the magnitude of the snubber

load. Figure 8-8 from Reference 9 displays various effective stiffnesses,

K, depending upon the magnitude of load on the snubber.

The spring rate of a seismic support is made up of several com-

ponents including the pipe wall flexibility, clamp flexibility, snubber

load-deflection characteristics, snubber extension strut flexibility and

the flexibility of miscellaneous steel between the seismic support and

the main structure. Typically, piping has been designed assuming that

seismic supports were rigid. Several studies have shown that this can be

unconservative in that the support flexibility can significantly alter

the predominant frequencies of the piping system such that response is

significantly altered. In some cases, though, the effect of support

flexibility can decrease response by tuning out a resonant condition.

References 6 and 7 contain studies conducted on simply supported and

fixed end beams with a spring support in the center of the span. Refer-

ence 6 concludes that the support stiffness to beam bending stiffness

ratio should be greater than 35 to maintain the resulting fundamental

frequency within 10% of the frequency for a rigid support case. Reference

7 concluded that if the support to pipe span stiffness ratio was greater

than 20, no significnat improvement could be made by a further increase

in stiffness. These studies provide a guideline as to whether the support

stiffness is important in the subsystem model. Stiffness alone, though,

is not the only consideration in including the effects of supports in

subsystem analysis.

In Referenut 8, the effect of support stiffness on snubber and

pipe response is discussed. Two primary coolant system loops of a

breeder reactor system are studied for the effects of variable support

stiffness. The support stiffness is determined from a 3 spring series

which includes the pipe/clamp stiffness, snubber effective stiffness and

the stiffness of auxiliary steel. In the case of breeder reactor piping,

the pipe walls are thin and local flexibility of the piping is important
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to the determination of the clamp/pipe stiffness. The static load-

deflection curve for the clamp/pipe assembly is nonlinear as determined

by est and is modelled as an equivalent linear spring. Likewise, the

mechanical snubber load-deflection relationship is modelled as an equiva-

lent linear spring.

The results of the study show the sensitivity of calculated

elbow stress response to support stiffness. In one system, an optimum

support stiffness exists (Figure 89), whereas for the other system,

increasing the support stiffness beyond a threshold does not change the

stress in the critically stressed elbow (Figure 8-10). This study indi-

cates that conclusions regarding support stiffness drawn from single span

beam models, may not be always valid for complex piping systems. In

Reference 10, a study is conducted on a simple piping system attached to

a flexible vertical tank. Stiffness of one of the five supports is

varied to determine the effect on support reaction, pipe anchor moments

and tank nozzle moments. The ratio of support/pipe stiffness varies from

zero to 16.75. A rigid support case is also conducted. At a support to

pipe stiffness ratio of 16.75, all responses are nearly identical to the

rigid support case. This supports the conclusion in Reference 7 which

concluded that for a simple beam supported at the center, no significant

improvement could be made by an increase in stiffness. The particular

problem analyzed was unique in that a significant piping frequency was in

resonance with the flexible tank to which it was attached.

Reference 13 discusses the effect of snubber extension struts on

the stiffness and stability of the seismic support system. It is impor-

tant to note that a dynamic instability can occur when the snubber-strut

lateral bending frequency is equal to one-half of the input forcing fre-

quency. Thus, a snubber-extension strut combination that is statically

stable may not provide the intended support under dynamic loading condi-

tions. The snubber-strut bending frequency reduces as the applied axial

load increases, going to zero as the critical elastic buckling load is

reached. An approximate formula for the natural frequency under axial

load is given by:
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2 P

Pcr

where

w is the frequency under axial load P, w0 is the frequency of the

unloaded strut and Pcr is the critical axial buckling load. A compar-

ison was made of the simple formula to computerized solutions using the

BOSOR 4 computer code, and good agreement was shown. The lateral fre-

quency of the snubber-strut is reduced to about 58% of the unloaded

lateral frequency when the axial load is equal to the maximum ASME code

allowable load value of 23 Pcr'

This study is important to the SSMRP Subsystem Response project.

Before conducting any new analyses, the dynamic stability of extension

struts should be checked to be sure that they will function properly under

seismic loading. If conditions are found where a snubber-strut combina-

tion may be dynamically unstable, the analysis should reflect the nonlin-

ear load-deflection characteristics under dynamic load.

In summary, the effect of support stiffness has been shown to

have a significant effect on computed piping response. From the few

studies reviewed the range of response was significant. An average vari-

ability for the cases studied can be expressed as having a coefficient of

variation of 025 if rigid supports are assumed. If the support stiff-

nesses are reasonably well known, and included in the model, the COV could

be reduced significantly. The value will, however, depend upon the slope

of a curve of stress response vs restraint stiffness. In some stiffness

ranges there is little change in response stress for a significant change

in stiffness while for other stiffness ranges the response is very sensi-

tive to support stiffness.
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Recall that in Section 42.2 the effect of modelling accuracy or

modal response was discussed, and included an assessment in the vari-

ability associated with errors in calculating frequency. It was shown

that the variability depended very heavily upon the shape of the appli-

cable response spectrum and the predominant equipment frequency. The

effect of support stiffness is directly related to the variability due to

error in computing frequency since support stiffness effects system fre-

quency. In the sample problem presented in Section 42.2.3 the COV due

to frequency error was only 003 because the median frequency was on a

flat portion of the response spectrum curve. For other portions of the

spectrum the variability could have been much more significant. If the

analyst does a good job of modelling pipe support stiffness, the varia-

bility in response due to modelling error can be expected to range from a

COV of zero to a COV of about 0.1.

8.3 EFFECT OF GAPS ON DYNAMIC RESPONSE OF PIPING SYSTEMS

Several studies on the effect of gaps in pipe supports have been

documented. Gaps are not singular conditions in that stiffness, impact

damping, etc., are always present in a situation where gaps exist. The

following discussion pertains to the effect of gaps exclusive of other

considerations (rigid boundaries) as well as gaps in combination with

other support parameters.

In Reference 7 a study is documented for a fixed-pinned beam

with a center support containing a gap and for base excitation seismic

loading. Figure 8-11 shows the results of this simple study. The solid

lines indicate the response for a rigid boundary at each side of the gap

and the dotted lines represent the response for a case where the snubber

stiffness, after closing the gap, was five times the pipe span stiffness.

Stress at the fixed end of the beam, snubber reaction load and snubber

displacement are plotted as a function of initial gap, 6G, versus free

displacement of the beam under dynamic load, 6F' It can be seen from

the figure that small gaps have moderate influence on response while large
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gaps have a significant influence. Different fundamental frequencies of

the beam system would likely result in different response characteristics,

however, the trend is expected to be similar.

Reference 9 reports on analyses and tests conducted on a canti-

lever beam with a snubber located at approximately 34 of the length, a

sinusoidal forcing function applied at a point about 84% of the beam

length and a concentrated mass on the end of the beam (see Figure 812).

The analyses were both linear and nonlinear. The effects of snubber gaps

and damping were included in the nonlinear analysis.

In the linear analysis, an effective spring rate was used (see

Figure 8-8) which changed with load. In the nonlinear analysis, the

effect of snubber gap, snubber stiffness and damping were considered.

Results of the analyses and the tests were compared. Linear analysis

using an equivalent snubber stiffness underpredicted the snubber load,

whereas nonlinear analysis tended to slightly overpredict the measured

snubber load.

The authors concluded that snubbers cannot be characterized as

linear elastic springs at small displacements. However, they did con-

clude that a linear elastic model is adequate for high amplitude displace-

ments. This conclusion is important when one considers seismic levels

above the SSE in the risk study.

Reference 14 reports on the effects of nonlinearities in piping

supports on the response to eismic excitation. The models used in the

study included two nonlinear spring mass models, a three-span piping

model and a 16-inch diameter Fast Flux Test Facility primary coolant

system piping model. Figures 813 through 816 show the models used in

the study. Note that in the computer program used (ANSYS) that base

motion acceleration time-history cannot be input. Consequently, a ground

mass is added at each support and a force-time-history is applied to the

ground mass.
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For the simple model shown in Figure 813, the system frequency

was varied from to 30 Hz and the gap varied from to I inch. Figure

8-17 shows the resulting responses to the earthquake time-history con-

sidering the system to be 2 damped. Impact damping of 20% of critical

was then added to the model and the results shown in Figure 18 show a

marked attenuation at the peak response. The 20% of critical impact

damping was calculated based upon the coefficient of restitution deter-

mined from fuel assembly impact tests. The relationship between coeffi-

cient of restitution, CR, and impact damping, 6 can be expressed as:

CR = exp (_ 261 _ 2

This study shows that consideration of impact damping can significantly

alter the calculated response. The particular value of impact damping

used in the study was not verified by test and such a high value may not

actually be present in a piping snubber assembly.

The model shown in Figure 814 is a simulation of a combined

civil structure, snubber and piping stiffness. The civil structure

spring was varied so that the system was tuned to natural frequencies of

2.5, 5.0 and 90 Hz. Snubber stiffness and damping were varied. The

gap, as measured by test, was 030 inches.

Results of the analyses indicated that for the 25 Hz model, the

Maximum snubber load was only about 13 of the load calculated using lin-

ear spectra methods without a gap and considering damping at 2 of criti-

cal. The peak of the spectrum associated with the seismic input time-

history was at 25 Hz. This case shows that consideration of a gap for

a simple system in resonance greatly reduces the response. For the Hz

system, the nonlinear case snubber load was about 85% of the linear case,

while for the 9 Hz system, the nonlinear case snubber load was about 15%

higher than the linear case snubber load. This is likely due to impact

load magnification.
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This study shows that a gap has a much more pronounced effect on

a dynamic system with a natural frequency in resonance with the predom-

inant forcing frequency. The authors suggest that effective damping for

the support is very much greater than for the pipe system.

The study conducted on the three span piping model (Figure 15)

was intended to assess the effects of snubber gaps and impact damping on

a system wide basis. A 0120 inch gap was assumed and three pipe diame-

ters were used in the study. Two conclusions were reached from the study:

(1) the effect of impact damping is most pronounced with the piping sys-

tem supported such that its predominant frequency coincides with the peak

seismic spectra frequency, and 2 the-gap effect on load magnification

is of importance only in association with very stiff support structures.

The best study was conducted on an FFTF piping loop (Figure

8-16). The nineteen seismic supports were assumed to have a 0120 gap

and impact damping was assumed to be 20% of critical for the nonlinear

analysis. The linear response spectrum analysis was conducted with 2%

damping. Snubber loads from the two analyses are compared in Table 8-1.

In all but two locations, the linear analysis loads exceed the nonlinear

analysis loads. The ratio of linear analysis loads to nonlinear analysis

loads ranges from 229 to 63. Note, however, that the maximum snubber

loads are reduced considerably, while the only increase in loads, due to

consideration of nonlinearities, is for lightly loaded snubbers. Stress

response in the piping system was not reported but it is anticipated that

stress reduction would be analogous to snubber load reduction.

One cannot draw any specific conclusions regarding the factor of

conservatism and its variability based on the few cases conducted.

Important points brought out in the study are:

1. The effect of gaps is most significant when the system

natural frequency is close to the frequency associated with

the peak of the spectral acceleration.
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2. Impact damping is an important consideration if nonlinear-

ities are to be considered in a response analysis.

3. The effect of gaps appears to be negligible on the

reduction of response frequency for seismic loading.

4. The linear response spectrum method assuming a linear

support system appears to be more conservative than the

nonlinear time-domain method that accounts for local

nonlinearities.

8.4 ENERGY ABSORPTION DUE TO LOCAL YIELDING

In Reference 11, the concept of using energy absorption devices

for seismic restraints is explored. A simple 5-leg piping system with up

to seven seismic restraints was used in the study. The seismic restraints

have an elastic-perfectly plastic force-deformation relationship as shown

in Figure 819. Restraint strengths of 07 and 03 times the peak elasti-

cally calculated support load were used in the study.

The study showed that for overrestrained systems (the configur-

ation with seven restraints), inclusion of inelastic behavior of re-

straints increased pipe stresses. Figure 820 shows this effect. How-

ever, the overrestrained condition also results in very low stress re-

sponse and the consequential increase in pipe stress is not really a

serious problem. For moderately restrained piping systems, the nonlin-

earity of the restraint system results in decreased pipe stresses. This

is shown in Figure 821.

The study is really related to new designs incorporating special

energy absorbing supports. However, in the SSMRP, the responses at very

high level earthquakes will be required. At high levels of seismic

motion, there may be some nonlinear behavior in component supports that

should be considered.
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8.5 FRICTION

The effect of breakaway and dynamic friction in supports was

studied in Reference 7 A single-degree-of-freedom model was used in the

study. It was concluded that friction effects were insignificant to the

response to four different earthquake time-histories until the friction

force exceeded 40% of the peak applied force.

8.6 SNUBBER CHARACTERISTICS

Reference 7 reports on studies conducted considering the accel-

eration threshold parameters, ATP, of mechanical snubbers and the viscous

parameters of hydraulic snubbers. Single-degree-of-freedom models are

used in the study. Some interesting results were obtained from the

studies.

For the ATP study of mechanical snubbers subjected to both sin-

usoidal and earthquake time-history input, it was shown that the peak

response can be greater than if the system were unrestrained. Figure

8-22 shows the maximum response as a function of ATP for a 6 Hz and a 12

Hz system subjected to the El Centro earthquake time-history. The 2 Hz

system response with ATP above a certain level is shown to exceed the

unrestrained response by about a factor of 2 at one point. Similar

results were obtained from the harmonic input loading.

Hydraulic snubber parameters include lock velocity and bleed

rate. Studies on single-degree-of-freedom models were made in conjunc-

tion with varying lock velocity and bleed rate. Loading functions were

both harmonic an-d se-ismic input loading. Resttt-s of the studies showed

that similar trends result for harmonic and seismic motion input.

Response to seismic input appears to be less sensitive to snubber

parameters than indicated for harmonic input.

Figure 823 is a plot of response versus lock velocity for a 6

Hz snubber system and a single bleed rate that is subjected to four
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strong motion earthquake time-histories. It can be seen from the plot

that the response is relatively insensitive to the earthquake time-

history but very sensitive to lock velocities above a certain threshold.

It is evident from the above examples that inclusion of local

nonlinearities in dynamic models is important if realistic response pre-

dictions are to be made in the SSMRP. The cost of such analyses have,

however, precluded their application for most subsystems and the sub-

system designer has merely been forced to design for the higher elastic

floor spectra.

8.7 CONCLUSIONS

The studies of piping systems with nonlinear supports did not

disclose any specific adjustment factors to convert responses from linear

piping analyses to nonlinear responses. Analytical and experimental

studies are continuing (References 7 and 12). Reference 7 suggests that

results from simple linear and nonlinear snubber models can be used to

predict nonlinear response of more complex systems from linear response

analysis results and one example is cited. Discussions with the author

of Reference 7 indicate that continued studies are reinforcing this con-

clusion (Reference 15). This is an extremely important disclosure since,

if applicable to the SSMRP, the adjustment factors to linear analyses can

be derived knowing the characteristics of the snubbers used in the refer-

ence plant. The approximate variability of these adjustment factors may

also be#determined from the studies conducted to date.

It is therefore suggested that the SSMRP consider the effects of

nonlinearities on subsystem response by deriving adjustment factors based

upon simple nonlinear models of equipment supports. Some spot checking

should be conducted with more detailed nonlinear analyses.

Such nonlinear dynamic analyses for local nonlinearities can be

performed for little more than linear time-history analyses using a force

correction concept and the modal superposition method of time-history
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analysis. Basically, the method consists of treating the effects of

structural nonlinearities as pseudo loads applied to the load vectors.

Although the solution of the eigenvalue problem uncouples the left hand

side of the equations of motion, the right hand side may remain coupled

as a result of the pseudo load application. The equations may be inte-

grated over the time interval once the modal load vector is obtained.

Thus, the analysis can be converted into an equivalent linear analysis

(for which modal analysis is applicable) to which nonlinear correction

forces are applied at each time step.

Usage of this method has many advantages for cases with only a

few localized nonlinearities. First of all, the computational time to

perform nonlinear time-history analysis for a very localized nonlinearity

is only negligibly longer than the time required for linear analysis.

Also, an "exact" time-history integration routine can be used for the

time step analyses of each mode since the modal frequency is known.

Usage of an "exact" integration routine eliminates problems of numerical

stability and the possible introduction of artificial damping. This

enables greater accuracy to be obtained while marching the analysis at

relatively long time step increments.

Figure 824 from Reference 2 compares floor spectra generated at

the top of the PCRV in the HTGR containment and PCRV analysis discussed

previously, by using the correction force method and by using direct

integration of the coupled equations of motion. As indicated, good

agreement is observed except for small differences in some of the peak

spectral accelerations. This small difference is primarily due to the

difference in the treatment of damping in the two analyses.

Although the previous example cited was primarily a structural

application, the method is equally applicable to subsystems. The nonlin-

ear analysis of steam generators with seismic stops (gaps) has been con-

ducted (Reference 16), and in Reference 7 a three-dimensional reactor
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coolant loop piping system was analyzed for a pulsive nodal force time-

history and for three-dimensional base excitation. The computer cost

ratio between direct integration and the force correction method was

about 14, and 18, respectively, for the two piping analyses.

The general purpose computer program MODSAP (Reference 16), has

incorporated this correction force concept and is available in the public

domain. In instances where local nonlinearities are considered to be

present and deemed important to the computation of mean centered response,

the MODSAP program could be efficiently used to determine realistic

response of structures and subsystems.

The above recommendations for considering structural and sub-

system inelastic energy absorption and local nonlinearities in subsystems

should cover most of the nonlinear situations that may be encountered in

the SSMRP. Direct integration nonlinear analyses can always be conducted

for special situations where the above methods may not be considered

applicable. Such detailed and costly analyses should, however, be

required only very infrequently.
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TABLE 8-1

COMPARISON OF LINEAR SPECTRA AND NONLINEAR ANALYSIS

FFTF PIPING SYSTEM SNUBBER LOADS

SEISMIC SNUBBER LOADS -, LBF*

SUPPORT LINEAR NONLINEAR

NO. SPECTRA ANALYSIS

1 - x 5047 4140

1 - Y 3289 1423

2 - Z 5071 3152

3 - X 2552 1315

3 - Y 2391 1776

4 - X 4422 4376

4 - Y 1327 486

5 - Y 1819 2876

5 - Z 5866 5514

5A - Y 2092 2708

5A - Z 5826 5273

6 - Z 10817 4716

7 - x 9369 8536

7 - Y 4862 3760

7A - X 9835 8994

7A - Y 6086 4021

9 - x 3670 2238

9 - z 4227 3516

10 - z 6888 3418

*1.0 LBF = 4448 N.

8-21



0 3

>
0 Cd

u
u LL.

CD

(n LLJ

CD
CL
V)
LLJ
Of

C)

ce _
F- ry
V) LLJ

> -j
ai = LLJ
u ccc C-)LLI L.)

6-4
go

2� CL
C) (--)
=

C)
Z:
C:r

u
a. C-D

cot 2f
LLJ

U-

>
Q� C) Lu
u V) M:
D4 1-4 :2:

CD C)
C.I

CQ C�

LLJ

C.D

ID 0 LL-

8-22



CD z 70 6 L S; 0 C z 9 CD
0 __r--4

cn- -a)
M_
r-
W_ CD --ED

C\j
U-) - CD

C�

C-13 --m

LO

CE: C)
CD

U-1CD CD
-- :L- V)

CO 
m
r- uj

in
C)

Ln -
U) re
u

u
LUCd a-

0
z U-1

14 V)
C)

C14 - CD (I.V)
LU

rill 0�
LLJ LU

CD CD
cn _cn
m --CD

(D -CD ui

C)

C�;rn -co Ico
uj

CD
I

U_

'CD CD

lo 6 L S Oo L 9

�)-GiINn NIiH�1_1133H iin-logqu oonisci
8-23



CZ t C so I 9 s C)CD 6. 91

CD
C"i

U')- C)

V_

C!)

c_
CD

cb LU

'71-

cn-
M_

LU

C)
,tn- -4 _tD

0

z

U a-,

LO LU

V)

uj
CD

c)
CL
V)

cx

LU LU

10 CD
L3

wcn-
m V)

im

-,Kr C)
L)

C�

uiCe

U_

10 'CD
-4

0 z
-S i I Nn NO I 81_14338 -4in-iogieu oonioj

8-24



C:)

C)

C:)

LL.

c:>

C� co

CD

CZ
LU
C.Itf

U-
CD

w
4-11 C)

CD
ci

U-

ci

i= V)

U- L-) Ln
w

2f

W CD
CL. LU

4-1- 4-3 V)
cn tn UJ

2:
U- C)

r-) C: 7-

CM
CD

C V) V)
cr-ef CC r

C)

0;

ui

C) Ln C)l Ln C3 U') C�o C) CD �
Ln Cj C) r�- Ln w C)l t�. Lo C-i
cli 0i V4 W-4 W4 LL-

UOL'4e-AaLa:):)V UP.A-padS

B-25



-- ------------ ------- [- I - - - -
COMPRESSION SIGNF K

C
f- A 4� f ft�-r 4-4 i4�

11A1

FIGURE 8-5. TYPICAL SNUBBER FORCE VS DISPLACEMENT TRACE

(A) Total Displacement

(8) Lost Motion
(C) Structural Deflection in Tension
(D) Structural Deflection in Compression

8-26



OMEN MEMO rampumem
UREW4190 up3017TI 013 FLIP94 MN919

1222MVX
FIVI � ITIL
La FIL I ' I M: m� I L

3Hz 6Hz

WREEMOMR&I 577109mv
Erg 24t"IEW INUIFWiii
Big loin

OEM

9RZ 12Rz

FIGURE 86. PSA-35 DYNAMIC LOADING RESPONSE

Calibration Vertical, 2.54mm/div (.100 inch/div)

Horizontal, 44,48N/div (10,000 lb/div)

8-27



FORCE

OISPLACEMENT

ETEC-93144

FIGURE 87. SNUBBER LOAD DEFLECTION CHARACTERISTICS

8-28



FORCE

EQUIVALENT SNUBBER
STIFFNESS

STIFFNESS OF THE
SNUBBER EXCLUDING
THE EFFECT OF THE GAP

DIVILACEMENT

FIGURE 8-8. RELATIONSHIP BETWEEN LOAD AND AVERAGE STIFFNESS OF SNUBBER

8-29



I la a lo S lo la la' IS 107

'R
125

'fi ELBOW,6

TOO

12

is
10

R

so

F LI OW(D

2S

a ]as a )as 2 105 lo a 1(15

REST RAINY IfF NESS (LBIN)

FIGURE 89. SEISMIC STRESS RESULTS AS A FUNCTION OF RESTRAINT STIFFNESS
FOR CRBRP PHTS CROSS-OVER PIPING

8-30



26 a 107 2.0 107 5.0. IC7 lo 107 is 107

150

20 ELBOW

ELBOW 12S

Ill

ELBOW 100

BE 12

7S

50

4 25

0 0

ts los 1.0 los 2.0. los lo O. 105

RESTRAINT STIFFNESS LIAN)

FIGURE 8-10. SEISMIC STRESS RESULTS AS A FUNCTION OF RESTRAINT STIFFNESS
FOR CRBRP PHTS COLD LEG PIPING

8-31



EQUALLYSPACED X a1,)
ELEMENTS , 6 SCH 80 PIPE

1 I X'IX810
x8

G

(1 24

STRESS 6K. () EL CENTRO EARTHQUAKE

(WITHOUT--4-4-4.
RESTRAINT) 5K WAXIMUM VALUE

'K

11 3K -20

2K
1111111L�nT�HfEITR!'N'�. -10

1K (MINIMUM VALUE)

0 F - I I I I -00 0 2 04 06 08 I 0

G F ETEC 93135

2K
0 -10 0

K=-

1K K
Gr dt

(r

0 02 04 06 08 10

18G/aFI ETEC 93136

12 1 T 30
S T

10- 2 5-2

08- 20

z z

06- I5
k

4 IO
0 0

z

2 5

0
0 L 0

0 0 2 04 06 08 10

ETEC 93137

FIGURE 8-11. CLEARANCE EFFECTS

(1) On Stress

(2) On Snubber Reaction

(3) On Displacement Response

8-32



610
762

115

Li NO 2ACCELERA

ION RESPONSE

DRIVER ASSEMBLY

NO I ACCEL-
ERATION -
CONTROL j

RAIN GAGE

NO 2 STRAIN GAGE

SNUBBER
LOCATION

NO 3
STRAIN

j L AGE NO 4 2109

STRAIN
GAGE

1352 5

NOTE ALLDIMENSIONSINMM 1524 1206 1 770

NODEI
NO STRAIN GAGE

2 57

FIGURE 812. TEST FIXTURE

8-33



C

MB = GRAND MASS

K md Ml = STRUCTURAL MASS
C = DAMPER,

BASE 119- GA P K = STIFFNESS

ACCELERATION

F ELASTIC

q (Z - ZB)

K

HEDL 7902-253.21

FIGURE 813. SIMPLIFIED NONLINEAR SPRING/MASS MODEL

8-34



Cl C2 C3

FK'j �j
-1 GA P

BASE ACCELERATION BASE

MI, M - GROUND MASSES ACCELERATION
M - PIPING MASS
Cl, Kl - CIVIL SUPPORT STRUCTURE DAMPING AND STIFFNESS HEDL 7902-253.10

C2, K2 - SNUBBER DAMPING AND STIFFNESS
C3, K3 = PIPING DAMPING AND STIFFNESS

FIGURE 814. COMBINED CIVIL STRUCTURE/SNUBBER/PIPING SIMULATION

B-35



ACCELERATION xB

y

z

X BASE
DAMPER SUPPORTS

SPRING (LARGE GROUND

GAP MASSES)

TIFF LINK

SNUBBER
MODEL

B

PIPING
MODEL

HEDL 7902-253.11

FIGURE 815. THREE-SPAN PIPING/SUPPORT MODEL

8-36



H5 215�,- H6
- 0

H7

nitj
I

I

j �
INTER ME D IA TE
HEAT EXCHANGER

'o" - X
z REACTOR

VESSEL

HEDL 7902-253.ig

FIGURE 816. TYPICAL FFTF LARGE PIPING SYSTEM

8-37



V G AP

6 112"

5

4

3

2
1116"

1 r2"

NO GAP

10 100

FREQUENCY HZ HEDL 902-253 

FIGURE 817. SINGLE SPRING/MASS RESPONSE TO FFTF SEISMIC HORIZONTAL ACCELERATION

Damping = 2 of Critical

Note: I" = 254 CM

8-38



ZERO PERIOD ACCELERATION .45 

DAMPING 2% FOR GAP 0
3 -0% FOR GAP > 

2
2

118'' CAP

1116

1132

0 iSPECTRA)

1 2 3 10 30

FREQUENCY HZ
ME DL 2-253 

FIGURE 818. RESPONSE SPECTRUM AND NONLINEAR RESPONSE TO FFTF SEISMIC
HORIZONTAL ACCELERATION

Note: I" = 254 CM

8-39



FORCE 

A

Fy --

DISP

- y

FIGURE 819. RESTRAINER FORCE-DEFORMATION RELATIONSHIP

8-40



8
(55)

4
(27)

uj

1 2 3 4 5 6 7 8 9 10 I 12 13 14 15
SECTION LOCATION ---

LINEAR
0.7 Ry -
0.3 Ry - - - - - - -

4

CONFIG.: Al
PIPE 4S80
E.Q. 2A

FIGURE 820. TYPICAL PIPE STRESSES

8-41



20
(140)

CL

1 0

(70)

I z 3 4 5 6 7 8 9 11 12 1 14 15

SECTION LOCATION

12
LINEAR
0.7 Ry It
0.3 Ry - - - - - - -

4 9 10

-CONFTG. Ak 4

PIPE 4S80 112 y

E.Q. 2A :>4

�11 x

FIGURE 821. TYPICAL PIPE STRESSES

8-42



.x.4WWS31
i.

too to-I too lei 101 103

-"It if,' L UT 2 2 II ,I J LI I I I it I I imit
IUMMESTRAJOIEDI 100

12 He
4UNAESTRATWE01

to

10-2
L

2

la-3 1 1 lim it i I I I till I I II laid I I I 111111 I I I III

10-2 to-I too Is1 102 103

i LIRjs2l ETEC-93129

FIGURE 822. ATP RESPONSE DUE TO EL CENTRO INPUT

B-43



LOCK VELOCITY. i L (mlsl

lo-2 lo-, 100 101 102

101 g i H ill I I 111flill I I I 111111 I I 1111111 I I I I 11111

10

0

too

K ...... j(T) 100

S
lo-' Eu

lo-
A ulz

0
&

10-2 cr

x
EC

SF lo-2

w

T EC EL CENTRO EARTHQUAKE

10-3 SF SAN FERNANDO EARTHQUAKE
W WASHINGTON STATE EARTHOUAKE

T TAFTEARTHQUAKE
10 -3

10 A

10 3 lo-2 lo-1 100 10I 102

LOCK VELOCITY, i LI.. 0

ETEC-93134

FIGURE 823. SEISMIC EFFECTS ON VISCOUS RESPONSE

8-44



CD 0 L 9 S E 1 CD
T 0 I 6, 9� 9 1 1

- CT)

CD- -CD

_C_

CD
C\j 0

Ul) CD u �-4

1. P4 H
IT- CD 0

M_ -CT)
0
E-1
u

w -cli
C4

c_ 1:4
M 0 C)

u
C2 C2

CD CD LLJ

V)

LLI

CD

Lr3 - _LD

CO
F-C-) u

LLJ LLJ
el.

U') (n
LU

CDQ_
C14 -0Q CD Ln

LLJ
af

cr_ LLJ

LLJ
n

CD CD
F-

cn-

U_
C)

Ln - UD C)

w

C)
CO

cli
-c-i C�

LLI
ce
CD
F 

C14 0 LL.

'CD 1CD

p to 11 0 I 9 v c
9 i i N n N I I I H -qin-losqH

8-45



1. R E P 0 R T N U M ;i E R (A �,d b-, DD Cl
N RC, Oam 335 U.S. NUCLEAR REGULATOAY COMMISSION
(7-77) NUREG/CR-1706

BIBLIOGRAPHIC DATA SHEET UCRL-15216

TI rLE: AND SU3FITLE fA dd Vo;um�- No., if oppropriar-) 2. fLeaez? hb-!0

Subsystem Response Review .3. RECIRIENT'S ACCESS10:11 NO.

Subtitle: Seismic Safety Margins Research Program

7. AUTHORIS) 5. DATE EPORT CO&',?L= ,aD
M ON T H Y=�;4

R. P. Kennedy, R. D. Campbell, D. A. Wesley, March 1980
H. Kamil, A. Gantay.t. and R agiidevan I

-9 P�:.R=OaNj)ING ORGANIZATION NAME AND MAILING ADDRESS Include Zi.0 Code) DATE REPORT ISS�j=E)

Under subcontract to ?"o, -'H I YEAR
Engineering Decision Analysis Lawrence Livermore Laboratory July 1981

Company, Inc. 7000 East Avenue 6. tLew bnk)

2400 Michelson Drive Livermore, CA 94550
Irvine, CA 92715 B. blank)

12. SPONSORuuG ORGANIZATION NAME AND MAILING ADDRESS (Include Zip Codd)

U.S. Nuclear Regulatory Commission 10. PROJECTITASKI'PiOR.< U-NiT NO

Office of Nuclear Regulatory Research 1 1. CNTRACT NO.

Washington, D.C. 20555 FIN A0126

13. TYPS OF REPORT PE RIOD COVE RED [Inclu-;iv* ar-.1)

Technical

15. SUPPLEMENTARY NOTES i4. tLeave bhw?.�]

16. ABSTRACT t2OO %vords or /ass)

The objective of the study contained herein is to (1) review existing methods
and methods under development for the seismic qualification of subsystems,
(2) make recommendations on the most appropriate methods of predicting
subsystem response, 3 identify and quantify random variables in
subsystem dynamic response, and 4 identify subsystems wose characteristic
behavior is nonlinear and recommend approaches to account for the nonlinearilties.

,7 KY WORDS AND DOCUMENT ANALYSIS 17a. DESCRIPTORS

17b. IDENTIFIEFISIOPEN-ENDED TERMS

18. AVAILABILITY STATEMENT 19. =L1 ITY -Ass repor-] 21 NO_ OF CE
assi, ier'

20. SECURITY CLASS fhisPa9-P) 22. PRiC=Unlimited Unclassified S

NRC FORM 335 777)



UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON. D. C. 20555
POSTAGE AND FEES PAID

OFFICIAL BUSINESS U.S. NUCLEAR REGULATORY
PENALTY FOR PRIVATE USE. 300 COMMISSION


