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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 of re-
sponsibility 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,

!

NOTICE

Availability of Reference Materials Cited in NHC Publications

Most documents cited in NRC publications will be available from one of the following sources:.

1. The NRC Public Document Room,1717 H Street, N.W.
1 Washington, DC 20555

;- 2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

,

3. The National Technical information Service, Springfield, VA 22161.

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Rcferenced documents available for inspection and copying for a fee from the NRC Public Docu-,

: ment Room include NRC correspondence and internal NRC memoranda; NRC Office of inspection
8 and Enforcement bulletins, circulars, information notices, inspection and investigation notices;

Licensee Event Reports: vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.4

J The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of

; Federal Regulations, and Nuclear Regulatory Commission issuances.

4 Documents available from the National Technical Information Service include NUREG series'
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic

i Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and'

state legislation, and congressional reports can usuali/ be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations,and non-NRC conference
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, Single copies of N RC draft reports are available free, to the extent of supply, upon written request
f to the Division of Technical information and Document Control, U.S. Nuclear Regulatory Com.
*' mission Washington, DC 20555.

j Copies of industry codes and standards used in a substantive manner in the NRC reculatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available

, there for reference use by the public. Codes and standards are usually copyrighted and may be'
purchased from the originating organization or, if they are American National Standards, from the
American National Standards institute,1430 Broadway, New York, NY 10018.
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-1.0 ABSTRACT

An extensive review of methodolos.y for seismic qualification of

nuclear plant equipment is presented, and some associated anomalies that
can effect the results are identified. Emphasis is on qualification by

testing, although some information on all currently-used methods is also

included. The contents are intended to complement those of other recent

review efforts which have emphasized evaluation of analytical methods.

A brief historical overview of equipment qualification efforts is

described, and a list of equipment under consideration ' is presented.

Eleven -groups including thirty-one subgroups are identified. A summary

of equipment description, typical' mounting, seismic qualification

methods, failure modes, and'other information is given for each

equipment subgroup. Typical qualification methods that have been used

from the past to the present are identified, but it is found that more

than one method 'may have been applied for qualification of dif ferent

specific hardware that falls within a common subgroup. As a result, it

is recommended that comparisons be developed for the identified

methodologies regardless of which subgroup to which they have been

applied. Such comparisons are essential for evaluation of the validity

of earlier simpler tests, compared with more recent complex

requirements.

Various anomalies associated with qualification by testing,

analysis, and combined test and analysis are identified. A description

of continuing research efforts intended to alleviate some of the

anomalies are given, along with recommendations for further work to shed

light on the others.

1
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2.0 INTRODUCTION

2.1 Overview of Qualification Review Efforts
The need to design nuclear power plant equipment and buildings to

withstand an earthquake has long been recognized, even in the first

commercial designs. At first, seismic requirements were placed only on

buildings and very selective pieces of equipment. Later the

requirements were broadened to include almost all equipment. The first

major design effort to construct a complete nuclear power plant and its

equipment to withstand an earthquake was for San Onofre Unit I in 1968.
Today all nuclear power plants undergo very rigid evaluation for their

ability to withstand a site specific earthquake. Past and present

techniques used to evaluate the seismic adequacy of nuclear power plant

equipment are a focal point of technical research and scrutiny.

Examples of the present attention being given to seismic equipment

design can be obtained from various NUREG reports which review the

seismic qualification of specific equipment (Refs. 087, 274, 275, 277,

308].
The Electric Power Research Institute (EPRI) sponsored a study by

al[020] for an overall review of the seismic designHoward, et

procedures used until 197-7. In this report he evaluated some of the-

fundamental assumptions used in seismic analysis and concluded with

recommendations for additional research needed to support analytical

activities. The recommendations focused on response spectrum, damping

and testing. The review and recommendations were bolstered by a survey

from 13 respondents involved in the seismic design, analysis, and

qualification of nuclear power plant equipment. The total number of

questionnaires distributed was 40.

The recommendations in Howard's review emphasized the need to

experimentally verify the analysis associated with a seismic

qualification of components and to include realistic conservative

assumptions in the analysis. To achieve these recommendations he

advocated in-situ testing of structures or the equipment which required

seismic qualification, and deletion of the unjustified conservatism

introduced into nearly every element of the design process. He felt

3
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-tnat ultimately the conservatisms were compounded needlessly in the j

'

final design.

In addition to Howard's general review, other reviews have been
published on the seismic design and qualification of equipment. These
documents have identified many of the same needs as Howard's. The

Institute of Environmental Sciences published in 1978 a compendium (2M]

of papers discussing the problems involved in the design and testing of
equipment to resist an earthquake. This document provides a reasonable
single source of information to understand past programs for seismic
qualification, understand weakness in present qualification
methodologies, and identify future qualification technique s which will
emerge from research. Various other recommendations for changes in

equipment design criteria have also been given by Coats, et al[273],
The most recent review of equipment seismic qualification

methodology has been compiled by Kennedy, et al(087} . This is a very

comprehensive and usef ul document which touches on many significant
areas of the qualification problem. It begins with a classification

list of subsystems and equipment by seismic qualification and response
characteristics, a very important step in defining the extent of the
qualification problem. A general description of both analytical and
test methodology is included. Then, much detail is given in the

evaluation of analytical methods, uncertainties in their use, and
recommendations of computer programs and specific techniques for given
equipment and subsystems. However, only a rather cursory coverage of
similar methodology for qualification by testing is included.

In effect, the purpose of the present review is to extend the
al[087J, go,,compilation of information provided by Kennedy, et

expansion of their original equipment list is included to allow easier
reference to equipment assembly and device qualification methodology.
Additional coverage of analytical techniques is included along with an
overall discussion of the technical and legal demands for seismic

qualification. However, the most important purpose of the present
review is to provide much more complementary detailed coverage of test
qualification methodology. This is accompanied by an extensive

bibliography of reports and technical papers which deal with the
subject.

4
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2.2 Scope of Present Review

Since 1971, methods for seismic qualification of equipment have
rapidly evolved from ra th e r simple approaches to quite complex
investigations which demand thorough evaluation of every structural

subsystem and component in a nuclear reactor system. The growth in the
requirements for seismic qualification of equipment in this 10 year

period has been paralleled by the growth of a whole library of industry
'

standards, regulatory guides, and interpretations, which govern the

requirements for safe nuclear power plant operation. Even today through
continuing ef f orts to improve equipment qualification procedures, we are
finding new experimental and analytical techniques which will form the
bases for future qualification technology.

In all this' rush of development, it is appropriate to pause at this
point, review the progress achieved, and map directions for continued
development. Therefore, the purpose of this survey is to evaluate test
and analytical methods, both past and present, for seismically
qualifying the operability of mechanical and electrical nuclear power
plant equipment. To accomplish this purpose, the following objectives
were established:

1. Review and summarize existing methods of se i sm ic

qualification, with acknowledgement of other recent review
efforts where appropriate.

2. Include other environmental factors only as a secondary

consideration of how they affect results of seismic

qualifications.

3. Describe the implementation of present seismic component
qualification guidelines.

4 Generate a list of technical anomalies and deficiencies
inherent in the present methods for seismic qualification of
equipment and components.

5. Prioritize the technical anomalies and deficiencies
identified in Objective 3, and then identify those items for
which immediate research must be performed.

Af ter completion of these four objectives, additional phases of the
current research r.nd development ef fort will be conducted to shed light
on the identified needs.

5
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The background of experiences from which the present review
information was drawn includes several sources. Specifically it is

based on:

1. An evaluation of publically disclosed reports and technical
papers. _

2. Verbal discussions with individuals actively qualifying

equipment for nuclear plants.
3. Interaction with members of the IEEE 344 committee on

seismic qualification of equipment.
4. Participation in NRC, industry, and technical society

meetings on equipment qualification.

5. Active participation in equipment qualification programs for
industry.

The review excludes evaluating techniques which:

1) predict soil structure interaction between the earth and
building basemats.

2) acquire response data during an earthquake at operating
nuclear plants or those under constuction,

3) predict the propagation of a shock wave from an earthquake
epicenter to a building basemat, and

4) predict the maximum earthquake expected at a particular site
based upon geological, historical or previously reported
earthquake data.

Each of these four areas is also important for answering the
ultimate question, "Is this equipment seismically qualified for a given
site?" Individually, however, these four areas require separate studies
and are therefore excluded from the scope of this review.

2.3 Categorization of Equipaent and Components
The approach used herein for presentation of specific information

catalogs the equipment into eleven (11) generic groups, subdivides these
groups into logical subgroups and, then summarizes pertinent data for
each of the subgroups of equipment. Generally, the generic groups fall
under the categories of building substructures, electrical and
electronic equipment, and mechanical equipment. The equipment subgroups

generally follow the categories originally established by Kennedy, et al

6
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[087], except that some expansion has b'een included to allow easy
reference to qualification of assemblies and devices individually, and
inclusion of additional equipment. Table 2.3-1 is a summary of this

categorization, and includes a cross-reference of item numbers for

corresponding equipment listed in Table 2-1 of Ref. [087]. For

convenience, a copy of the latter table is included in section 9.0 of

this report. Much more specific information about qualification of each

equipment category is summarized in Section 4.0.
Information for the present review has been generated from a vast

amount of literature. However, some of the references are more

important than others. Therefore, the literature in Section 8.0 is

divided into two parts; the first contains references of most value, and

the second contains references which are only of further interest on the

subject. References that 3rovide information about qualification of

specific classes of equipment will be listed in the respective category

summary in Section 4.0. Furthermore, the most pertinent references are

noted with an asterisk ( )* in that section. All references listed in

Section 8.0 are available in publically disclosed literature.

Unfortunately very few test reports on actual items can be included,

since such reports are generally classified company proprietary.

2.4 Typical Plant Descriptf on

In order to establish the 8eneral environment in which nuclear
plant equipment must operate, a brief description of typical plant

operation principles will be given. Any loading which results from this

operating environment generally must be included in seismic

qualification procedures.

Reactors used for the commercial production of electrical energy

use fission reactions in the core area surrounded by the reactor vessel

which is located in the containment building. The heat generated by the
reaction is removed by a fluid. Most U.S. commercial reactor systems

use treated water for removing the heat produced by the nuclear reaction
from the. core. Ilowever, other media are also used for heat transport;
for example, gas, sodium and de~terium oxide (heavy water) . These other
fluids have found little commercial application in the United States.

Reactors in the U.S. using water to transport heat from the core are

7
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:.: TABLE 2.3-1 . EQUIPMENT AND COMPONENT CATEGORIZATION .

* Correlation to

Generic Group Generic Subgroup Ref. 087
,

;

Electric Equipment Panels 23

Mounts
Racks 23

Cabinets 23

Electrical Transducers Including Integral 23

Instrument and Signal Conditioners

Devices

Computer Systems. 23
i

Communication Systems 23.

|

! Electrical Power Switch Gear 22

| Devices
' Trans fo rmers 23

I Invertors 23

Emergency Diesel Generators 20'

DC Power Limiters, eg. 21

Batteries, etc.

e

i
Valves Large Power Operated Valves 15,17

i Air or Electric
4

Relief Valves 16'

I Check Valves 16

i

Instrumentation Valves 17,18
j

i-

Piping Large Pipes 5

i Small Pipes 6
;

Buried Pipes 11

*See Section 9.0, Appendix.

,

8 ,

;
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TABLE 2..s-1 EQUIPMENT AND COMPONENT CATEGORIZATION (Cont'd)

* Correlation to
'

Generic Group Generic Subgroup Ref. 087

Pumps Main Coolant Pumps 12,13

Medium to Large Pumps and 13
Compressors

?,

Safety Related Pumps 12,13,14

,

Heat Removal Heat Exchangers --

Systems
,

Steam Generators --

Emergency Pump Drive Systems --

Large Cooling Fans, Motors 19 ,

and Generators

!

Air Conditioning Air Ducting 25
.

Systems '

Air Conditioning and Filtering --

>

System Support Cable Trays 24
Facilities

Fuel Storage Racks --

'

Reactor Containment and --

; Facilities Building
;

i

Internal Reactor Structures 2

+ ,

I t

2 Vessels Large Vertical Vessels 7,8 *

i ;

Large Horizontal Vessels 9,10
4 :
'

Reactor Coolant Systeme 1 (
i

! Hiscellaneous Snubbers --
,

! Components

[ Fuel Rod Assemblies 3

I :
; Control Rod Drive 4

'

Mechanisms !y

: *See Section 9.0, Appendix. j

9
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|
divided into two classes; boiling water reactors (BWR) and the |

pressurized water reactors (PWR). The BWR and PWR reactor systems are
different in design. However, the po r tio n of the nuclear po we r

generation station outside the containment is similar, and often

resembles the system used to generate electricity for conventional

fossil fuels.

Figure 2.4-1 is a schematic diagram for a typical BWR system. In

this system fluid is pumped into the core where it is heated. The water

is allowed to boil and flash to steam as it passes through the core.

The wet steam leaves the reactor area and passes through a series of

devices called separators and dryers which remove the moisture from the
steam. The dry steam then flows through the turbines . Once the steam

has passed through the turbine it is returned as water to the reactor

system.

Figure 2.4-2 is a schematic for a typical PWR system. This figure

shows the primary and secondary systems. The primary system contains

the reactor, the steam generator, and the pump. The secondary system

contains the turbine, and its associated equipment. Water is circulated

in this primary system by a series of pumps. The water enters the

reactor system and passes through the core where it is heated to over

600* before it exits the reactor. During operation the pressure in this

system is maintained at approximately 2200 psi to prevent this water

from flashing to steam. The water exits the reactor and passes through

the steam generator where it is separated from the secondary fluid by

thin walled tubes. As the water passes through these thin walled tubes

in the steam generator, the secondary fluid is heated to approximately

600*F and the pressure is maintained at approximately 1000 psi to permit
the secondary coolant to flash to steam. Steam from the steam generator

is used to drive the turbine and associated equipment in the secondary

system.

Reactor systems, whether PWR or BWR, are housed in massive concrete

and steel buildings called the containment. Most modern reactor

containment buildings are concrete with reinforcing steel used to

provide the necessary tensile strength. The reinforcing steel can be

placed in the concrete with no prestressing in which case the building
is called reinforced. Or the reinforcement steel can be prestressed in

10
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which-case the building is called prestressed.- In addition- to these two

-. types of containment buildings, a limited' number have an internal free
.

standing, thin shell-like structure which is surrounded by the concrete

containment structure. All_three types of containment buildings are

currently used _ in operating nuclear power plants.
A complex array of instrumentation is necessary for the operation

^

of nuclear power plants.- Instrumentation systems can be functionally

categorized as protection, control, or monitoring. Each of these

systems-may provide information which is necessary for the safe

' operation of- the nuclear power plant. The protection system derives

! signals.directly from a variety - of protection variables necessary to

safeguard the plant . Protection is provided for various classes of

accident conditions, independent of the initiating cause. Measurements,

for example, of pressure, flows , levels, and secondary plant parameters,

and. many other variables are used to protect the reactor system during'

accident conditions. From this diversity of measurement variables , the

operator is furnished with information on the plant status. Also, these

protection channels provide information on the status 'for various

components..

i Reliability is the utmost design goal Sr a nuclear reactor system.

. Generally the electrical and physical design of the protection system is

based upon a channelized concept. In this concept redundant components

and channels are maintained separate and distinct from one another.

Often the protection system is composed of two parts: the analog or

process measuring channels and the digital or logic actuation channels.

i For the analog portion of the system, separation between redundant
I channels begins at the sensor and is maintained even through the

instrumentation racks which the process signals pass. Redundancy is

complete to both separate wiring, trays, conduits, power supplies, and

other peripheral need s of a given sensor channel. Redundancy is
4

enforced in the signal conditioning equipment. This equipment is

p located in separate racks , fed from separate vital electrical busses.
For the logic train portion of the system, information is accepted

from various analog sensors. Logic devices perform the required

functions which are necessary to safeguard the plant and actuate the

appro pria te -sa f eguard systems. These actions are in the form of

12
'

.



p --

i

*

operating pumps , valves , breakers, and a variety of other necessary

; equipment.

There are many non-vital control functions associated with

- auxiliary and supporting systems of a nuclear reactor system. -Reactori

power is controlled in both the BWR and PWR plants by moving control

rods. These control rods govern the rate of the reaction and hence the

temperature associated with this reaction. Temperature set points are

programmed functions of the turbine mode. For optimum control,

temperature in fo rmation is made available to the controller. Nuclear
-

reactivity rates are involved in the feedback loop for maintaining

stability. For a PWR the pressurizer is maintained at a fixed'value by

a closed loop control system which operates the pressurizer heater,
'

spray valves, and relief valves. For a PWR system the water inventory

in the pressurizer is controlled by forcing changes in pump flow. This
1

; water level is programmed as a function of the reactor coolant

temperature and pressure. Under normal operation the steam generator4

feedwater flow is usually controlled using steam flow, feedwater flow,

and steam generator water level to maintain the desired necessary water

j inventory in the . steam generator. Reactor coolant temperature is used

to prevent the addition of large amounts of sub-cool fluid. Steam.

bypass to the condensers removes excess heat from the reactor coolant

system following a large load decrease or a plant trip. Steam bypass is
normally controlled by the reactor coolant temperatures, but can also be

! controlled by pressure at other sources. Steam relief valves upstream

of each steam line isolation valve are controlled by individual steam

line pressures to prevent system overpressure.
The turbine generator instrumentation and controllers include the

I
turbine control, turbine generator protection system, and the turbine

generator supervisory ' instrumentation. The turbine generator protection
.

i system automatically trips the turbine generator in the event of an

unusual condition.' The supervisory instrumentation monitors the status

{ of the various parameters associated with the operation of the turbine.

These parameters provide an indication for the operating status of the

generator and actuate alarms which enable the operator to manually

evaluate the performance of the generator system. In addition to the ;

-protection and control systems, numerous monitoring systems are l

13
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associated with the ooeration of 'a nuclear power plant. Generally these
,

monitoring systems are . in place only for information which could be

needed. by the ~ operator. They provide no control but only' routine status

,
.information.
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3.0 CENERAL APPROACH TO QUALIFICATION

3.1 Need for Component Qualification

3.1.1 Technical Considerations

The need to consider the influence of an earthquake and

other dynamic environments in the design of buildings and included

equipment has grown from the earliest documented technical

considetations. Generally, the path of development has been one where

f the discovery of new technical knowledge and understanding has led to

i revised quantification of codes and standards by technical society

committees, and then to regulations and laws by governmental bodies,

since public safety and property is inevitably involved. At first these

codes dealt with conventional structures and facilities only. With the

advent of nuclear power plants, greatly expanded magnitudes of potential
public hazards were introduced because of coupled seismic and nuclear

dangers. Rapid expansion of technical standards, codes, and regulations

have occurred to formalize the process of component qualification, and

to implement new knowledge. As new knowledge develops, it can be used
to refine standards and codes , reduce uncertainties, or demonstrate

margins in past and present practices.

3.1.2 Legal Regulations and Technical Standards

The birth of seismic qualification regulation as we know it

today was in the 1975 Code of Federal Regulations, part 50, entitled
" Licensing of Production and Utilization Facilities," Appendix A. The

section in this document entitled " Design Bases for Protection Against
Natural Phenomena" states:

" Structures, systems and components important to safety
,

shall be designed to withstand the effects of natural

phenomena such as earthquakes, tornadoes, hurricanes,
floods, tsunami, and seiches without loss of capability
to pe r f o rm their safety functions. The design basis

for these structures, systems, and components shall
reflect:

15
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(1) - appropriate consideration of the most severe

natural phenomena that have been historically '

|
reported for the site and the surrounding area,

with suf ficient margin for the limited accuracy,

quantity, and period of time in which the

historical data have been accumulated,

(2) appropriate combination of the effects of

normal and accident conditions with the effects of
the natural phenomena, and

(3) the importance of the safety functions to be

performed."

This same appendix emphasizes the requirements for a test
program to qualify equipment. This licensing document states, in part:

"where a test program is used to verify the adequacy of a specific

design feature in lieu of other verif ying or checking processes, it

shall include suitable qualification testing of a prototype unit under

the most adverse, design conditions. Design control measures shall be

applied to items such as the following: reactor physics, stress,

thermal, hydraulic, and accident analyses; capability of materials;

accessibility for in-service inspection, maintenance, and repair; and

delineation of acceptance criteria for inspections and tests."

Prior to the establishment of this Federal regulation in

1975, industry standards for seismic qualification of electrical

equipment had been generally adopted. Between 1971 and 1975 the

Institute of Electronics and Electrical Engineers (IEEE) Standard 344-

1971, " Seismic Qualification of Class 1 Electrf. cal Equipment for Nuclear
Power Generating Stations," was the basic guideline for seismic

qualification. In 1975 this standard was extensively revised and

represents the current governing guidelines. Nevertheless, as a

directive from the IEEE Nuclear Power Engineering committee, this

standard is today being reviewed and revised by the IEEE 344 committee,
and a revision probably will be issued in 1983.

Thus, the IEEE standard 344 has guided the se i sm ic

qualification of Class 1E equipment in nuclear power plants for the last
10 years. This guidance has been recognized by its endorsement (with

! exceptions) in 1974 by the Nuclear Regulatory Commission (NRC) and their

16
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Regulatory Guide (RG),1.10 er '.itled "Qualific a tion o f Class 1E j

Equipment for Nuclear Power Plants." In accepting this standard the NRC''

noted: |

'"the procedures described in IEEE standard 323-1974,
'IEEE Standard for Qualifying Class 1E Equipment for -

Nuclear Power Generating Stations' dated February 28,-

1974 for qualif ying Class 1E equipment for service in ;

light water-cooled and gas-cooled power plants are-

generally acceptable and provide an adequate basis for !

complying with the design verificatioa requirements of

Criteria 3 of ' Appendix B to 10 CFR, Part 50, to verify
,

the adequacy for design under the most adverse design f
"

conditions."

In addition to the previously-mentioned documents which ;

Iprovide general guidance for the seismic qualification of Class 1E

electrical equipment, numerous other NRC and IEEE standards have been j

developed for specific equipment or uniquely located equipment. Table ;

3.1-1(284] lists additional NRC Regulatory Guides whlch can provide
guidance for various types of seismic qualification. Some of the

'identified documents provide specific guidance, while others only infer
guidance. In addition to these regulatory guides, the NRC is currently j
developing other guidelines on the environmental qualification of

,

equipment important to safety in mild and harsh environments.

IEEE Nuclear Standards which specifically require seismic or
vibration qualification of equipment are listed in Table 3.1-2. These

standards of ten infer seismic testing requirements by referencing

specific standards on seismic qualification. The listed standards

blanket many categories of electrical equipment used in nuclear power
plants. This Itst does not include all of the standards that can be f

'

invoked for seismic qualification of equipment, but is a representative
|

one.
!

3.2 Methode of Seismic thialification

This'section presents a brief overall description of the techniques
used to qualify equipment. Additional general information can be

obtained from the review presented by Kennedy, et al[087]. Three

17
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TABLE 3.1-1 DIVISION 1 REGULATORY GUIDES , POWER REACTORS |

|

Number Title Rev. Issued
Year / Month

71/031.9 Selection Design and Qualification of Diesel- ---

Generator Units Used as Onsite Electric Power 1 78/11 ,

Systems at Nuclear Power Plants (For Comment)

71/031.11 Instrument Lines Penetrating Primary Reactor ---

Containment (Safety Guide 11)
Supplyment to Safety Guide 11. Backfitting 72/02

Considerations
I

71/031.12 Instrumentation for Earthquakes ---

1 74/04

71/031.13 Spent Fuel Storage Facility Design Basis ---

(For Comment) 1 75/12

71/101.18 Structural Acceptance Test for Concrete ---

Primary Reactor Containments 1 72/12
>

1

71/121.20 Comprehensive Vibration Assessment Program for ---

Reactor Internals During Preoperational and 1 15/06
Initial Startup Testing 2 76/05 i

1.22 Periodic Testing of Protection System Actuation --- 72/02
Functions (Safety Guide 22)

72/061.29 Seismic Design Classification ---

1 73/08
2 76/02
3 78/09

72/081.32 Criteria for Safety-Related Electric Power ---

Systems for Nuclear Power Plants 1 76/03
2 77/02

73/031.40 Qualification Tests of Continuous-Duty Motors ---

Installed Inside the Containment of Water- ,

iCooled Nuclear Power Plants

73/031.41 Preoperational Tenting of Redundant On-Site ---

Electric Power Systems to Verify Proper Load
Group Assigumenta

73/061,52 Design, Testing, and Maintenance critoria for ---

Post Accident Engineered-Safety-Feature 1 76/07
Atmosphere Cleanup System Air Filteration and 2 78/03 .

Absorption Units of Light-Water-Cooled I
*

Nuclear Power Plants'

18
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Table 3.1-1 Continued.

Number Title Rev. Issued
Yaar/ Month

{
1.55 Concrete Placement in Category 1 Structures 73/06---

'
73/06 |1.57 Design Limita and Loading Combination for ---

Metal Primary Reactor Containment System
Components ,

"

1.60 Design Response Spectra for Seismic Design of 73/10---

Nuclear Power Plants 1 73/12

1.61 Damping Values for Seismic Design of Nuclear 73/10---

Power Plants '

1.63 Electric Penetration Assemblics in Containment 73/10---

Structures for Light-Water-Cooled Nuclear 1 77/05
Power Plants 2 78/07

i

1.69 Concrete Radiation Shields for Nuclear Power 73/12---

Plants i

!

1.73 Qualification Tests of Electric Valve Operators --- 74/01 l

Inside the Containment of Nuclear Power
Plants

1.80 Preoperational Testing of Instrument Air 74/06---

Systems

|
1.81 Shared Emergency and Shutdown Electric Systems 74/06---

for Multi-Unic Nuclear Power Plants 1 75/01

1.84 Coda case Acceptability - ASME Section 111 74/06---

Design and Fabrication l' 75/04
2 75/06
3 75/09 i

4 75/11 I
$ 76/02
6 76/05
7 76/08
8 76/11 I

9 77/03
10 77/08
11 17/11
12 78/03
13 78/07
14 78/11

i
'

1.89 Qualification of Class IE Equipment for Nuclear --- 74/11 '

Power Plants !

|
!

'
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Table ~~3.1-l L Continued

' ~ Number Title Rev. 7ssued
Year / Month

- 1.92' -Combining Modal Responses:and Spatial. Components 74/12
in Seismic Response Analysis 1 76/02.

75/121.97 Instrumentation for' Light-Water-Cooled Nuclear ---

Power Plants to Assess Plant Conditions l' 77/08
During and Following an Accident

1.100 Seismic Qualification of Electric Equipment for 76/03
~

Nuclear Power Plants 1 77/08

- 1.108 Periodic Testing.of Diesel Generator Units as 76/08
Onsite -Electric Power Systems at Nuclear 1 77/08
Power Plants-

,

1.116 Quality Assurance Requirements ' for Installation, 76/06 >

Inspection, and Testing of Mechanical 0-R 77/05
Equipment and Systems

!

1.118 Periodic Testing of Electric Power and Pro- 76/06
tection Systems 1 77/11

2 78/06

76/091.122 Development of Floor Design Response Spectra ---

for Seismic Design of Floor-Supported 1 78/02
Equipment or Components

1.124' Service Limits and Loading Combination for --- 76/11'

Class 1 Linear-Type Component Supports 1 78/01
r

Physical M' dels for Design and Operations of 77/031.125 o
Hydraulic Structures and Systems for Nuclear 1 78/10

.

Power Plants

1.127- Inspection of Water-Control Structures Asso- --- 77/04
ciated with Nuclear Power Plants l' 78/03

,

,

77/041.128 Installation Design and Installation of Large ---

| Lead Storage Batteries for Nuclear Power 1 78/10-
Plants

1.129- Maintenance, Testing, and Replacement of Large 77/04
Lead Storage Batteries-for Nuclear Power 1 78/02
. Plants-

m
m

1.1'30 Service Limits and Loading Combinations for - 77/07

|| Class'l Plate-and-Shell-Type Component 1 .78/10
,

i Supports
- ,

d t -.
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Table 3.1-1 Continued.

Number Title Rev. Issued

Year / Month

77/081.131 Qualification Tests of Electric Cables, Field ---

Splices, and Connections for Light-Water-

Cooled Nuclear Power Plants (For Comment)

1.133 Loose-Part Detection Program for the Primary --- -77/09
System of Light-Water-Cooled Reactors (For
Commen t)

1.137 Fuel-Oil Systems for Standby Diesel Generators --- 78/01
(For Comment)

1.140 Design, Testing, and Maintenance Criteria for --- 78/03
Normal Ventilation Exhaust System Air
Filteration and Absorption Units of Light-
Water-Cooled Nuclear Power Plants (For
Comment)

1.142 Safety-Related Concrete Structures for Nuclear 78/04---

Power Plants (Other than Reactor Vessels and
Containments) (For Comment)

t
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TABLE 3.1-2 IEEE SEISMIC QUALIFICATION REQUIREMENTS
FOR NUCLEAR EQUIPMENT

Number Title

535-1979_ qualification of Class lE Lead Storage Patteries for
Nuclear Power Generating Stations

567-1980 Criteria for the Design of the Control Ro om Ocmplex
for a Nuclear Power Generating Station

603-1980 Trial-Use Criteria for Safety Systems for Nuclear Power
Generating Stations

627-1980 Design Qualification of Safety Systems Equipment Used
in Nuclear Power Generating Stations

649-1980 Qualifying Class 1E Motor Control Centers for Nuclear
Power Generating Stations

650-1979 Qualification of Class 1E Static 3attery Chargers and
Inverters for Nuclear Power Generating Stations

C37.98-1978 Seismic Testing of Relays

ANSI
N13.10 .974 Specification and Performance of On-Site Instrumentation

for Continuously Monitoring Radioactivity in Effluents

317-1976 Electrical Penetration Assemblies in Containment Structures
for Nuclear Power Generating Stations

323-1974 Qualifying Class 1E Equipmen: for Nuclea r Power Generating
Stations

334-1974 Type Test of Continuous Duty Class 1E Motors for Nuclear
Power Generating Stations

344-1975 IEEE Recommended Practices for Seismic Qualification of
Class lE Equipment for Nuclear Power Generating Stations

381-1977 Criteria for Type Tests of Class lE Modules Used in
Nuclear Power Generating stations

382-1980 Type Test of Class 1E Electric Valve Operators for Nuclear
Power Generating Stations

.

384-1981 Criteria for Independeace of Class lE Equipment and Circuits
|

387-1977 Criteria for Diesel-Generator Units Applied as Standby Power
Supplies for Nuclear Generating Stations

-22
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methods typically are used to demonstrate the seismic qualification of

equipment: 1) test, 2) analysis, or 3) combined test and analysis.

Qualification of electrical equipment is principally guided by IEEE 323-

1974 and 344-1975. Additional requirements can be imposed by standards

for specific types of equipment. Qualification of mechanical equipment

not only has been based upon the above standards, but also on regulatory
guides, ASME codes, and other applicable standards. Recently, however,

drafts of regulatory guides for equipment qualification in mild and

harsh environments have been circulated.

Seismic qualification of equipment requires that equipment be

subjected to operating base earthquakes (OBE)and safe shutdown

earthquakes (SSE), and that other significant environmental factors be

included. The operating base earthquake as defined in IEEE 344-1975 is
that earthquake which could reasonably be expected to affect the plant

site during its operating life of the plant; it is that earthquake which

produces the vibratory ground motion for which those features of a

nuclear power plant necessary for continued operation without undue

risks to health and safety of the pub lic are designed to remain

functional. The safe shutdown earthquake as defined in IEEE 344-1975 is

that earthquake which produces the maximum vibratory ground motion fo r
which certain structures, systems, and components are designed ' to remain
functional. The structures, systems, and components of concern are

those necessary to assure; (1) integrity of the reactor coolant pressure
boundary, (2) the capability to shutdown the reactor and maintain it in

a safe shutdown condition, or (3) the capability to prevent or mitigate
the consequences of accidents which could result in potential offsite

exposures comparable to the guideline exposure of 10 CFR Part 100, as
issued on December 5, 1973.

3.2.1 Analytical Methods

Analytical qualification of a component or system is usually
accomplished using one of four techniques, where application along each
of the three axes simultaneously is included. These techniques are:

equivalent static analysis, time history analysis, response spectrum
analysis, or statistical analysis. The equivalent static analysis

technique as described in IEEE 344-1975 requires no determination of the

23
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natural frequencies of the system, but the response of the equipment is
assumed to be at the peak of the required response spectra at a.

,

conservative'and justifiable value of damping. For frame type

structures, this peak response is then multiplied by the static

coefficient of 1.5. Presently, the NRC requires justification .for the

use of the multiplicity factor of 1.5 described in IEEE Standard 344-
1975. The seismic forces on each component of the equipment are

obtained by multiplying the value of the mass and the acceleration with
the value obtained using the above prescribed procedure. The resultant
f o rc e is then distributed over the component in a manner which is

proportional to its mass distribution. These forces are then used in a
static analysis of the component. The static coefficient of analysis

has been extensively used in the past, however, with the availability of
high speed, digital computers and reliable validated programs, this<

method is falling into disuse.

Two analytical methods using the time history of seismic
signals are commonly used. One technique using time history of the

actual earthquake event requires modal analysis of the structure. The

second technique is a direct integration of the equations of motion
without regard to the form of the equations. For the time history

response using modal analysis, the equations of motion -for the cystem
are solved by a separation of variables technique. By the use of modal
functions the formulation is reduced to an uncoupled set of ordinary

differential equations in time. Responses are combined as subsequently
described.

For direct time history, response calculations for each mode
are carried out by applying the input earthquake using a form of the
Duhamel in t eg ral . After the response for each mode has been'

established, it is then summed to that of other modes - a legitimate
operation only when the system differential equations are linear and the
overall response of the system is identified. This summation allows the
response at specified locations to be determined at any specified time
increment. Structural response can be obtained by direct integration of
the appropriate equations of motion excited by the time history. This
technique can be used for systems which include nonlinearities.

24



Biggs[319] , pg,g,y[321] and Newmark[322] describe in detail i

the application of the response spectrum technique for calculating the

response of equipment. Briefly, the application of this technique first

. requires the calculation of the undamped natural frequencies and mode

shapes of a mathematically modeled physical structure. Next the modal

participation factors at each mode ar'e calculated; then the maximum

modal displacement is determined from the response spectrum of the

earthquake evaluated at the structural resonant frequency, multiplied by

the modal participation facto r. The response spectrum for each mode

includes damping at a value assumed to be appropriate for the respective
mode. The responses of each mode are then combined using one of a

variety of modal combination techniques.
R.G. 1.92 specifies the method acceptable by the NRC for

combining closely spaced modes . It is generally recognized that the

absolute sum of the responses provide a greatest upper bound, and for
widely spaced modes the square root of the sum of the squares of
individual modal responses provide a realistic assessment of the

f } indicates certain conditions for whichresponse. However, Coats

the SRSS method is ina pprc pria te . In addition to these modal

combination techniques numerous other modal combinations have been

proposed. Table 3.2-1 lists some of the combination
techniques [ll7, 331] which have been used.

3.2.2 Test Methods

Experimenta) qualification of nuclear plant equipment and
components is guided by both IEEE 344-1975 and IEEE 323. Mechanical
equipment is also qualified using simila r procedures. IEEE 323

specifically ' recommends preconditioning the components to be qualified
in a justifiable sequence. Generally, the steps in this environmental
aging sequence are done in series rather than simultaneously. However,

the NRC is presently requiring justification for series preconditioning
using sta te-of-the-art information. Preconditioning attempts to place
the equipment or component in a condition that would be expected to
exist-at its end of life. The preconditioning usually includes the

following processes but not necessarily in the following order.

- 25
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TABLE 3.2-1 SELECTED MODAL COMBINATION METHODS

FANR [Method 1 Y= I (9 E
i 1L L L

Method 2 Y I 9g g FACXg=

Method 3 7 I (9m % FAQ) +Y +Y= ...

n

Method 4 7 .= (9 FAq)2 [7 )2 (7 )2 ,,,

[ ((pMethod 5 q FACTOR )Y = + -

L

where ( = the largest modal response contribution.

- -

2 h
Method 6 * Y * R * 2 E Ri k j k

_ k=1 J,k -

i R = 9 q FACTOR

* (Method described in R.G. 1.92 (1975), and acceptable to
the NRC).

!

|

! 26*
. -t
! :
e . , . ;_. _ _ _ . . - - - . - -



_. . _ _

r

.

4

1

'

Table 3. 2-1 Continued-
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.

*

Using 'the individual contributions obtained in
~

Method 6,~where

.

all modal vectors selected for-this ana'ysis-L =

t -
M = a ' group''of modal vectors'

,.

' a11' other modal vectors not designated as part 'ofn- =

any group

=
' th

@(
the modal displacement, or stress at the.i d.o.f.

a

_the generalized' modal responseq =

i
'

optional modal. response factor supplied by userFACTOR =

ch
the modal group sum at the i d.o.f. or stressY =

gg
~

the RSS response of the i d.o.f. or stressY =

f

!
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Before tests which stress the equipment are perfo rmed ,

baseline inspection and operability tests must be performed. Then the

equipment is exposed to elevated temperatures for a relatively sho rt

period of. time. This time is of ten established using the Arrhenius

equation, however other techniques have been employed in the pa s t for

establishing the relationship between age and thermal activity [324],
One of the more popular past techniques used is the 10*C rule. This

method is not currently endorsed by the NRC. However the method of

Arrhenius has received some limited discussion by the NRC and others in

NUREG 0588. In addition to thermal aging, the equipment must be exposed

to a radiation source, if the materials are susceptible to radiation

damage. The source now recommended by NUREG 0588 is Cobalt 60 arranged

to subject the equipment to the estimated total radiation field. In

addition to thermal aging and radiation aging, the equipment also must

be subjected to a simulated operational service life. Furthermore, if

the equipment is subject to environmentally induced vibration (Safety

Relief Valve, motor operation; etc.), then the equipment must be aged to -

account for this ef fect.

After the component has been subject to aging, then it must

be seismically tested. Seismic qualification consists of two distinct
.

tests. First the equipment is subjected to low level vibration tests to

identify its dominant structural response characteristics and resonance

frequencies. This limited modal survey is not actually a qualification

requirement, but is usually included for design information purposes.

Then, the equipment is subjected to a seismic test series simulating+

several OBE's and one SSE. During this series the equipment must be

mounted so that any other significant mechanical influences are

included. Also, it is operated functionally before , during, and after

! each event.

The type of signals used to excite the equipment to the

required seismic level is quite diverse. Today, the common simulation

techniques include the use of an actifically generated simulator motion,

such that the test response spectrum (TRS) envelops a specified required

I response-spectrum (RRS). Furthermore, the details of the simulation

|- depend on whe ther the required motion represents a ground level or
building floor level input to the equipment. Some of the typical

n
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m'ethods used to simulate both the SSE and OBE are summarized in Table
3.3-2. In the past, the simpler methods were used to simulate in some
measure the broad frequency content of ground motion. Hovever, since

1975 the-use of biaxial independent axis excitation has been
;

;

recommended. Finally, after the component has been subjected to the
seismic qualification-routine, post accident tests and inspection are
performed. For this final inspection test, disassembly of the equipment -

may be required.

Seismic qualification of equipment and components by testing
may be accomplished by using a variety of seismic simulators. Table

3.3-3 lists examples of types of seismic simulators at various test

facilities. This table shows the possibility of using one actuator to

input statistically dependent motion in three directions, as well as

using two and three actuators to input statistically independent motion

in two or three directions simultaneously. lEEE 344-1975 discusses the
:

use of the various types of simulators which input one or more axis of

motion. This standard states that "the direction of test input motion

should be in all principle axes simultaneously." However, at the

present time only limited facilities in the U.S. are known to have this

capability. Therefore several satisfactory alternatives are described.

The standard allows single axis tests, if the tests are designed to

conservatively reflec t the seismic event at the equipment mounting

location, or if the equipment being tested can be shown to respond

independently in each of the three orthogonal axes or otherwise

withstand the seismic event at its mounting location. This is the case

if the coupling is zero or very low, or if other justification can be

provided. If the conditions necessary for single axis testing do not

apply, then multiple axes testing is specified. The recommended

acceptable multi-axis testing according to IEEE Std. 344-1975 is biaxial

testing with simultaneous, independent inputs in a principle horizontal

and vertical axis.

Methods for synthesis of the seismic simulator drive signals

required to produce the types of excitation listed in Table 3.3-2 are a

very'important consideration in qualification testing. The importance

of proper frequency content in excitation waveforms has been stressed by

Kana, et al p86]. Figure 3.2-1 shows two basic types of setups that

29



TABLE 3.3-2 TYPICAL' METHODS OF SEISMIC SIMULATION
FOR QUALIFICATION TESTS

Test Excitation Excitation Excitation Synthesis Excitation

Type No. Criteria Type Method Axis

NARROW-FREQUENCY BAND TESTS (Controlled Input or Response Spectrum)

1 Sine Sweep Simple Harmonic l-35 Hz Oscillator and Uniaxial

Amplitude Controller

2 Sine Dwell Simple Harmonic Dwell at 1/3-Octave Freq. Uniaxial or

and/or Resonant Freq. below Dep. Biaxial
35 Hz

3 Decaying Sine Decaying Sine Decaying Sines at Uniaxial or

Various Freq. Dep. Biaxial

4 Sine Beat Amplitude Sine Beats at Various Uniaxial or
Modulated Sine Frequencies; 1/3 or 1/6 Dep. Biaxial

octave or Besonance below 35 Hz

5 Narrow Band Tuned Narrow Filtered Random with Uniaxial Dep.

Random Band Random Tuned Center Frequency or Ind. Biaxial

BROAD FREQUENCY BAND TESTS (Response Spectrum)

6 Wide Band Multiple Random Analog summation of Ind. Dep. or Ind.

Random Freq. Bands Random Freq. Bands Biaxial

7 Complex Multiple Freq. Analog Summarion of Ind. Sine, Dep. or Ind.

Analog Bands Sine Decay, Sine Beat, or Biaxial

Random

8 Complex Multiple Freq. Digital Synthesis of Dep. or Ind.

Digital Bands Complex Wide Band Biaxial
Random Signal

|

-.
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i,-

'

l

~

allow adjustment of energy content in successive ~ frequency bands.

Digital' techniques allow the narrowest - frequency resolution and speed of
!

.

process completion.. Figure 3.2-2 shows a diagram of such a se tup where

the process is controlled in 1/6-octave frequency bands on each axis of
a biaxial table. Details of this method have b'a e n published by

Unruh[269],
,

.

1

4

k

I

|

i

a
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TABLE.3'.3-3 TYPES .OF SEISMIC SIMULATORS
AT VARIOUS'U.S. TEST FACILITIES

'~ Type of Test
Company Facility

.ACTON. Environmental' Testing DBe

ANCO Engineers A, IB, IT

Approved Engineer Test Labs /NTS DB, IB

Structural Dynamics Research Corporation DB, IB, IT '

Wyle IB, DB, IT

University of California, Berkley IB;

i
Franklin Research Institute DB

Westinghouse DB

b Combustion Engineering DB
'

i

; Bailey Meter Company DB

f Southwest-Research Institute -IB

Ceneral Electric Company (San Jose) IB
:
'

Dayton T. Brown -A
i

DB - Dependent Biaxial
l-
'

IB - Independent Biaxial

f IT - Independent Triaxial
!

i. A - Single Axis

,.

t
'

!

|^

I
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4.0 EQUIPMENT QUALIFICATION SUMMARIES

Items which are assembled to form an operating nuclear power plant

come in all shapes and sizes. Electronic and electrical items range, in

size, from pieces of wire to assemblies of relays , instruments, etc.,

and, mechanical items range in size, from small machine screws to

vessels weighing more than 100 tons. This diverse array of equipment

has been classified into 11 generic groups, as was indicated in . Table

2.3-1, and for the purpose of this review, is defined to include all the

mechanical and electrical components which must be qualified in any

given nuclear plant. These 11 generic groups, as shown in Table 4.0-1,
have been further subdivided into subgroups. The number of these

subgroups depends upon the particular generic group . For each generic

subgroup Table 4.0-1 specifies the typical location, typical function,

the operational state, size / shape, method (s) known to have been used to
seismically qualify the type of equipment, and a cross-reference cumber

to original entries given in Table 2-1 of Ref. [087] (note that in some

cases no exact cross-reference is possible), which is included herein in

Section 9.0. The operational state refers to whether items contained

within the generic device must move in order for the equipment to

perform its intended function. An example of an active devic e is

switchgear (Subgroup 4.3). This device transfers a load from one

location to another by rearranging internal contacts; hence, switchgear

is an active device. An example of a passive device is a thin walled

storage tank (Subgroup 4.10) . No motion of any portion of this device

is required for it to contain its internal fluid. The meaning of the

remaining four parameters is evident.

Table 4.0-1 is intended as a quick summary for qualification

information, while the following sections describe in more detail the

function of each equipment subgroup and the method known to have been

used to seismically test the equiment. The detailed qualification

information and data presented in the following sections is based upon
the information sources identified in Section 2.2. Often the results of

seismic qualification programs for equipment are retained as proprietary
by the equipment manufacturers.
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TA111.E 4.0-1 1.QHIP11tliT AND OtlPONtf(T CATtEOHlZATION
.

- . . . _ _ . _ . . _ _ ~ - --

Ope ra t inst.4 I
,

Ceuesic Group Cencric Subgsoup Typical I. oration Typical l' unction State Si ze/Slaape Hethod of Qu.alification
. _ _ - . _ _ _ __ . _ . . _ - - - - - - - - - -- -- -~~-- - -

Electsic Equipment Panels (4.1.1) Hea r t he locations uhero Support tuolated com- Paumive Open or clumed QualifieJ by test.
Hounts [23| a attached equipment is ponents. 'umall structures

used. containing rela-
tively few compon-
ents.

Racks (4.1.2 ) Throughout plusic, often Group selatcJ components Pammive stelat ively large ' Qisalified by test.
[23) used in clusterm in together in an organized open frame type

protectcJ mream. fashion to foram a com- structures often
pien system. w/ saany components

. !C blueta (4 .1. 3 ) Throughout plant, often Group related components Paumive Relatively large Qu.s!! f led 1.y t est.
{23) uscJ in clusterm in together in an organized .cloucJ 1,ou type

protected aream. fashion to foam a cum- structures formed$ plex system. from utsuctusal
steel & plate con-
talning many com-
ponents.

Electrii.at instauscut Transducers luctuding Throughout plant. Hanitor specific process Active itelatively maall yuallfled by test.
Devices integral signal con- variablem. Jevices often con-

Jitioners (4 . 2.1 ) taining complex
(23| electrical and

e.echanical devices

Computer Systeam Hear control room in Store, analyzu and act Active Depends on age of Qualified by test.
|231 (4. 2. 2 ) a protected area. on information received computer symtem.

from instrumentation, varies froaa a few
cabinets of equip-
muut to a small ruo.
full of equipment.

Communication Systeam Individual mFattuna Vluual misrveillance of ' Active
[23| (4 . 2.3 ) thsuushout plant but specific plant mie as and

mantes console in con- verbal communicrtlous
trol room. between peruor. net.

" Numisers in brackets refer to 1s em suunbers in Table 2-1 of Ref. 087 (See Ocction 9.0).
~

u
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TAlilE 4.0-1 1443111tlET AND ONPONIXr CATIIpatlZATION

_ _ _ _ .

Operational
Genesic Csuup Ceneric Sul, group Typical I.ocatlon Typical Functton State Size / Shape Hetin>J of qualiiIcallon

'Ificctrical Power tswitchgear (4. 3. 3 ) Auxiliary 1,ulldings. Transfer electrical loads Active Individually com- Qualified by test.Devices |22) ponents are rela-
tively small but
clustered in large
groups.

Transtormern (4. 3.2 ) Auxiliary 1,u!!Janga Provides appropriate Passive Compact Jewices very large units are
(23] and in must electronic voltages and emergency which are heavy qualified by analysis,

systems. safety function tyHems. relative of ilieir Smaller units are;
size. qualified by test.

L.)
N Inverte.s ( 4. 3. 3) Auxiliary buildings. AC-DC power conversion Pass {ve Moderate size sys- Qualified by test.x [23| for emergency safety tems contained on

function systems. rocks or in cabloet,

4

imergency Diemul in an auxiliary build- Provides emergency elec- Active. A compact. heavy Quallfled by analysisGeneraguas ( 4. 3. 4) Ing ofteu designated trical energy to safety assemblage of mech- and test.
i (20) t he Diesel Cesweator related systema. anical & electrical

nullding. components whose
combined weight is
in excess of 70 ton,

DC Powe r lin i t s , e . g. , in a protected area of Provides emergency short Passive barge groups of cus. Individual units are
batteries, etc. (4.3.5. an auxiliary leuilding term electrical enesgy nected lead acid quallfled by tests.'

|23| near the cont rol rooin. to safety related systems (usually) batteries Complete battery systems
supported by a rack are then qualified I,y
forming a heavy com analysis,
pact system.

Valves Large Puwer Operated floruu6 out plant Isolation and control of Active Body of valve de- Very large valves are
' h

Valves - air or coolant flow, signed to be cum- qualified by analysis.
electric (4.4.1) patible with attach LimiteJ tests are per-
[l$,17) ed pipe. Actuatur formed to verify pre-

usually attached by dicted dynamic charact-

a reI8tiveIY fION* eristics.

ible structure.

1

J
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TABl.E 4.0-1 EQUIPHElif AND Ciell'OHtNT CATECORIZATitel

Operational
Generic Cruup Cenetic Subgroup Typical 1.ocat ion Typical Function State Stam/ Shape He t ho.! of 4)ua li f ica t ion

Volves Relief Valves (4.4.2) Throughout plant. Automatically responds Active Relatively long very large relief valven
'''|16] to release system pres- elender st ructures are quellfled by analysta

sure at a premelect=J providing prese- a Smaller relief valves
level. mealing by me$al- are quellfled by tests.

to-metal.senta.

Check Valves (4.4.3) Throughout plant. Preventa backflow in Active Relatively maall la Quallfled by analysis.'
|I6| systems. line Jewices using

*a ball / spring or
flapper mechenium
to prevent back-,

flow.
'

lustrumentation Valves Throughout plant. Control isolation and Active Small devices con- Qualified by tuat
y air molenold, electro- Anjection in instrumenta- taining Jelicate and analysis,

mechassical (4. 4.4) stun systems. Internal mect.anismo
|17,18) and often electricet-

Jewices.

piping 1.arge pipes (4 . 5.1 ) Throughout plant. Transport of large Passive Thick wall =J pipes Qualification is exclus-
|5| quantities of fluid. uith numerous Ively analysis. Houever

supports. Often tests have licen reported
niender structure from decomminstoned nu-
using strength of clear plants and one
materials defint- operating nuclear plant
stun. on remonaut frequencies.

Small pipeu (4 . 5.2 ) rhroughout plaut. Tran= port of fauld Passive long alender struc- Qu. 11ficattosi I,y analysta
4 . (6) necemmary, tures with heavy
*

ualls.

Bursed pipes (4.5.3) underground connecting Passive. Pipes buried in Qualification exclusively
|11) remotely locatcJ ground, by analyuls.

. sus t liar y 1,ut idings.

i

!

I

,
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TAhl.E 4.0-1 EllulltllWF AND CalH;'ONElff CATIIOltlZATION

._ ,. ._ __. _ . . . . . _ _ _ - . - . ~ . _ . -
- - -

-

Ceneeic C oup Cenerie Subgiuup Typieai I.uc a t ion Typirasi Funct ton . State Size /Sliape Hetlual oI spaal1iication
_ . _ _ . _ _ _ _ . _ . . - . +-- .- --

Pump:s Hain Coolant Pumpu Contalument building Circulation of primary Activo Very large struc- Qualification excluulvelygig,t3g (4.6.1) in the lower levels. coolant in the reactor tures whicle include by analysis.
system. a powerful electria

motor.

Medium to I.arge Pumpas l'hsoughout plant. Coolant pumus and environ Active Size depends on Qualification for largerand Compremmora mental cont t ol for ue- application. Pumps pumpu 1,y analysis but. as[33g (4.6.2) tected equipacus. can be mounted size decseases qualifica-
vertical, horizon- tion is by testing.'

tal or submerged.

$ Safety Related Pumps throughout plant. Special pumps for coolant, Active Size depenJu on Type of qualification
{l2,13,14) (4.6.3) lubricant und transfer of application. Pump. dependu un size.

other critical fluid, can be mounted
vertical, horizon-
tal or submerged,

llea t heuvat Systems lleat Exchangers Aust!!ary buildings. Transfer heat from Passive Generally large thaalification by(4.7.1) critical components, bulky devices. analysis.
Often heat exchange

| to surrounded by
heavy walled vessel

Steam Cenesatorm O.un t ai nme n t building Remove heat from primary Passive Very large struc- Qualification excluulvely(4.7.2) in a structurally pro- coolant. tures. Can weigh by analysis. Ilowe ve r,tected area, in excess of 50 ton. tests have beesi reported.
Emergency Pump Drive in an auxiliary building Provide emergency cooling Active 4 compact, heavy Generally quellfled by1 Systems (4.7.3) aften designated as the of ti e reactor during rassentelage of mostly combined analysis andutese! Cenerator Build- an accident. mechanical compon- tests. Testa are per-

ents whose combined formed to identify struc-
weight is in excess tural dynamics properties
af 30 tons. uhich are used to confirm

analytical results. One
system im known to Isave4

been seismically quali- +

fled I,y testing.,

I
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TAh!.E 4.0-1 LQtill'Hl.J4 8' ANI) CilHPONLill' CATLCOHIZATION

Opesatlunal
Genesic Canup Cenesic Subgsuup Typical locallun Typic.a l Finau.t lun State Size /Sliare HetisoJ of On.alliIs.atlun

..- . . _ _ - _ _ _ . _ . . . _ _ . _ . _._. _ . _ _ _ _ . _ . _ . . _ _ - _ _ . ___ . . . . _ _ _ . _ _ _ _ _ _ _ , . . _ _ _ _ _ . _ _ _ . _ . . . . - _ _ . _ _ _ . . . _ _ . . .

I.as se Couling F.esim. A bs eoughout ' plant . Pauvide elect r ical energy Active Compact devices and I.arge units are qualificJ
Mutusu. Genesaturn and to select equ i pine nt aant usually heavy for ley analymim. Smaller
Cumysemausa ventilation mystems. their alze. units ate qualified by
(19J (4. 7.4) t enit .

Ott Cun.litioning Air Ducalug (4.8.8) in cont ainment and Conduct condittuned air Passive La r ge l>ulky struc- The absc am are qu.alliled
Syntums |25| buildings in the to dentunatcJ arcam for tures fossed from by analysis which une

imm.ediate vicinity. cooling maal blulogical maructusal steel. luu.p mass finite elements
needs. plate and mheet. and beams. l.imited testm

usually lightweiglet lusve been performed.
for selative size.

Air Cundittuning and in contaisement used Provide cooled air and Active Large tsulky struc- Qsallileatiusi t u I,y
& Filtering (4 . 5.2 ) hul ld e sigm in ti.e latulugically a.afe air. tures usually light analymim.O

tamiediat e vie tnit y. weight for relative
sisu.

Syns ein Suppus t Cable Ts'ays (4 9. 8) ihauughout plasit. Support indivlJual and Pammive Long slesider ilght- Generally qualified by-
Facilitica |24] bunJIe of wirem uncJ to weight 1,eam type assalysis. Iluwever, tenta

contrut and power teactor ut ructures supporte. have been perturned show-
systems. by open frame work. Ing compar tmun wit ti

analymim.

Fuel Stusage Has ks ipent fuel storage area Suppurt used or new fuel Pammive Space frame type Generally qu.sillicJ by
(4.9.2) .. uthen spec l i t e.nl l y .smmemblium in the pauper structures fat,rl- a n.e l ym i m . Analymim uses

.lemagnated secuse mecas. environment. cated from stauc- codem employing beam
tural shapes. elements.

Weactor Cuntalument Sursoun.fing seactor and Providem a secure st ruc- P.assive Generally large. Qualification is exclus-
an.8 Facilities builJian .ther mystems important t ure t o huume t he r eac t or , inassive concrete Ively an.nlysis. Teuts

(4. 9. )) malety, suppurt malety symtems an.. .a shi steel struc- li.sve licen repos t ed on Ju-su

mitigate tiee effects of a tures. comunisuluned nuclear
nuc le sr accident . plants anJ une operating..

plant which is usef ul to
identify resonaut fre-
quencies.

- - _ _ _ _ _ _ _ _ _ .
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TAbtE 4.0-1 D}till'HlWF ANI) C(til1)Nt.Nr CAllD)MlZATION

__

operatlunal
Cenes-le Csoup Cenesic Subasoup Typical 1.ocation Typical Function State Size / Shape Helleod of (}ualificat tuin .

Fuel kod Assemblieu instJe reactor vcusel Contains pellets of en- Passive bundles of cylln- Cenerally qualified by
[3g (4.!!.2) surrounded by internal. riched Uranium used to Jrical rode proper- combiulug analysis and

reactor structures. fuel the reactor. ly spaced by a " egg tests. Tests are per-
crato" type struc- formed to determine
ture. A single structural properties of-
commercial !$N fuel spacer grida. TI.ese re-
assy, wel hs in mults are combined uutng5
excess of 1500 lb. lumped mass analysis to

predict seismic remrunse
of clie fuel musembly.

p Contrul Rod Drtye Attached to reactor Hechautums used to con- Active Very long slender Hajority are qualified by.N Hechanisms (I.il.3) vessel, trol the rate of nuclear structure used to analysis. tiowe ve r ,g

gg reaction, inmest rods or limited qualification by
plates to control tests taas been reported.
ensclear reaction
rate.
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Knowledge of the detailed excitation and response characteristics,
e.g., temperature, pressure, response spectrum, etc., are necessary for
an equipment' user to judge the adequacy of the qualification program.

,

Qualification statements by manufacturers attesting only that equipment
has been qualified in accordance with a particular IEEE standard are
unacceptable. IEEE standards are not specific " cookbook" formulas but,
procedural guides. Blind adherence to a standard does not insure
component qualification. Each qualification step requires justification
and comparison to plant and site specific parameters.

4.1 ' Electrical Equipment Mounts

GENERIC COMPONENT GROUP: Electric Equipment Mounts

4.1.1 GENERIC COMPONENT SUBGROUP: Panels

DESCRIPTION: A panel is a small open frame or enclosure

designed for grouping various types of electric or electronic devices
! including buses, relays, automatic controllers, meters or signal

conditioning electronics. These panels are usually formed from sheet

metal. Often they are surrounded by some type of enclosure with a

securely locking door which prevents tampering or unauthorized

maintenance. Dependi-ng upon the location, the components may be

waterproof.

WEIGHT: Panels and their contents commonly weigh from

a few pounds to approximately 200 pounds. However, the exact weight can
vary significantly depending on the type of material and the material

gage used for their construction and other embellishments.

TYPICAL
MOUNTING: Panels can be attached by fasteners or welds

to embedded beams, fastened or welded to equipment skids, floor mounted

and clamped, bolted or welded to various types of structural supports.

They are of ten attached to the wall of a room in the plant.

SEISMIC
QUALIFICATION
METHOD: Panels are qualified by either analysis or

testing. The type of qualification depends on the complexity of the

panel. For panels with simple geometric shapes qualification can be

obtained using equations derived from strength of materials; more
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complex. shapes are analyzed using finite element computer codes. Even

if qualificaticn by. analysis is possible, panels are of ten qualified by

testing.- The _ dynamic input is usually a response spectru.n.
_

AGING: Panels, excluding mounted components, are j
fabricated from metallic type, materials hence radiation, thermal or !

po st-ac cid en t aging is not required. No reference was found which
'

suggest panels were aged to . include the effects of the normal

operational vibration environment. However, from experience,- the

authors have observed panel installations with severe environmental

vibratio n . More recently, consideration is being given to fa tig ue

effects from repeated hydrodynamic vibration events.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Panel failures usually include cracks, broken

welds, torn mounting holes, loose fasteners or general structural

degrrdation. Presence of such failures is acceptable providing that the'

item remains functional.

REFERENCES: 47*, 57, 87, 126

GENERIC COMPONENT GROUP: Electric Equipment Mounts

'
4.1.2 GENERIC COMPONENT SUBGROUP: Racks

DESCRIPTION: A rack is an open frame designed for mounting

and supporting electrical equipment. Often racks have a series of

predrilled holes to facilitate mounting or they may have rails which use

T-bolts to hold the equipment in its proper place. An example of a rack

is shown in Figure 4.1-1. This vertical rac k wa s f ab ric a ted from

standard structural steel shapes. Members of the rack were welded

together and stategically braced for increased strength. The rack shown

in Figure 4.1-1 has horizontal U-channels with rolled edges, which are

used to support the required electrical or electronic equipment. The

equipment is held in place by T-bolts whose heads are captured by the

rolled edges of the U-channels. Often individual racks are affixed

together to form a long row.

| . The ' equipment ' mounted on racks is axtremely varied. It is usually

arranged with the heavy weight items near the mounting base and the

i * Denotes most significant references.
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lighter weight items near the top, although this is not always the case.
Furthermore, the aggregate center of gravity may be well off the
centerline of the rack itself. Lead acid batteries , used as a short-
term electrical energy supply for emergency safety systems, are of ten
mounted on racks. Mechanical components, e.g., filters, pipes, and

valves, used in air sampling systems are likewise mounted on racks.
WEIGHT: Racks and their contents commonly weigh from

500-2000 pounds. However, the diversit*/ of applications for racks

prevents specifying exact upper or lower limits on either their weight
,

or inertial properties important in seismis qualification. These must

be ascertained for each individual case.
TYPICAL
MOUNTING: Racks are usually free standing structures

welded at the base to embedded beams or securely fastened by bolts
embedded in the concrete floor. The bolts can be either located in the
concrete during construction of the supporting floor or foundation, or,
special fasteners can be installed during installation of the racks.

SEISMIC

QUALIFICATION
METHODS: Usually rack frames are qualified by generic

type tests. Seismic qualification of racks includes the dynamic
properties of the component mounted on the rack. The dynamic properties
of the components may be 1) simulated by mounting dummy weights whose
mass and size appro.timate the component being simulated as was done in
Figure 4.1-1, or 2) the actual components as actually mounted on the
rack. For further design use of the dynamic data that can be obtained

during qualification, acceleration, velocity or displacement

measurements are often made at selected locations as a function of input
(i.e. , transfer functions) .

Since the release of IEEE 344-1975, seismic qualification tests for

racks have included the use of simultaneous biaxial (horizontal and
vertical) excitation. However, the input may or may not be

statistically independent. Dependent multi-axis inputs are developed by
rotating either the rack or the exciter to produce motion in multiple

'

directions.

Seismic qualitication in the 60's and very early 70's used either

sine dwell or swept sine testing. Since the release of IEEE 344-1975,
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seismic qualification has primarily been based on the specification of a

response spectrum, with sine beat and shaped random signals used to

synthesize the drive signals which produce the desired excitation.

In situ tests in the late 60's and early 70's were performed to

obtain the modal response characteristics of racks. These tests were

primarily limited to lower modes by the excitation methods used. {
Once generic rack designs have been qualified, similar designs are j

often qualified by analysis. The analysis is sufficiently quantitative

to justify the conclusion that the. similar design will withstand the

same or similar environment. Often the analysis has included very !

simple mathematical relations for seismic qualification. More recent j

work has tended toward more elaborate finite element models.
*AGING: Racks, excluding the mounted components, are

usually fabricated from structural shapes of metallic materials. Hence,

radiation or thermal aging has not been considered. No reference was

found which suggests racks were aged to include the effects of normal ;.

operational vibration environment. Nevertheless, from experience, the !

authors have observed rack installations near large machinery. More

recently, the effects of this environment are being considered. .

L

FAILURE MODES {
AND ACCEPTANCE

|
CRITERIA: Rack failures usually include cracks , broken ,

iwelds, torn mounting holes, loose fasteners or general structural

degradation. Presence of such failures is acceptable providing that the
item remains functional. !

REFERENCES: 4, 8, 28, 57, 63, 74, 87, 126, 131, 243*,
,

244*, 293

,

GENERIC COMPONENT GROUP: Electrical Equipment

4.1.3 GENERIC COMPONENT SUBGROUP: Cabinets

DESCRIPTION: A cabinet is an enclosed structure with

-swinging door (s) designed fo r mounting , supporting and enclosing i

electrical equipment. Those designed to withstand seismic disturbance
,

'have sturdy construction, including frame works using structural steel
shapes to form major structural elements. These steel shapes can be on
either the interior or exterior of the cabinet. The exterior skin of '
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the cabinet id' bent or ' welded heavy gage - plate . Holes are often cut,

,7% ..

to facilitate" mounting display. and controlling devicesg,
4

-intojcabinets ,
,

e.g.,111ghts,i switches andymeters. ]
,s . ,

.
.

~. .

'

JFigure 4.1-2 shows a typical cabinet. _ This figure shows that the_s

^g.?
+
< ,m ,

.,

' 'ce~nter' of the hinged cabinet door is reinforced with a wide hat channel, )

- .t n .

metal.- Thei and the| edges of the . door are; reinforced with formed
-interic'r of?the cabinet contains'. a series of terminal . strips fed from

' ,
;' .n .

. , .,
~

'- - heavy- incoming electrical' cables. .. Input or output cables or bus bars
, . 'can provide significant structural reinforcement. For cables the effect
re.
I is increased by tightly bundling the wires to form a very stiff

s

Of ten individual cabinets are affixed . together to form longstructure.
> s 3 7c

] rows .
These? rows arei separated by an, aisle which is usually of,

J

2 The cabinets are located in11yufficientwidthtoopenthecabinetdoors.
~

' secure areas.
For convenience, the equipment mounted' in the cabinets is usually

airanged according to functional requirements. The heavy components ares-

.>

of ten mounted near the base of the. cabinets, and, the lighter components

' are mounted in the upper levels, of the. cabinet, although this is not
|always the case. ,

,

'

The equipment mounted in cabinets is usually quite diverse . The

noun ted equipment can vary 'froA .small electronic components, drawers of
'

complex electrom'echanical devices to large mechanical component s .
Cabinets contain intricate w' iring bundles connecting the various'

components. These bundles must survive the environmental qualification
programs of ~the cabinet.

;

WEIGHT: Cabinets often weigh over 1000 pounds.

However, the ~ diversity of applications for cabinets prevents specifying

| .,- 'cither an upper or lower limit on either their weight or inc r tial
.\ .~

' properties important in seismic qualification.| ;
t -

L i s.
TYPICAL! '

3

4 MOUNTING: Cabinets are usually free standing structures
,

u
-

the base;to. cobedded beams or af fixed by bolts embedded in thej weidede st'

,

t : -

t .

concrete floor. / The bolts can eith'er be located in the concrete during
.n -construction of the supporting floor or foundation; or, special

' fasteners can be instfdlled during the final installation of the'

Several ' abinets may. be bolted together in lateral series., 'eabin e t s '. c
'
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SEISMIC

QUALIFICATION
METHOD: Usually cabinets are qualified by generic

tests. The qualification techniques are . identical to those discussed

'for racks with one significant difference. Cabinets contain complex

wiring arrangements for many instruments. This additional complication

often limits the applicability of gen'eric tests for cabinet seismic

n qualification. !

Attempts have been made to qualify cabinets by analysis but they

have generally been unsuccessful. The analytical cabinet qualification

programs, known to the authors, used finite element computer programs.

Also, analytical cabinet qualification programs have not found favor

with the NRC review groups . Once a generic cabinet design has been

qualified, similar designs are qualified by analysis. The analysis is

sufficient to justify the conclusion that the similar design will

withstand the same or similar environment. The analyses for

accomplishing qualification by similarity are of ten more complicated

than fo r racks or frames. However, the analyses are extrapolations

rather than predictions based upon experimentally justified models.

Series mounted cabinets are usually qualified by analysis.

It is not unusual for cabinets to experience rattling and banging

of loosely fitting doors and appendages when excited by seizure

excitation. This behavior generates nonlinear energy at frequencies

which are well beyond the seismic input range. Instrumentation located

in such cabinets is properly tested when included in the assembly

qualification. However, if the cabinet is tested with dummy

! instrumentation devices with the intention of subsequent test of the

I actual devices based on measured responses on the cabinet, great care

must be exercised to assure that the higher frequency energy is included

in the subsequent device tests.

AGING: Cabinets, excluding the mounted conponents,

are usually fabricated from structural shapes of metallic materials.

I Hence, radiation or thermal aging has not been considered. No reference

was found which suggests cabinets were aged to include the ef fects of

normal operational vibration environment. However, the contents of the

cabinet, instrumentation and wiring are very much susceptible to aging,

and will be covered under a separate topic.
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FAILURE MODES
,

AND ACCEPTANCE
CRITERIA: Cabinet failures usually include cracks,

broken welds, torn mounting holes, loosening of fasteners or general

structural degradation. Presence of such failures is acceptable
,

providing that the item remains functional.

REFERENCES: 15, 52, 54, 57, 60*, 61, 64, 68, 69, 77, 80,

86*, 87*, 119, 123*, 125, 126, 127, 131, 150*, 157, 225, 231, 276, 294,
320, 332, 334, 335*

4.2 Electrical Instruments and Devices
GENERIC COMPONENT GROUP: Electrical Instruments and Devices

4.2.1 GENERIC COMPONENT SUBGROUP: Transducers Including Integral

~ Signal Conditioners

DESCRIPTION: A transducer is a device which is used to

monitor some operational . parameter by measuring the energy of the
parameter directly, or by changing it to some more convenient fo rm. The

energy transmitted by these systems may be of any form, e.g.,

electrical, mechanical, thermal or acoustical, and it may be of the same
form or different forms in the various input and output systems.
Nuclear power plants employ four fundamental types of transducers:
pressure, temperature, radiation, and motion.

Transducers used in nuclear power plants typically provide inputs
for controlling and monitoring the plant operation. These devices

respond to a physical parameter and convert this parameter to an
electrical impulse. Usually this process is modified by signal

conditioning circuits and amplifiers for user convenience, e .g . ,
linearizing circuits and cube root extractors . Transducers including

their signal conditioning networks are designed to operate in specific
environments. Exceeding recommended operating environments often
results in erratic and/or inaccurate response.

WEIGHT: Transducers are commonly lightweight small
items. Their light weight is a direct result of the need to insure that
the sensing element of the transducer does not interfere with the

process being measured.
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TYPICAL. >

MOUNTING: The method of mounting a transd uc e r in a
~

system to . sense a given physical ' pa rame ter requires care. However,

generic mounting descriptions can be described fo r each class of

transducers.

Pressure transducers (transmitters) are remotely mounted from the

location where the pressure measurement is made. The pressure

transducer is connected to the penetration by an " instrument line". The

instrument lines are chosen based upon the required response time of the

instrument. The actual transducer is usually mounted by bolts to a

panel or on a bracket affixed to a wall or structural member.

Temperature transducers are mounted to penetrate the environment

being sensed.. A common type of temperature transducr is a thermowell.
This is a thermocouple contained in a partially threaded tube. The tube

is screwed into a properly threaded hole. These devices are often

mounted in pipes.

Radiation detectors are used to sense radiation in three major

locations in a nuclear reactor facility. Detectors are located: 1) in
the core, 2) outside the reactor vessel and 3) to monitor environmental

radiation. The instruments sensing core radiation are rounted in

specially designed fixtures and, the instruments sensing environmental

radiation are mounted in specially designed chambers.

Motion detectors are mounted directly to the devices whose motion

is being sensed. _For example , limit switches are mounted for

activation by a moving device, accelerometers and/or displacement sensor

are mounted on the moving structure whose motion is being sen sed .

Usually these devices are attached by a threaded fastener.
SEISMIC
QUALIFICATION
METHOD: Transducers and their associated signal

condi:Loning electronics are qualified by generic type tests. The

components are mounted on stiff brackets or bookends af fixed to the
seismic simulator.

The fom of the required motion is usually a specified response

spectrum or local inservice mounting simulation. The input fo r . such
. tests is.usually measured during tests of the mounting atructure, such
as a panel, rack or. cabinet. The required response spectrum is the
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usual form for tests specified today and are achieved using sine beat or

shaped random input. However, early seismic quelification tests, until

approximately 1975, achieved the required input using sine dwell, swept

sine, or sine beat tests. In spite of the use of such methods, there,

still appears to have been no effort made to dete rm ine frequency

dependence of malfunction on these devices.

Today, during the seismic excitation of the instruments,

performance characteristics are evaluated according to IEEE 344-1975.

Generally the earlier reported qualification programs fo r

instrumentation did not discuss in detail the monitored pe r f o rm anc e

parameters. However, based on ex pe r ie nc e , the authors are aware of

extensive efforts which are necessary to insure adequate performance.

Performance monitoring techniques have become progressively more

so phisticated since 1970. Initial monitoring was basic confirmation of

operability, but current monitoring involves operation at extreme

conditions during qualification.

AGING: Current qualification procedures include a

careful series of tests applied to the de v ic e to achieve the state

expected to exist at the end of its life. Component aging is governed

by IEEE 323-1974, the NUREG 0588 and the NRC IE Bulletin No. 79-01B.

These documents were clarified by the NRC in July, 1981.

The published information reviewed on electrical instruments and

devices did not contain explicit descriptions describing how the aging

mechanisms of operation and environmental vibration damage were

simulated. However, the authors have witnessed tests which simulate the

aging mechanism of operation. Until recently, tests in c o r po rating

environmental vibration damage have not been considered, although these
ef fects are now being reviewed carefully.

FAILURE MODES .

AND ACCEPTANCE
CRITERIA: Failure criteria fo r electrical instruments

and devices are usually based upon minimum operational requirements.
These requirements can include limits defining , linearity, output , and
voltage cpiking. Typical failures include relay chattering, inadvertent

relay opening or closing, or loss of function due to vibration of

internal mechanisms. In addition to the o pe ra tio n al pro pe r tie s ,

mechanical failurc criteria are imposed which prohibit cracks, broken
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welds, torn mounting hole s , loosening of fasteners and general

structural degradation. Acceptance'of above malfunctions depends on the l
'

consequences - of the result on' safety. ]
REFERENCES: 81,'83, 84, 118, 337*

GENERTC COMPONENT GROUP: Electrical Instruments and Devices
.

4.2.2 GENERIC COMPONENT SUBGROUP: Computer Systems

DESCRIPTION: A computer system is a self contained machine

for performing programmed actions based upon inputs, and displaying the

results in some useful form. The computer system incorporates memory

devices, input devices, control processor units and output devices (hard

copy or cathode ray tube). The degree of sophistication of the computer

system used in nuclear plants depends on the utility, designer and major

! control system supplier. Older computer systems require more space than

newer svatems which use in tegrated circuits. Although in older

installations computers are not considered category 1, current trends

are toward category 1 use in newer installations.

Vario^us types of computer systems are used in a nuclear plant.
'

Small computer systems are dedicated to performing one type of task,

eg . , data acquisition during a transient. Larger computer systems can

perform system control functions-using numerous inputs. Ultimate system

control resides with the operator. However, computers provide

information useful for guiding an operator.

WEIGHT: The total weight of the computer system

depends on its age. New systems are relatively light while older

systems can be heavy. The composite assembly may resemble a completely

I assembled electrical cabinet.

TYPICAL
I

L, MOUNTING: The various components whether electrical or

| mechanical are mounted in racks or cabinets. The central portion of the

I comp' uter system is usually located in secure areas with environmental

control. Auxiliary input or output devices can be remotely located fo r

user convenience. Critical devices are carefully mounted; non-critical

-devices are conveniently mounted.
?-
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SEISMIC
QUALIFICATION.

~ METHOD: Uncertain, but believed to be similar to

racks'and cabinets _with devices installed.
AGING: . Uncertain, but believed to be similar to

racks and~ cabinets with devices installed.
' FAILURE MODES
AND ACCEPTANCE

; CRITERIA: Uncertain,-but believed to be similar to

racks and cabinets with devices installed. Furthermore, some dispacs
and other devices are particularly sensitive to vibration, and failure
modes resulting from power interruptions can occur in very short time~

.

intervals.
'

REFERENCES: -306

.

GENERIC' COMPONENT GROUP: Communication Systems
<

4.2.3 GENERIC COMPONENT SUBGROUP: Communication Systems
*

DESCRIPTION: Nuclear plants employ two major types of

communication sys tems - video and audio . Video systems are used for
.

observing activities at multiple remote sitec from one central location.
Audio systems are used for discussing activities between one or more
remote locations. Video' systems are closed circuit television (CCTV)
distributed throughout the nuclear plant. Cameras are installed ' for
monitoring remote areas such as the fuel storage area, reactor building

2

; and perimeter barriers. Monitors and camera controllers are located to
provide the required information to the responsible parties. Audio
systems, (telephone, public address and warning systems) are distributed -

throughout the nuclear plant. These systems are used for interpersonal,

communications and warnings.

SEISMIC,

QUALIFICATION: Uncertain, but believed to be similar to
transducers.

AGING: Uncertain, but believed to be similar to

transducers.

FAILURE MODES
i AND ACCEPTANCE

CRITERIA: Uncertain, but believed' to be similar to

transducers.
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-REFERENCES: 89,92

4.3 Electrical Power Devices

GENERIC COMPONENT GROUP: Electrical Power Devices

4.3.1 ' GENERIC COMPONENT SUBGROUP: Switchgear
-

DESCRIPTION. Switchgear are devices covering switching and

interupting devices and their combination with associated control,

instrumentation, metering, protective and regulating devices; also

assemblies of these devices with associated interconnections,

accessories and supporting structures used primarily in connection with

the generation transmission, distribution and conversion of electric

power .

TYPICAL
MOUNTING: - Switchgear is usually mounted in cabinets,

panels or racks. These mounts are attached to surrounding structures or
;

fo undations .

SEISMIC
QUALIFICATION: Switchgear is usually qualified by testing.

Current qualification programs impose IEEE 323-1974 and 344-1975.

However, qualification programs conducted prior to the issuance of' IEEE

344-1975 appear to have been a mixture of different testing

philosophies. Initial seismic qualification tests, i.e., early 70 's ,

were accomplished using swept sine and sine. dwell tests. The

qualification testing gradually evolved into the biaxial testing

concepts endorsed in the latest versions of these standards. Since

1974, the sqismic qualification of switchgear has used biaxial seismic

simulators. Inputs forcing functions used to simulate earthquakes are

derived from a location specific response spectrum. The two current

methods used to develop signals to match site specific response spectrum

are sine beat and shaped random.

AGING: Early qualification programs did not always

consider aging. However, aging is being recognized as a variable which

| can contribute to malperformance of switchgear. Since 1974, IEEE 323

| ' specifies the aging mechanisms to be cons' .ered. These aging mechanisms

have been endorsed by the NRC.
t
i
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FAILURE MODES |

AND ACCEPTANCE
'

CRITERIA: Failure-criteria ~are usually based on;

L functionality.of the equipment. . Circuit breakers in particular must,

'

maintain their set state (open or closed), without chatter, and must 'be -

capable of-proper change of state during the seismic event . It is

interesting to note' that very high acceleration transients (i.e . , up to

100g) have been measured on the cases of some large circuit breakers

during their operation. Such transients can affect adjacent

instrumentation as well. In conjunction with this requirement, the

criteria .also specifies that ' the physical mounts should not fail.
,

REFERENCES: 7*, 8, 15, 28, 43, 45*, 52, 57, 59, 60*, 61,

64, 6 5 ~, 68, 69, 80, 87, 119, 122, 123* , 124, 125, 127, 133, 243* , 244* ,
276*, 306*

GENERIC COMPONENT GROUP: Electrical Power Devices
:

l

I 4.3.2 GENERIC COMPONENT SUBGROUP: Transformers
. DESCRIPTION: A transformer is a static electrical device

consisting of a primary winding and two or more secondary windings, with
or . without a magne tic c o r e', for introducing mutual coupling between

.

electrical circuits. Transformers are extensively used in electric
,

power systems to transfer power' by electromagnetic induction between

circuits at the same frequency, usually with either stepped-up or
stepped down values of voltage and current. Tran s f o rm e r s can be

incorporated as a component into an electric circuit or they can be
,

stand-alone devices.

- WEIGHT: Trans fo rme r s can weigh from a few ounces ,
e.g., trans f o rmers used in miniaturized circuits, to tons, e.g.,

j transformers used in power substations.

TYPICAL
'

MOUNTING: Generally transformers are mounted by

{ anchoring their case to a fo und a tio n . For transformers used in
#

electronics, the~ foundation may be a circuit board.- For medium size

transformers used to step voltage, the foundation may be a cabinet, wall,

or floor. For large transformers used to step large electrical load the
foundation usually includes reinforced concrete pads.

[
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SEISMIC
QUALIFICATION: The preferred method for the seismic i

qualification of transformers is by test. The methods used are similar j
!

.to- those described for switchgear. For large transformers that cannot

readily be tested, the qualification method is combined testing and
analysis. Reference [7] describes a combined seismic qualification
program for a large transformer. In this test program low level

impedance tests were performed to determine the structural

characteristics of a transformer. These results were used in

conjunction with a mathematical model to predict the response of the
transformer to a site specific earthquake.

AGING: Aging small and medium size trans f o rmer s
today follows the guidelines of IEEE Standard 323-1974 and 344-1974.
Prior to these standards, aging was similar to the techniques used fo r

switchgear. Aging requirements imposed on large transformers is

uncertain. However, it is known that certain aging mechanisms can be
significant in the insulation life.

-FAILURE MODES
AND ACCEPTANCE
CRITERIA: The failure criteri.s imposed on transformers

is functionality. Generally specified input and output voltages must be
maintained without breakdown. In conjunction with this requirement, the

criteria also specify that the physical moun .s and attachments shoulda

not fail. The degree of this type failure allowed depends on whether
functionality is preserved.

REFERENCES: 4, 7*, 8*, 28, 38, 57, 59, 62*, 63, 70, 76,

123*, 124, 243*, 244*, 276*, 306*

GENERIC COMPONENT GROUP: Electrical Power Devices

4.3.3 GENERIC COMPONENT SUBGROUP: Inverters

DESCRIPTION /
TYPICAL
MOUNTING: A device or system that changes direct

current into alternating power. Usually inverters are an interconnected
group of electronic components assembled into a system. The components
are usually mounted in or on racks, cabinets and panels.

58

. .- . . - - - . - _ - _ -. - - -. .



WEIGHT: Inverter systems usually contain electronic

components with a substantial amount of iron. Consequently,.the systems

tends to be heavy, but compact .

SEISMIC
QUALIFICATION: See switchgear.

AGING: See.switchgear.

FAILURE
CRITERIA: See switchgear.

REFERENCES: 337

GENERIC COMPONENT GROUP: Electrical Power Devices

4.3.4 GENERIC COMPONENT SUBGROUP: Emergency Diesel Generators

DESCRIPTION: Emergency diesel generators (DG) installed in

nuclear plants provide energy for safety related systems. Basically the
DG is a single or tandem diesel engine driving a generator. The engine
is remotely controlled and the output energy is distributed by a

switching system. Figure 4.3-1 shows a typical diesel generator system,
which consists of a diesel engine on a te s t stand coupled to a
generator. The DG is controlled by a series of instruments mounted in

the control panel shown in Figure 4.3-2.

For large DG systems the engine block is a complex, welded

structure with carefully machined surfaces. In the assembled engine,

the block surrounds a large number of mechanical components, e.g.,

crank, pistons, rods, valves and etc . Attached to the block are the

remainder of the mechanical and electrical engine components. The
generator driven by the diesel engine is a rotor surrounded by field
windings. The rotor is supported by the case structure of the generator
which encloses the windings.

WEIGHT: The DG system is a compact assembly

containing both electrical and mechanical components. The complete DG
including the mounting skid can weigh in excess of 70 tons.

TYPICAL
MOUNTING: The DG system including all monitoring and

control panels and devices is usually mounted on a skid. The skid is a
.

built-up structure using standard shapes including plates, and is
appropriately mounted in an auxiliary building at the nuclear plant.
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Figure 4.3-1 Diesel Engine on Test Stand at
Engine Manufacturer's Facility

(Ref. 272)
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Figure 4.3-2 Control Panel on the Shake Table
(Ref. 47).
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A.

The exact mounting technique, which can include isolation, depend s on

the specific site response spectrum.

SEISMIC
QUALIFICATION
METHOD: Seismic qualification of the DG has been of

growing concern since 1967. Hagen[266, 267] reported that in 1967 the
AEC (present NRC) had six requirements, and in 1971 had fifteen

requirements on seismic qualification of diesel generators. Two methods

have been used to qualify complete DG systems. Small DG systems have

been qualified by shaking the complete engine coupled to a generator.

Large DG systems have been qualified by combined testing and analysis.

Total experimental qualification programs known to the authors have been
.used for relatively small DG systems. Complete systems, engine and

generator, were. mounted on a biaxial seismic sim ula t o r with

statistically independent random inputs. During qualification testing

the DG was operated at full- load . The qualification input fo r the DG

qualification programs known to the authors were plant specific.
Combined testing and analysis has been used to qualify a DG

exceeding the weight limits of available seismic simulators . System

qualification was accomplished by grouping the components into two

categories:

a) Equipment that can be placed on a seismic simula to r for

dynamic testing.

b) Equipment that is too large/or heavy to be qualified by
tests.

Two approachs used to qualify the large components are:

a) Model the system using results obtained from low level

impedance (systems identification) methods.

b) Model the system using finite element techniques and
suitable computer programs.

Both of the above techniques have been used to qualify DC's.
References (48 and 49] detail the use of a finite element model to
qualify a DG, and Reference [268) describes the use of low level

impedance data to construct a model of a DC. Results from the

mathematical models were used to establish input response spectra for
components which could be qualified testing.
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Comparison of References (48 and 268] illustrates basic

philosophical differences between . qualification programs pe r f o rmed in

the U.S. and France. U.S. qualification programs essentially demand

qualification by testing, if possible. French qualification programs

. permit more latitude for qualification by analysis. A French paper [48) ,

states upon completion of a qualification program for the diesel engine

and generator that: As a general result of these analyses, it can be

seen that the seismic effects are very small compared with normal loads

ef fects (mainly due to the engine excitation.) Based on these results,

detailed analysis of each component is not required for seismic

qualification, and sample models determined from experimental data would
be sufficient.

AGING: Published reports indicate DG manuf acturers

have been careful to comply with the requirements in IEEE 323-1974 for
Class 1E electrical equipment and IEEE 387-1977 for starting

reliability. Thus all included components subj ect to aging must be

tested accordingly.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure criteria for the DG appears to be

based upon assigning acceptable stress limits to mechanical components

and applicable functional criteria to the Class 1E electrical

components. It is believed that operational reliability is imposed as a

criterion for the diesel engine system as a whole unit.

REFERENCES: 48, 49, 57, 87*, 112, 177, 243, 244, 249,

266, 267, 268, 270, 271, 272, 306*, 337*

GENERIC COMPONENT GROUP: Electrical Power Devices

i 4.3.5 GENERIC COMPONENT SUBGROUP: DC Power Units

DESCRIPTION: A battery, as defined by IEEE 100-1977, -is

one or more cells electrically connected for producing electrical

I energy. The electrical energy is produced by a chemical reaction

between the internal fluid , electrolyte, and the plates. The major

battery system used in a typical nuclear power plant is located in a

protected area on racks. This area is sufficiently isolated to protect
the batteries from chemical sprays , sudden or extreme tem pe ra ture
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changes, sudden pressure changes, or flying nissiles . Modern computer

systems can also contain batteries to prevent loss of memory or program

during power interruptions. These batteries are of ten located inside

one or more of the various system components.

WEIGHT: Individual batteries in the major DC supply

system are compact devices. Their individual weight depends on size,

but common industrial batteries of ten weigh over 1000 lb each. Because

of their construction, the inertial properties of an individual battery

is uniform. Individual batteries used in instruments to prevent loss of

memory or programs are compact devices weighing less than 10 lb. The

inertial properties of an individual battery are uniform.

TYPICAL
MOUNTING: The main DC power unit in a nuclear plant

consists of a large group of batteries clamped to a rack. The batteries

are in te rc onnec ted te rminal-to-terminal . The rack is a space frame

structure fabricated from structural steel shapes.

SEISMIC
QUALIFICATION: Seismic qualification of a battery sys tem

appears to be guided by IEEE 344-1975 as specified in the IEEE 535-1979,
" Standard for Qualification of Class 1E Lead Storage Batteries for

Nuclear Power Generating Stations", and NRC criteria. No specific

references were identified discussing qualification of seismic batteries

for domestic nuclear plants.

Because of location, batteries are protected from all environmental

stress except aging and radia tion. Battery specimens to be used for

seismic qualification can be assembled from cells of known age, or

thermally aged cells. Reference (337] provides guidelines without

supporting references for thermally aging batteries. Radiation

stressing is usually of insignificant consequence. Batteries are
4located in areas expected to have radiation levels less than 1 x 10

rads.
FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure criteria for batteries are based upon

their capacity for retention of electric charge. They are particularly

sensitive to aging.

REFERENCES: 57, 87*, 243*, 244*, 274*, 276*, 337*
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4.4.. Valves

GENERIC COMPONENT GROUP: Valves

4.4.1 GENERIC COMPONENT SUBGROUP: Large Power Operated Valves

DESCRIPTION: Large power operated valves are used to

control liquid and/or gas flow and to isolate flow from reactor systems.
Large valves are typically constructed to include a heavy walled body

which contains the internal mechanisms and an actuator of fset above the
body. In the design of valves for nuclear applications , care is taken

-to minimize the in terruption to the flow so that corresponding

vibrations and acoustic noise are also minimized. Three types of

processes are used to operate valves: air, hydraulic, and electric.

The most common method of valve operation is electric. Independent of

the mechanism chosen, the valves are designed to permit manual

operation.

TYPICAL
MOUNTING: Valves are affixed to the piping system by

either welding or bolting to flanges in place. Additional support is

given to selected valves. Struc,tural braces are used to support the

valves; and, snubbers are used to, provide additional support during some
accident scenarios.

WEIGIT: Large valves are pressure boundaries and

designed to comply with ASME pressure vessel codes and other applicable
standards. These design requirements result in heavy, massive valve

bodies. The weight is related to the pipe size. The operators are

suspended above the valve body. There fo re , arrangement of valve body

and operator results in two relatively heavy concentrated masses

separated by a flexible structure. Large valves may weigh up to 5 tons.

SEISMIC
QUALIFICATION: Large power operated valves have been

qualified by testing, analysis, or testing and analysis. Generally,

qualification by testing has consisted of mounting the valve on a shaker

system (vector or independent biaxial), and then subjecting it to a
,

simulated seismic input. The input is based upon sine beat or shaped

|' random signals. Early qualification tests appeared to use swept sine or

l sine dwell. The rationale behind this type excitation is that a valve

is a line mounted item, and as such is subject to rather low-damped ,
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distinct resonant response. However, the exact frequencies for the

resonances can vary considerably, depending on the structural boundary
conditions of the pipe section in which the valve is mounted.

Analytical qualification appears to be based upon lumped mass beam
models using sine beat or shaped random as input. However, the authors

are aware of attempts to qualify valves using loss of coolant accident

pressure histories combined with a seismic time history.

| Combined testing and analysis have been used to qualify very large

valves. Tests are used to verify calculated dynamic response

| characteristics of the valve or supply the needed terms for analysis.

Using verified or experimentally supplied characteristics , the valve

response is calculated using the appropriate response spectrum.

AGING: Because of their critical safety related

nature, valves are subjected to a varity of aging stresses. The IEEE

382, " Qualification of Safety Related Valve Ac t ua to rs " , originally

issued in 1972 and reissued in 1980, describes the aging requirements

fo r valves . Hardening of polymer seal material is a special aging

problem of concern. Figure 4.4-1 lists the qualification sequences for

valves given in IEEE 382-1980. Based upon information available,

consideration of synergistic effects has been limited.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: The basic criterion underlying the

qualification of valves is - they must work. Thus, they must operate

from one extreme position to the other in a specified time, and cannot

exceed a given leakage rate upon closure. Cauling of the valve stem due

to excessive vibration displacement generally results in inability to

meet either of the above requirements. Aging of seals usually results

in excessive leakage. For each of the aging tests identified in Figure

4.4-1 criteria are established to assure proper operation of the valve.

Furthermore, operational failure may result from malfunction of

accessories such as solenoids, etc., which control the function of the

valve itself.

REFERENCES: 47, 66, 87*, 113*, 114, 115, 142, 143, 229,

243*, 244*, 276*, 337*, 363
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-GENERIC COMPONENT GROUP: Valves
..

| 4.4.2 GENERIC' COMPONENT SUBGROUP:- Relief Valves

f DESCRIPTIONS: Relief valves are designed to open at a

i preset pressure and reseal when the pressure returns to a preset value.-
!

| Relief valves accomplish their function by forcing a disk against a seat
| --

with a pretensioned spring. Preload of the spring governs the " pop off"

pressure. . The face of the disk and seat sealing surfaces are metal with

surfaces polished to optical tolerances. Erratic operation of the valve

3 - or ' excessive vibration can damage these critical surfaces and cause the

valve to leak or malfunction.
'

Main steam relief valves are long slender structures which look

like an organ pipe. Other type of relief valves have a heavy body with

j an attached spring mechanism.

; WEIGHT: Usually relief . valves weigh less than 2000

] lb. However, the exact weight and dynamic properties depend on their

] size and design.

TYPICAL
MOUNTING: Relief valves are usually bolted in place .

] Flanges on the valves mate with flanges on the inlet and discharge (if

1 used) piping. Usually no additional support is provided for a relief

valve.
i

SEISMIC
" QUALIFICATION: Seismic qualification is by test or analysis.

Initially qualification tests were performed using equivalent static
'

loads to deform the valve. Current qualification tests include mounting
r

j the valve on a seismic simulator, input of various system loads (fast

closure, lifting of seat, etc.) and simultaneously subjecting it to;

inputs derived from a sine beat or random signal.
! AGING: To the authors knowledge aging is not
s

L considered in the qualification of a relief valve.
i ,

'

FAILURE MODES<

*

AND ACCEPTANCE
CRITERIA: Failure criteria for valves usually involves ;

demonstrating that the valve will respond as designed and resent with an '

} acceptable leakage.
1

REFERENCES: 10, 87*, 142,-363

:
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CENERIC COMPONENT GROUP: Valves
|
|

4.4.3 GENERIC COMPONENT'SUBCROUP: Check Valves

DESCRIPTION: Check valves are devices which prevent fluid

flow in one direction, but permit fluid flow in the opposite direction.

~ Check- valves .are installed inline in a pipe . The devices incorporate a

flopper arrangement or a spring loaded disk.

WEIGHT: The vent valves used in a limited number of

PWR reactor designs have a relatively massive body designed to withstand
system pressure. The size of other check valves depends on the size of

the pipe to which the valve is af fixed. Thus, weights up to several

hundred pounds are possible.
TYPICAL
MOUNTING: Large check valves are bolted to mating

flanges in the pipeline. Smaller check valves are installed inline with

threaded connections.
SEISMIC
QUALIFICATION: Current qualification tests mount the valve

on a seismic simulator and then subject it to inputs derived from a

response. spectrum. Sine beats are also of ten used.

AGING: Unknown.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: The failure criteria for check valves require

demonstration of opening and closing operability with specified

allowable leakage.

REFERENCES: 87

GENERIC COMPONENT GROUP: - Valves

4.4.4 GENERIC COMPONENT SUBCROUP: Instrumentation Valves

DESCRIPTION: Instrumentation valves are small, self-

contained devices used to switch, control and/or isolate the flow of

fluid. As an example, a solenoid valve is used as the emergency fuel
shutoff valve on the diesel engine used to po we r the emergency

generator. Generally these valves are operated by air, hydraulics, or.
electricity.
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-WEIGHT: Instrumentation valves are light weight

- devices with bodies ' designed to withstand the expected environmental !

- pressure. Typical weights are up to 25 pounds.
,

TYPICAL
MOUNTING: Instrumentation valves' are usually mounted in

line with the pipe using threaded connection. However, these valves can- -i

be welded into the pipeline.

| SEISMIC
-QUALIFICATION: Instrument valves are usually qualified as a

.

separate item, but may be qualified as a component in larger systems.

Hence, the qualification techniques are imposed on the overall system or;
, . :

. on the individual components as appropriate. ;

AGING: Appendix E-3 of IEEE. Standard 382-1980

provides a list of seven (7) operating performance criteria fo r this

j type of valve. However, this appendix is not part of the standard for

qualifying this type of valve. Of ten instrumentation valves are aged in
: conjunction with an assembled system. The aging criteria specified for
1 the system are then. imposed on the valves.

FAILURE MODES4

AND ACCEPTANCE,

i, CRITERIA: The failure criteria for instrumen ta tion
~

i

i valves require demonstrating operability with, usually, no leakage.
! t

,

; REFERENCES: 113*, 115, 131, 157*, 363
:

i

| 4.5 Piping
i
i CENERIC COMPONE!TT GROUP: Piping
i

j 4.5.1 GENERIC COMPONENT SUBGROUP: Large Pipes

! DESCRIPTION: The primary system of a PWR system contains
1

two major categories of large pipes. Large pipes transport coolant from
the reactor vessel to the steam generators, hot leg pipe , and large
pipes, although smaller in diameter, transport fluid from the steam

j generator to the reactor, cold leg pipes. Typically, the hot leg pipes
.

j are approximately 38 in. (1 M) inside diameter; and, the cold leg pipes
j ' re approximately 28 in. (0.7 M) inside diameter. The wall thickness ona

;

the pipes can be in excess of 3 in. (8 cm). In addition to large pipes |

in the primary loop of a PWR, large pipes transport steam to the turbine .

,in the secondary system. Large pipes also transport steam in a BWR
69 '
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system. The large pipes in a reactor system are fabricated from

stainless steel or carbon steel clad with stainless steel. Depending on

the reactor system designer, turning vanes may be installed in the pipes
to achieve a specific flow distribution. |

WEIGHT: The hot leg pipes weigh approximately 4000

lb/ft (6000 kg/m). The cold leg pipes weigh 2200 lb/f t (3300 kg/m).
TYPICAL
MOUNTING: Large pipes are restrained by embedded

anchors, snubbers and restraints which are engaged by thermal expansion.
These supports are designed to resist both seismic and loss of coolant
loads.

SEISMIC
QUALIFICATION: Seismic qualification of large piping is

usually accomplished using analysis. The mathematical models represent
the piping system as lumped masses and the excitation as a response
spectrum. This analysis provides reaction loads at the supports and the
vessel. The necessary stiffness matrix elements are obtained using a

finite element analysis, strength of materials formulae, or empirical

data. The damping matrix elements are assumed to be equivalent viscous
with a magnitude given by Regulatory Guide 1.61. The mass matrix

elements include the mass of the structure and the internal fluid . The

maximum response is obtained using the modal combination method

described in Regulatory Guide 1.92. Outputs from the lumped mass model

are used as input into ASME Code calculations and in special cases more
detailed analysis of individual features of the pipes accomplished using
finite element techniques. These analyses include finite element codes
which allow for coupling the pipes to surrounding concrete structures.

Also, the output from the lumped mass models is used as input to qualify
snubbers.

Various tests whose results may be useful in qualifica tion have

also been pe r f o rmed to date . These include measurements made on

pressurized and non pressurized pipes, piping loops in ho t and cold
conditions, and with stresses well into the plastic range. It might be

noted that measurements in general confirm higher values of damping than
.

permitted in the Regulatory Guides at strain levels comparable to|
moderate earthquakes.
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AGING / FAILURE
MODES AND
ACCEPTANCE
CRITERIA: Large coolant pipes age from a variety of

envi onmental effects. The L aging effects include radiation, fatigue,

corrosion and operation. Generally, these effects are incorporated into
a failure criterion by using a very small value of the yield stress,

i.e., 2000 psi.

* REFERENCES: 9*, 10, 13, 15, 22, 26*, 29, 31, 87*, 130,

148, 174, 188, 190, 191, 222, 243*, 274*, 276*, 280*, 283*, 287, 338,
360*

GENERIC COMPONENT GROUP: Piping

4.5.2 GENERIC COMPONENT SUBGROUP: Small Pipes

DESCRIPTION: Different authors use various definitions for

the separation between large and small pipes. Reference (87] defines

small piping to be any pipe less than 8 in. (20 cm) diameter. Whereas

the nuclear industry typically defines small piping to be any pipe less

than 2 in. (5 cm). The definition given in Reference [87] will beused
;

for this discussion fo r it-best specifies the appropriate analysis

techniques.

WEIGHT: The weight of small piping segments varies

significantly depending on the material properties and wall thickness.

The weight is further increased by the exterior insulation. This can

significantly increase the strength requirements for the pipe and its

hangers.

TYPICAL
'

MOUNTING: Small pipes are mounted by anchors af fixed to

nearby surfaces and various types of clamps . Often these restraints
,

must permit thermal expansion.

SEISMIC
'

QUALIFICATION: Seismic qualification of small pipes is

accomplished by analysis. Generally, the analysis uses either lumped

| masses and beam elements or the equivalent static technique s . If a

lumped mass approach is used, the damping values assumed are consistent
with the values given in Regulatory Guide 1.61. Piping in a nuclear

plant is obviously important to safe ty. Reference (222] has identified
71
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that analysis methods and techniques are difficult to id en ti f y . For

example, this ref erence states that for Class 1 instrumentation piping
the analysis concentrated on laterial deflection and fo rce evaluation
curves; and, the model was unknown. Limited experimental justification
was developed in the early 70's for piping analysis in nuclear plants.
But, qualification in the late 70's was apparently by analysis.

AGING / FAILURE
CRITERIA: The information reviewed did not generally

state acceptance criteria. However, Reference [222) identified that fo r
ASME III, Class 1~ piping, for acceptance criteria the maximum stress was
to be less than or equal to the ultimate and 2 times the yield stress.

REFERENCES: 9*, 10, 26*, 29, 31, 87*, 174, 188, 189, 190,
222, 239, 243, 274*, 276*, 280*, 360*

GENERIC COMPONENT GROUP: Piping

4.5.3 GENERIC COMPONENT SUBGROUP: Buried Pipeline

DESCRIPTION: In an emergency, buried pipelines carry

important safety-related fluids from various storage sites to the

location where they are needed. Typically, the pipes are layed in dug

trenches and leveled using typical pipe laying procedures. The size of
these pipelines can range from small diameter metal pipes to large
concrete pipes , e.g . , 19 ft (6 m) reinforced concrete tunnels which
furnish seawater for the turbine condensers at Seabrook.[ 263 ]

WEIGHT: Buried pipelines are generally lightweight,

flexible structures. However, they can be beavy as in the case of the
buried concrete tunnel at Seabrook.

SEISMIC
QUALIFICATION: Seismic qualification of buried pipelines is

accomplished using analytical techniques. The analysis techniques vary
from the application of sophisticated finite element codes to strength
of materials equa tions . Independent of the type of analysis used,
Ariman(237] noted that "There existe a large, but as yet mostly
uncorrelated, amount of data and literature for the behavior and damage

j of buried pipelines during strong ground motion."
AGING: The adequacy of the seismic qualification of

buried pipelines depends on material strength properties, e.g., yield
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strength and rupture st reng th . The amount of reduc tion in these

properties by analyses to account for natural environmental degradation

and radiation damage is uncertain.

REFERENCES: 34*, 40, 87*, 148, 233, 234, 237*, 238, 240,

241, 242, 274*, 276*, 295*, 296, 302

4.6 Pumps

GENERIC COMPONENT GROUP: Pumps

4.6.1 GENERIC COMPONENT SUBGROUP: Main Coolant Pumps

DESCRIPTION: The main coolant pumps in a reactor system

circulate the coolant through the core of the reactor, to remove the

heat from the fuel assemblies. The type and size of the coolant pump

depends on the reactor design - BWR or PWR. For a BWR, the pumps

operate at a system pressure of 1000 to 1300 psia, (70 to 90 bars); for

a PWR, the pumps operate at a system pressure of 2200 to 2300 psia (150
to 160 bars). The temperature for both reactor systems is 530 to 575'F
(280 to 300*C).

Figure 4.6-1 shows the design of the main coolant pump in a BWR.
This type of pump is incorporated in the reactor vessel. The pump shaf t
is carried in two hydrodynamic bearings . The bearing in the reactor

vessel is water-lubricated, and, the bearing outside the reactor vessel
is oil-lubricated. The seal assembly consists of two sliding ring seals
and one backup seal. The pump is connected to the driving motor by a
coupling.

The reactor coolant pumps for a PWR shown in Figure 4.6-2 are
vertical mixed flow, shaft sealed units driven by a single speed, water
cooled motor. Shaft sealing is of ten accomplished by a throttle bushing
and a mechanical seal. For the pump design shown, wster is injected
ahead of the throttle bushing; part of the seal flow passes into the
pump volute while the remainder flows out along the throttle bushing and

.

is returned to the seal water supply sys tem. The outboard mechanical
seal normally operates at a temperature of 95 to 100*F (35 to 38'C) and
is designed for full reactor coolant system pressure. The main coolant
pumps for a PWR system are designed to deliver approximately 100,000
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gal / min. of water. The motor required to power a single pump can exceed
t10,000 hp.

WEIGHT: Reactor coolant pumps are large, heavy
Lstructures of up to several thousand pounds weight. The weight of the

reactor coolant pump including the motor is not uniformly distributed . I

The motor is mounted to the pump housing and can extend more than 20 f t f
(6 m) vertically.

MOUNTING: Figures 4.6-1 and 4.6-2 show the mounting of
a BWR and PWR main coolant pump. The pump for a BWR is integrally [

mounted in the reactor vessel. The pump for a PWR is mounted on the
,

large pipe entering the reactor vessel. Also, supports are pruvided
.

around the pump bowl, and of ten the motor is braced to a surrounding
I concrete structure.
i. i

| SEISHIC
lQUALIFICATION: Seismic qualification of the main reactor

coolant pumps is by anal ysis. The analysis method uses the response

; spectrum applied to a lumped mass and beam model. "Ihe stif fness of
various elements used to represent physical pump parts is derived using

,

i finite element techniques or strength of materials formula. The masses
i

and inertial properties of the various elements are obtained from

manufacturers information and drawings. Damping in the mathematical

! model is assumed to be principally equivalent viscous. The model input
: is a floor response spectrum if the pump is supported from the wells

and/or floor, and response spectra obtained from a total NSSS system l

analysis. The response from the various seismic inputs is found using
,

the square root of the sum of squares or the modal combination method -

described in Regulator Guide 1.92.

] Test data were obtained in the early 70's which yielded the I

| f requency and mode characteristics of installed pumps. It is generally
a
a understood that similar tests for verifying more recent analytical
l models have also been conducted in various plants, but the results have

not been made available to the general community.
AGING: Main reactor coolant pumps are complex

! machines which require significant maintenance. At specific intervals
I

; the seal packing in reactor ptmps is either repaired or replaced. The t

electrical components, e.g., motors, switches relays, etc., should 4e

!
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appropriately | aged according to previously given data for electrical
devices. '

s

FAILURE MODES
? $ ' AND ACCEPTANCE

CRITERIA: Failure of a pump basically occurs when it )
. fails to deliver the specified amount-of flow at rated pressure.

_

Excessive stress or displacement of moving parts may be the cause of
-~

such malfunction. Reference [44] list's acceptance criteria - based upon

the maximum stress and displacement. For the failure criteria given,

the maximum stress must satisfy ASME code allowables and the,'
,

[ displacements must not cause interferences. Other references evaluated

by the authors did not specify. the failure criteria.

-REFERENCES: 6, 9*, 15, 31, 44*, 87*, 213, 310

GENERIC COMPONENT GROUP: Pumps
,

4.6.2 GENERIC COMPONENT SUBGROUP: Medium to Large Pumps and

Compressors

DESCRIPTION: Large horizontal and vertical pumps are used

in nuclear plants. The horizontal pumps , including compressors, are

usually mounted on a skid with the pump shaf t aligned with the motor

shaft. The vertical pumps have long-vertical shaf ts driven by aligned

motors.

k'EIG'dT : The size and weight of the large pumps

. generally prohibit their qualification by tests.

- TYPICAL
MOUNTING: Vertical pumps are usually supported by a

;
flange near the top of - the pump housing. Morizontal pumps are mounted

,

on a skid. Tne skid is usually leveled and anchored to the buiding.

SEISMIC .

QUALIFICATION: Seismic qualification of large horizontal and
vertical pumps is b- nalysis. Two types of analyses have been used,

response spectrum and ' aquivalent static.

FAILURE MODES
; AND ACCEPTANCE
'

CRITERLA: Failure criteria are based upon stress and

def1'ection limitations between critical components.
REFERENCES: 87?*,.179, 222, 243*, 244*, 276*, 310

,
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GENERIC COMPONENT GROUP: Pumps-

4.6.3 GENERIC COMPONENT SUBGROUP: Safety Related Pumps

DESCRIPTION: Small motor driven pumps are used in many |

saf ety related devices. For. example, a small motor driven pump is used

to supply oil to the bearings in a PWR main coolant pump. The small

pumps are usually connected dirctly to the motor by a coupling.

WEIGHT: Small pumps are suf ficiently lightweight to

permit their qualification by testing, i.e., < 5000 lb.

TYPICAL
MOUNTING: .Small pumps are mounted directly to the

equipment on which they are used or the pump / motor is mounted on a
baseplate. The baseplate is mounted to a machine or anchored to the

foundation.

SEISMIC
QUALIFICATION: Seismic qualification 'for small pumps is by

,

test. Based upon experience, current small pump qualification programs
usually invoke IEEE 323-1974 and 344-1975.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure modes and acceptance criteria are

I

based on functionality of the pump, similar to those previously

described.
,

REFERENCES: 87*, 222, 243*, 244*, 310

4.7 Heat Removal System

GENERIC COMPONENT GRCUP: Heat Removal System

4.7.1 GENERIC COMPONENT SU80ROUF: Heat Exchangers

DESCRIPIION/
MOUNTING: Various typa.s of heat exchangers or

condensers are used to remove heat from the reactor core. Condensers in
a BWR system contain water which is in the primary coolant cycle. PWR
systems use heat exchangers to remove heat from the core during normal
shutdown operations and certain accident scenarios. The heat exchangers j

' can be water-to-water or water-to-oil . The specific type depends on the I,

application.
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WEIGHT: Heat.exchangers are usually~large bulky

devices' surrounded by heavy walled vessels which meet ASME code

-standards. They may include total weights of several cons.

SEISMIC i
IQUALIFICATION: Qualification is usually. by analysis. Two

types of analysis are known to have been used - equivalent static and

the response spectrum technique. ;
'

AGING: Unknown.

FAILURE' MODES
AND ACCEPTANCE
CRITERIA: Failure modes due to seismic excitation would

be due to overstress or fatigue rupture, so that leakage would occur .
'

Generally analysis must show that stress and fatigue levels are within

acceptable limits.
'

REFERENCES: 77, 243*, 244*, 274*, 276*, 294

GENERIC COMPONENT GROUP: Heat Removal Systems

4.7.2 GENERIC COMPONENT SUBGROUP: Steam Generators

DESCRIPTION /
MOUNTING: Steam generators are the primary heat

exchangers used in PWR systems. These devices contain a large number of
'

tubes encased by a shell designed to the ASME pressure vessel code and

other~ applicable standards. PWR systems use two, three, or four stea 2

generators. The specific number depends on the systen design, Twc
,

styles of steam generators are in cce.non use in PWR fncIlities. -Of the

!, . three FWR manufacturers in the U.S., two use U-tube designs and one uses -

'

a strafght tube design.. The follcwing describes the specific design

. features of each steam generator etyle.

A typical U-tube stean generator usually consists of two integral
sections: an evaporator section,-and a stean drum section. The

evaporator section consists of a U-tube heat exchanger while the steam
!- drum section houses. moisture-separating equipment. The steam drum

- section is located in the upper part of the steam generator. The tubes

|
are individually supported at intervals by horizontal support plates

l' , hich are po rted to permit flow of the steam-wate r mixture. _Allw

pressure-containing parts, with the exception of the Inconel tubes, are
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made of' carbon or low alloy steel. All surfaces in contact with the

. reactor coolant are made of, or clad with, stainless steel or Inconel.

A typical straight tube, once-through, steam generator consists of

~three contiguous. sections - nucleate boiler, film boiler and

superheater. The generators are designed and manufactured in accordance
with Section III of the ASME Boiler and Pressure Vessel Code. High

pressure, high temperature reactor coolant flows into the upper head

region of the steam generator through the straight Inconel tubes to the

lower head. The tubes are supported at intervals by horizontal support

plated which are ported to permit flow of the steam-water mixture.

WEIGHT: Steam generators are large heavy structures.

A single steam generator can weigh more than 750 tons.

SEISMIC
QUALIFICATION: Steam generators are qualified by analysis.

For qualifcation, the steam generator is modelled using lumped masses

and beams . (This model is usually included in the overall seismic

analysis of the reactor system). The dynamic input to the model is

appropriate response. spectra or time histo ries . Output responses are

combined using recommended techniques. Currently, structural models

using finite element computer codes are developed to analyze localized
,

stresses and deflections subjected.to the loads determined from the

lumped sass beam models. However, early reactor system analysis used

strength of materials formulae, elasticity solutions, and substantially

less sophisticated compoter codes. Some validating model tests are

known to have been cunducted recently in various plants but the results

ere not generally available.

AGING / FAILURE
MODES AND
ACCEPTANCE
CRITERIA: The components of a steam generator are

metallic. The metals are chosen to resist radiation damage. The

failure criteria are stress values which are established to include the

effects of radiation damage, fatigue and other environmental ef fects

- which reduce the strength of the material.

REFERENCES: 6, 9*, 15, 17, 29, 31, 37
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GENERIC COMPONENT GROUP: Heat Removal Systems

4.7.3 GENERIC COMPONENT SUBGROUP: Emergency Pump Drive Systems

DESCRIPTION /
MOUNTING: Emergency pump drive systems are diesel

powered. These pumps are used to inject fluid into the core region

during specific emergency scenarios. Of ten the pump drive systems are

located in the diesel generator building.

WEIGHT: The emergency pump drive system is a compact

heavy system. The combined weight of the diesel engine and pump can

exceed 30 tons.

SEISMIC
QUALIFICATION: No information was found describing

qualification of pump drive systems. However, the authors are aware of

ongoing industrial programs fo r their seismic qualification. These

programs use combined testing and analysis techniques. Analysis is used

to qualify the large, heavy components and provide the required response

spectrum input for the qualification of smaller components.

AGING: The current qualification programs being

conducted on the pump drive systems include the aging mechanisms

identified in IEEE 323-1974.
FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure criteria are identified consistent '

with the. required functionality of a component. Stress is the 'ailure

criteria for c.omponents whic;t caa be severely strained during t h e.

imposed seismic event; functionality is the failure criterion for

components Alich rtay malfunction daring the imposed ecismic event.

RFFERENCES: 47, 243*, 24M

GENERIC COMPONENT GROUP: Heat Removal Systems

4.7.4 GENERIC COMPONENT SUBGROUP: Large Cooling Fan s , Motors,

Generators, and Compressors

DESCRIPTION /
MOUNTING: Large cooling fans are air circulating

devices in which air is forced to circulate by a blower or blades

coupled to an electric motor. Coupling can be direct or through a belt
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drive. The electric drive motor used in a specific application depends

L
-on required horsepower,= available power type , coupling attachment', and

|- mounting requirements. Some electric motor designs have iner t i a l

switches - for activating additional internal winding arrangements to
,

L start heavy loads #

WEIGHT: Fans are usually bulky, lightweightp

structures., Motors are compact, heavy structures. The weight of a

motor varies depending on its horsepower and space allocations.

SEISMIC
QUALIFICATION: Large fans are qualified by analysis.

However, the specific details of the analyses familiar to the authors

are company proprietary. Motors are qualified by testing or a

combination of testing and analysis. IEEE 334-1974, " Type tests for

Continuous Duty Class lE Motors for Nuclear Power Generating Stations",

specifies acceptable seismic qualification methods. This standard

invokes IEEE Standard 323-1974, " Qualifying Class IE Electric Equipment
fo r Nuclear Power Generating Stations" and 344-1971, " Guide for Seismic -

Qualification of Class lE Electric Equipment for Nuclear Power

Generating Stations".

Motor qualification in strict conformance with IEEE Standard 334-

1974 may not adequately demonstrate functionality of the moto r . The

authors are aware of seismic qualification programs on motors which

follow IEEE 344-1975 rather than the 1971 version. Motors have been'

qualified by combined testing and analysis. For this type of

qualification the test usually refers to environmental stressing while
'

analysis refers to the structural qualification.

The structural qualification of a motor is based upon a lumred mass

beam model of the rotor and support structure. The bearing and the

lubrication film are represented by a system of masses, springs and-

dashpots. The authors are aware of the attempts to include multilinear

models for the springs and dashpots which model the bearings. The input

motion to the motor is usually specified by a response spectrum.

Specific motors used on the Alaska Pipeline Project are known to have

i received detailed attention.

AGING: Based upon experience, current motor

qualification programs are guided by IEEE 323-1974. Abundant mechanical

aging data exist from long term operation of industrial and power plant
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motors, but the degree that these data have been factored into the

analysis is uncertain. !

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure criteria requirements for a motor are

described in IEEE 334-1974. Structural response failure criteria are

based upon specified deflection limits and stress. Testing should be

conducted for the end of life condition of the motor insulation.
REFERENCES: 33, 57, 87*, 93

4.8 Air Conditioning Systems

GENERIC COMPONENT GROUP: Air Conditioning Systems

4.8.1 GENERIC COMPONENT SUBCROUP: Air Ducting

DESCRIPTION /
WEIGHT: Air ducts route air from supply units to

remote locations requiring environmental control . Air Juets vary in

size, shape and structural rigidity. Some air ducts are fabricated from

thin, bent sheetmetal while others are fabricated from 1/4 in., or more,
steel plate reinforced with strategically located structural shapes.

Until recently heating and ventilating ducts were not protected from

fire. However, requirements have been instituted which require certain
air ducts to be coated with fire retardant material. This material can
be of a cement nature or a foam which expar.ds when heated. The addition
of the fire retardant material significantly ef fec ts the seismic

resistance of installed duct systems. It often lowers the resonance

frequency of the duct system into the seismic excitation range. Ducts

are often suspended from overhead hangers . This method of support

permits the ducts to pass over other safety related equipment.

The re fo re , failure of the duct or hangars could jeopardize additional

equipment.

SEISMIC
-QUALIFICATION: Air duc t s are principally qualified by

analysis, although Reference [56] reports a test progrom evaluating the
,

seismic resistance of ducts. Prior to the implementation of the

requirement that certain safety related ducts be covered with a fire

retardant material, seismic qualification was performed using equivalent
static analysis. Since the implementation of the coating requirement,
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qualification of ducts is accomplished - using finite element codes with

plate shell, and beam elements. Input to the finite element model isr

the response spectrum at the support locations. Maximum responses are
obtained using recommended procedures.

AGING: To the authors' knowledge no aging mechanisms
are considered.

,

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Air duct failure criteria are based upon

acceptable stress ' values. Other criteria may be necessary' depending on
the proximity of other structures.

REFERENCES: 56, 87*, 297*, 299

GENERIC COMPONENT GROUP: Air Conditioning Systems

4.8.2 GENERIC COMPONENT SUBGROUP: Air Conditioning and Filtering

DESCRIPTION: Air conditioning and ' filtering systems are

important fo r removing particulate contamination and providing proper
environmental control. The air conditioning system can be a simple fan
ano motor as discussed in Section 4.7.4, or a complex refrigeration

system with humidity controls. Filtering is usually done using room

size units.

SEISMIC
QUALIFICATION: Unknown.

AGING: Unknown.

FAILURE
CRITERIA: Unknown.

REFERENCES: Nor,e .

4.9 Systen Support Facilities

GENERIC COMPONENT GRCUP: System Support Facilities

4.9.1 GENERIC COMPONENT SUBGROUP: Cable Trays

DESCRIPTION /
TYPICAL
SUPPORT: Cable trays used in nuclear power plants are

steel (usually) ladder type structures. These trays support heavy

bundles of wire held to the rungs in the cable tray by nylon tiewraps.
.
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- Cable' trays snake their way 'from the: initial to final termination point
of 'nearly every wire in a reactor system. At intervals, the cable trays

'

are ~ supported from walls, ceilings,or floors by locally suitable
_

structures..

WEIGHT: In d' i v id ua l cable trays are relatively ;

- lightweight ~ structures. However , when the cables-are affixed to the

cable ~ trays; the combined structures can be quite heavy.
SEISMIC-
QUALIFICATION: References [87 and 277], which describe the

- seismic review of selected nuclear power plants, draw no conclusion on
the methods used to seismically 'qualif y cable trays . Reference [87]
states that "the seismic analysis ~ (of cable trays) are similar to piping

! analysis in that floor spectra are applied at cable tray support points

and responses are calculated and compared to deterministic design
,

allowable stresses".
.

Reference [55] describes a two phase seismic qualification program

for cable trays. Phase 1 determines-the design loads for the tray _

supports and trays; and, Phase 2 demonstrates seismic adequacy by test.
The analytical method for the qualification of. the cable trays cited in-

this reference uses a finite element computer code with beam elements.
,

Structural consistency is insured by testing randomly selected cablei

trays. The trays are supported and loaded. The midspan deflection for

various load increments is used to evaluate the natural frequency of,the;

i cable trays. This test continues until failure occurs by buckling or

. joint separation.

Reference [72] provides data where qualification can be performed
by testing. Furthermore Keowen, et al[365] have carried out an

extensive .two year test program involving virtually all types and

configurations of cable trays and conduit rac'eways installed in nuclear
power plants. The tests were carried out at high levels of response, up
to and including some ' instances of support failure. These tests reveal
' that -conventional- designs have much higher values of damping than

previously believed.
AGING: Unknown.

FAILURE-
CRITERIA: Failure criteria are based upon allowable

' limits. The allowable limits described in Reference [55] considers the
~

,
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' function 'of the various parts of the system and the effects of exceeding.
'these values on the functional requirements of the design.i

REFERENCES: 55*,.56,' 57, 72*, 87*,'195, 277*, 297*

' GENERIC COMPONENT GROUP: System Support Facilities

*
.

4.9.2 GENERIC COMPONENT SUBCROUP: Fuel Storage Racks

' DESCRIPTION: Fuel storage racks are space frames. These

devices are used to support new and spent fuel ' assemblies in a secure,

safe location.,
,

WEIGHT: The fuel storage racks are bulky but.

relatively light. When loaded, the system becomes very heavy.
,

SUPPORT: Fuel storage racks are supported from the

- walls and floors. The upper portion of the fuel storage racks remain

open for access by the handling equipment.
'

SEISMIC
QUALIFICATION: Based upon experience, fuel storage racks

- have been seismically qualified by analysis. The analysis methods

include lumped masses interconnected by beams. Excitation is through

the response spectrum.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure would typically occur by overstress

or low cycle fatigue. Qualification must demonstrate response levels

within appropriate limits.<

REFERENCES: 228, 290, 293, 364

4

GENERIC COMPONENT GROUP: System Support Facilities

,

4.9.3 GENERIC COMPONENT SUBGROUP: Reaetor Con tainmen t and

Facilities Building

DESCRIPTION: The type of buildings used - to house equipment
at a nuclear plant is diverse. Buildings range from frames covered with

s he e tme tal. - to very thick reinforced, concrete structures. To be

considered a subsystem, only smaller buildings and. structures are

included.

'
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- SEIISMIC
QUALIFICATION: Each permanent. building at a nuclear plant is

evaluated ' for its seismic resistance where failure could . interfere with-'

s a f e t y . -- Building analysis includes interaction between the soil and
building foundation. For seismic evaluation, the buildings are modelled

.as lumped masses interconnected by beams. The beams incorporate'the
dynamic structural properties of the structure as determined through.a
static analysis. The number of masses used to represent a building

varies . depending on ' the complexity of analysis requied. Energy

dissipction in the model is usually included as equivalent viscous

damping, with values taken from Regulatory Guide 1.61. Two types of

excitation are -used for analysis: time history and reponse spectrum.

Time history excitation readily permits inclusion of nonlinear response

mechanisms in the analysis. Response spectrum excitation requires

modification to ' permit the inclusion of nonlinear ef fects.

Results from a simple model of the buildings are used to perform

the detailed stress analysis. Analytical results are combined to

determine maxi.ium response values. Usually recognized techniques are

employed. .Some in situ experimental data have been acquired from both
full scale and scale model items. These tests used both portable

struc tural vibrators and explosives and achieved response levels in the

range of 0.1 to 0.5 g. The results indicated high levels of damping

and, in a number of instances, significant nonlinearities.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Acceptance criteria are based upon acceptable

stress and deflection limits. The values selected are based upon

results from recognized material test methods.

REFERENCES: 5, 9 * , 10, 17, 20*, 22, 26*, 29, 41, 57, 73,.

153, 154, 164, 173, 175, 185, 193, 196, 203, 221, 243*, 244*, 274*,
275*, 276*, 277*, 285, 288, 289, 291*, 294, 301, 305, 308*, 339, 341*,

{
343

,

O

; .

!
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GENERIC COMPONENT GROUP: System Support Facilities'

4.9.4' GENERIC COMPONENT SUBGROUP: " Internal Reactor Structures

DESCRIPTION /
TYPICAL
MOUNTING: Internal reactor structures support the

nuclear core, provide flow control, and support reactor control devices.

Figure 4.9-1 shows the internal reactor structures typical of a PWR.

This figure shows-that the reactor internals are composed of a shell-

like structure, a core basket, which is suspended from the upper flange

of the reactor vessel. The lower grid and flow distributor is attached

to the bottom of the core basket. The entire group of fuel assemblies

which form the core is supported by the lower grid assembly. The core

is held in place by an upper structure called a plenum assembly. This

assembly is a shell structure which surrounds a group of columns that,

contain the control rod guides and tube structure. The major internal
,

reactor structures are fabricated from stainless steel and are assembled

by bolting and welding. All structures are carefully inspected during

each stage of this construction.

Prior to operation of a generic reactor design, the internal

reactor structures are flow-tested as described in R.G. 1.20. Results
'

from this test program provide the dynamic response characteristics of

the internal reactor structure when excited by random or deterministici

forces.

WEIGHT: The internal reactor structure is large and

heavy. The core support structure plus the lower grid often weigh in
'excess of 50 tons. The upper plenum assembly can weigh in excess of 30

cons.,

SEISMIC
QUALIFICATION: Seismic qualification of the internal reactor

structures is based on analyses supported by test data on scale models

in some cases. The structure is modelled using lumped masses and beams.

The lumped masses represent the weight of the various structural

components including the surrounding water; the stiffness properties of
the beams are calculated using various types of analysis and represent,

the structural rigidity of the internal structures. The damping values
t
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used in the analysis vary and are often adjusted to include fluid

damping.

Seismic ' response for the complete mathematical model is predicted

by response spectrum or time history methods. Results from the dynamic

analysis - are used as input for more detailed structural analyses. Test

data obtained during the preoperational tests have been used to validate

the analytical models. However, the results of this validation
'

generally remain proprietary.

AGING / FAILURE
CRITERIA: The failure criteria used for the

qualification of the reactor internals are based on stress. The stress

limits are developed based upon f a tig ue considerations, rad ia t io n

damage, and other material properties judged to be significant.

REFERENCES: 5, 10, 13, 15, 17, 22, 26*, 29, 41, 73, 85,

87*, 136, 169, 192, 194, 196, 283*, 292, 341*, 342*

4.10 Vessels

GENERIC COMPONENT GROUP: Vessels

4.10.1 GENERIC COMPONENT SUBGROUP: Large Vertical Vessels

DESCRIPTION /
TYPICAL
MOUNTING: Large vertical vessels are thin walled

vertical s to rage tanks with a top and bottom, and generally anchored to
a foundation.

WEIGHT: Generally, the tanks are lightweight fo r

their bulky size, but the weight of the contents can be very

significant.

SEISMIC
QUALIFICATION: Tanks are qualified by analysis using a

finite element model excited by an appropriate time history or Housner's
simple equivalent mechanical model method. Reference [284] describes
the detailed analytical procedures to implement the Housner approach.
The design process models the fluid in the tank with three masses . One

s

mass represents the sloshing of the fluid, and the other mass represents

the weight of the _ fluid in contact with the walls. The values and

location of-these masses, and magnitude of equivalent mechanical springs
which connect these masses to the walls of the container are calculated
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using given formulas. The appropriate inertia forces are determined
i

using _the masses , equivalent springs, and locations calculated as
|

previously specified combined with the taximum seismic . ho rizo n tal

acceleration determined from the design response spectrum for zero

period. This simple approach neglects any elastic mode response in the

Coats (273] points outtank walls, and that this approximation is

unrealistic. Kennedy, et al[87 ] conclude , for tanks analyzed by the
Housner approach, that "all such safe ty related storage tanks in the

reference plant should be reanalyzed accounting. for the contribution of

tank wall flexibility to seismic response." More recent data for design

of tanks of various cross-sectional geometry is given in the review

paper by Kana [333].

FAILURE MODES
AND ACCEPTANCE
CRITERIA: The failure criteria for large vertical

vessels are based on maximum stress or buckling loads. The total stress

must be based on a combination of convective or slosh load with the

impulsive or inertia load of the nonsloshing part of the liquid.

Qualification based on the single Housner method alone is usually

inadequate because of underprediction of the impulsive stresses.

REFERENCE: 26, 29, 87*, 116, 165, 197, 230, 235, 236,

243*, 244*, 273*, 276, 277, 292, 306, 307, 333*, 345*, 346

GENERIC COMPONENT GROUP: Vessels

4.10.2 GENERIC COMPONENT SUBGROUP: Large Horizontal Vessels

DESCRIPTION /
TYPICAL
MOUNTING: Large horizontal vessels are thin walled

tanks used to store large volumes of fluid , e.g. , diesel oil at low

pressure. These tanks are of ten supported by two or three saddle mounts
anchored to a foundation.

WEIGHT: Generally the tanks are lightweight for their

bulky size, but the weight of the contents can be very significant.

SEISMIC
QUALIFICATION: Qualification of horizontal cylinders has

typically been performed by the Housner simple mechanical model method,
in which the liquid surface is assumed to be in an equivalent
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- rectangular tank -[346] . _ However, the previous statement about elastic

wallhresponse applies, e.nd 'should be _ considered in any new designs.

AGING: Unknown.

FAILURE MODES;

AND ACCEPTANCE
CRITERIA: The failure criteria are based on maximum

- material properties, i.e., yield and ultimate material strength.

|
REFERENCES: 26, 87*,.274*, 277*, 284, 292, 333*, 346*

.

!

: GENERIC COMPONENT GROUP: Vessels
!

i

4'.10.3 GENERIC COMPONENT SUBGROUP: Reactor Coolant System

DESCRIPTION: The reactor coolant system is composed of

heavy walled, welded structures. The placement of _the components and

' the type of components depends on the system operating principles. A

BWR system _has fewer major, individual components in the containment

i than does a PWR. Figures 2.4-1 and 2.4-2 in section 2.4 schematically

I ~ individual components and their relationship to theshow the
'

containment.

TYPICAL
MOUNTING: The reactor system is supported by means of

devices which_ accommodate thermal growth, but restrain transient motion.

In addition, the reactor vessel is usually supported on a grid system

which minimizes stresses induced in the various components by transient
'

j motion.

SEISMIC
QUALIFICATION: The seismic qualification of the reactor

"

system-is accomplished by analysis. However, tests have been reported

describing the dynamic response characteristics of the reactor system toc

low level input forces. Two methods are used for the seismic

qualification of the reactor system - time history and response

spectrum. For both methods a lumped mass beam model of the entire

system is developed . The lumped masses represent the - weight of the

system components including fluid; the system stiffness is represented

by beam elements; and recommended damping values are used . The output I

- from this model is used as input for a more detailed analysis of the

individual components.
|

4
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' FAILURE
' CRITERIA: Failure criteria are based on stress and the

- maintenance of critical structural tolerances.

REFERENCES: 9*, 15, 17, 26*,-29, 37, 41, 73, 87*, 135,

7141,,153, 175, 192,'203, 213, 222, 223,-224,'243*, 244*, 276*, 280, 283,
.:8, 341*,'342*

_

4'.11 Miscellaneous Components

GENERIC COMPONENT GROUP: Miscellaneous Components
,

4.11.1 GENERIC COMPONENT SUBGROUP: Snubbers

DESCRIPTION: Snubbers are a spec ia l- type of shock

absorber. They are designed to provide no resistance to motion ~ for

j slowly' moving structures , ~ but to provide heavy resistance for rapidly .

accelerating structures. For example, these devices permit the

i unimpeded thermal growth of a' structure but, in - the event of an

|
earthquake, provides instantaneous structural support. Snubbers are

usually hydraulic type devices. Internal fluid, oil, is allowed to flow'

slowly through a valve mechanism but, in the event of an incident which

causes the pipec to rapidly accelerate, the valve restricts the fluid

flow. This action essen'tially locks the moving piston.
| WEIGHT: Snubbers find ex tensive applications in.

; nuclear facilities. For example, large sntbbers are installed on pumps -

! and generators; small snubbers are installed on pipeline important to

' safety. Hence, the weight of snubbers vary from a few pounds to tons.
,

SEISMIC
QUALIFICATION: Generally qualified by te s ting und e r

.

simulated seismic motion conditions.
i.

| AGING: Unknown
I

I -FAILURE MODES.
!' AtID ACCEPTANCE ,

CRITERIA: Failure generally occurs by incorrect lockup

| or by leakage of hydraulic -fluid.

REFERENCES: 182*, 312, 314, 315, 316*, 318-

|
L

~
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GENERIC COMPONENT GROUP: Miscellaneous Components

4.11.2 GENERIC COMPONENT SUBGROUP: Fuel Rod Assemblies

DESCRIPTION: Fuel rods containing pelle t s of Uranium

dioxide are supported at each spacer grid by contacts integral with the

. walls of the spacer grids. The guide tubes are attached to the upper

and -lower end fitting s , tying the assembly together. Usually the

material in the guide tubes and the fuel rods are similar to minimize

differential thermal expansion. Spacer grids are fabricated from

slotted strips which fit together. The walls of a spacer grid form a

square lattice which supports the fuel rods in two pe rpendic ula r

directions. The lower end fitting positions the assembly in the reactor

and supports the fuel assembly weight. Holes or slots in the fitting

are provided for the control rods.

WEIGHT: An individual fuel assembly weighs between

1000 and 2000 pounds. The exact weight of a fuel assembly depends on
the number of fuel rods. The dynamic properties of the fuel assembly
are uniform.

SEISMIC
QUALIFICATION: Individual fuel assemblies are qualified by

combined testing and analysis . Tests are performed to determine the

dynamic characteristics of the fuel assembly, i .e . , damping , frequency
and mode shape. Also, tests are pe r fo rmed to determine the dynamic
impact resist.snce of the spacer grids, guide tubes and fuel rods. These

test results are used to fo rm the-structural matrices necessary for
seismic qualification by analysis. Tests on fuel assemblies usually

indicate that their structural charac teristics are highly nonlinear.
The nonlinearity is often attributed to the interaction between the fuel

pin and spacer grid.

Seismic qualification of the t'uel assemblies is accomplished by
subjecting the experimentally formulated mathematical model to a *

required time history or response spectrum. The output is displacement
and/or stress.

AGING: The fuel assemblies are fabricated from all
metal components. The only aging mechanism usually considered is
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structural component changes resulting from normal wear or irradiation

damage to the material.

FAILURE MODES
AND ACCEPTANCE
CRITERIA: Failure criteria are based upon strength

properties of the fuel pins and the crushing strength of the spacer I

grids. Usually manufacturers pe rm i t no damage to a spacer grid

resulting from a seismic event.

REFERENCES: 87*, 144, 145, 168, 341*, 342*

GENERIC COMPONENT GROUP: Miscellaneous Components

4.11.3 GENERIC COMPONENT SUBGROUP: Control Rod Drive Mechanisms

DESCRIPTION: The control rod drive mechanism consists of a
device to force either rods or plates into tubes or slots in a fuel

assembly. The plates or rods absorb neutrons in the reactor core and

control the rate of reactivity. The principle used for the control rod

drive depends on the reactor type. Some control rod drive mechanisms

are hydraulically driven and others are electrically driven. Both types

of mechanisms are designed to automatically insert the control rods in

case of power failure.
~

SEISMIC
QUALIFICATION: Seismic qualification of control rod drive

mechanisms is accomplished by either test or analysia. Reference [85]
describes seismic qualification of a reed switch in a control rod drive.

by testing. The control rod drive in the test is mounted on tne base of
a vector type simula to r . The input-simulates the required seismic

input-

The more common method of qualifying the control rod drive is by

analysis. The drive is modelled by a lumped mass team type model. The

model is excited with the appropriate response spectrum obtained during

the analysis of the reactor system.

AGING: Unknown.

FAILURE
CRITERIA: Unknown.

REFERENCES: 9, 85*, 87*, 147, 178, 243*, 244*, 276, 341,
342

L
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t- 5.0 ANOMALIES IN QUALIFICATION METHODOLOGY

L

The previous sections of this report have been compiled to present

available information on the state-of-the-art for general qualification.

An ,. evaluation of this information was _ performed to seek out deficiencies

Eand anomalies that can ultimately affect the validity of equipment

qualification. 'A summary of- the results of this evaluation for general

methodology will be presented in this section, while results fo r4

!

equipment subgroups will be given in the next section. Emphasis in both

cases' is on anomalies or uncertainties that exis t - for seismic

qualification but the influence of other environmental factors is

.

These results are based -not only on the referencedincluded as well.
'

literature, but also _on conversations with' other experts in the field.
,

only the most significant anomalies -will be considered here, and only '

the most pertinent references will be specifically cited . However, it

is understood that information from many of the references forms the

basis for the anomalies discussed.

[ .It should be emphasized that the definition of the word " anomaly"

as used herein includes the occurrence of a noted unexplained potential

variation of results in qualification. It is paramount to recognize

that these anomalies may or may not be significant in influencing the
<

validity of the qualification process. Furthermore, each cited anomaly
,

does not apply to qualification in general, but only to certain cases.

As a further clarification, it is extremely important to point out that

this discussion of ~ qualification methods anomalies must not be taken to

imply that any of the equipment qualification performed to date is

nccessarily inadequate. To the centrary, early seismic test programs

| recognized that the test methods did not necessarily provide a close '

i
j simulation of the actual seismic event and, consistent with a good

| engineering practic e , qualification testing was accomplished with a
I -

; degree.of conservatism which was judged sufficient to cover the
1

uncertainties. In fact , further study of the anomalies will help reveal4

to what degree conservatism has indeed been present.
.

I

i
1
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5.1 -Oualification By Testing

5.1.1 Uncertainties in Use of Response Spectrum

The response spectrum has been used to describe the action

of an earthquake on a structure since the early 1930's.[323] This I

adaptation of the shock spectrum parameter has found wide acceptance in
analytical prediction of seismic response of structures. It was a

natural development that has become the preferred parameter fo r

specifying the excitations to be used fo r testing of. equipment.

However, test equipment having the capability of producing motions whose

TRS closely resembles a given RRS has become available only much more

recently. In the interim, various simpler approaches including the use

of sine dwells, decaying sines, and sine beats were employed. Various

combinations of these methods were used to simulate ground level motion

with broad frequency content , as well as floor motions with limited

frequencies filtered by building resonances. Slowly, the trend has been

to reserve these methods for synthesis of floor motions, and to employ

shaped signals of broad band random motion for ground level motions.

This path of development has led to the present existence of a number of

uncertainties associated with the simple requirement that a TRS envelope

the RRS in a typical specification.

Currently, much confusion and outright disagreement exists

on the details of how signals may be synthesized such that the resulting

table motion will provide a TRS which envelopes a given RRS. This

problem has been aggravated by the nonuniqueness of e response spe trita,

in that many time histories can be utilized to produce 2 1RS that

i envelopes a given RRS. It is further compounded by the absence of any

quanti ta tiv e specification of tolerance on the enveloping process.

Thus, it is possible to predtce a motion whose TRS envelopes the RRS as

required, but violates the spirit of the specification because basically

an inappropriate time history is employed.

Kana[86 ] has discussed the adequacy of test signals at some
length. Figure 5.1-1 shows a case where the TRS was within !3dB of the

RRS. However, in Figure 5.1-2 the po we r spectral density shows

negligible energy incut above 10 Hz. A conclusion was drawn in the

example that excess of frequency content below 10 Hz does not adequately
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make up for a lack of frequency content between 10 and 30 Hz (note that
amplification of the TRS above the zero period acceleration, ZPA, l

implies that frequency content must be present in the corresponding I

frequencies). An extreme example of a sine dwell enveloping a broad
band signal is given in Figure 5.1-3. Here energy is present in the

sine dwell only at 3 Hz, in spite of the fact that its TRS envelopes the
RRS. For such a case it is obvious that multiple modes present at other

f requencies in the equipment will not be excited with proper amplitudes
and phases. However, no evidence is available as to just how close an
enveloping of the RRS by the TRS is necessary to produce an adequate
test. Much recent discussion on this subject has tended toward the

necessity of further requirements on adequacy of frequency content and
stationarity of simulated motions. That is, frequency content should be
present at all frequencies where amplification of the RRS over the ZPA
exists, and the content should be statistically present for the entire

duratic.n of the earthquake event. The methods for assuring that this

has been accomplished remain uncertain. It appears that the response

spectrum is a ra ther coarse parameter for development of desired
signals. Nevertheless, Unruh and Kana[202] have shown where additional
development of an equivalent power spectral density can be of

considerable help. Furthermore, the early use of sine dwells or sine

beats at resonance frequencies is recognized to produce a quite

conservative test fo r those cases where resonances of an item are

cot pletely established. Hotever, sequential use of such dwells does not
provide adequete stationarity for representing a general ground level
simulation.

Many types of component signals can be summed to form an
aggrega:a time histary whose TRS hopefully envelopes a specified 3RS.
Until the advent of small dedicated computer systems the signal

manipulation adjustments necessary to duplicate a particular response
spectrum were done manually. The interactive process of forming a

signal whose response spectrum matches the required response spectrum
was labor intensive. However, laboratories can now perform the

necessary signal manipulations in a few minutes using computers to

iterate and adjust a random signal. Unruh(269] describes the computer
sof tware and hardware for generating a time history signal matching a
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specific response spectrum. - He has developed appropriate sof tware for
commercially available minicomputers. Preprogrammed systems including
-hardware > and so f tware 'are available _for shaping and combining random

information to envelope a given response spectrum. In. spite of all this''

sophistication, however, excess enveloping of the RRS by the TRS at
higher frequencies can occur because of the inher en t presence of
harmonic. content generated by nonlinearities in typical hydraulic

actuation systems, or by rattling of loose parts . or panels in the

specimen and table.

Measurement of zero period acceleration -(ZPA) is 'another
common uncertainty associated with the use of tlie response spectrum in
testing. It is not unusual to experience test ZPA's much larger than-

that specified on the RRS, even.though significant efforts are made to
match the correct frequency content and allow for complete stationarity.
However , ex traneous frequency content caused by nonlinearities, as

described above, will cause the test ZPA to occur at higher than desired
frequencies. In fact , rattling of loose parts can push the ZPA to very

high frequencies (i.e., > 500 Hz) . Thus, some method of filtering or

reduction of the data is necessary to assure that the correct amplitude

of motion has occurred in the amplified region of the specified RRS.

Furthermore, excess enveloping and a high ZPA obviously may lead to

premature failure of a component.

5.1.2 Effects of Crocs Coupling

Structural components and equipment generally possess

characteristics such that their dynamic response principal axes do not

coincide with the apparent geometric principal axes, i.e., cross

coupling exists lu the specicen. In the past this has been recognized ,
r

| and it has been stated that three axis excitation provides the best
i
i simulation as a result. However, at the same time, one or two axis

; simulation has been allowed, so long as conservative results can be

as sumed . Specifically, IEEE 344 states:
"The minimum is biaxial testing with simultaneous

( inputs in a principal horizontal and the vertical axes.
,

f- Independent random inputs are preferred and , if used,
the test shall be' performed in two steps with the

100
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equipment rotated 90* in the horizontal plane for the

second step.' If independent random inputs are not used

(such as with single-frequency tests), four tests

should be run. First, with the inputs in phase;

second, with one input 180* out of phase; third, with

the equipment rotated 90* horizontally and the inputs

in phase; and, finally, with the same equipment

orientation as in the third step but with one input-

180* out of phase."
Figures 5.1-4 and 5.1-5 show schematically the concepts of

dependent and independent biaxial testing, respectively. In addition, as

is sometimes specified, the specimen is oriented at 45* to the

horizontal excitation direction. The latter addition is a further

complication to the uncertainties that already are inherent in the

biaxial versus triaxial excitation question. No data are known to exist

for comparing the responses in one kind of test to another. There is

some tendency to say that triaxial simulators will eliminate such

uncertainties. However, there is no evidence that proves that other

types of testing are not conservative, and therefore more desirable from

the point of view of using a much less expensive test system.

Furthermore, there is no criterion specified on the degree of cross-

correlation that is allowed for a machine to qualif y as an independent
axis testing device. Chen [352] has shown limited evidence that samples
of actual eart.hquakes show a cross-correlation of 0.16 or less at ground
level. However, torsional cross-coupling in buildings may cause high
correlation at certain frequencies et elevated flecr levels.

Testing of line mounted equipment introduces another aspect
of uncertaint.ies in cross coupling. In particular, valves generally are

mounted in the middle of su,) ported pipe rections, so that significant
torsional rocking exists fo r transverse notion. Some present test

specifications prescribe teets where tha valves are mounted by flanges
to rigid bookends, and are excited by translational motion. In such a

case, the torsional rocking is ignored, unless allowed for by increased
input levels. Other specifications require that the input motion be of
a sine beat type to simulate response at a narrow pipe resonance, and be
of sufficient amplitude to include the effects of to r sio n . This is
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. Lusually referred to as-a RIM (Required Input-Motion) test. Ho wev e r , no
- fpublished ~.dat'a are available to _show which method provides an adequate.

,

.qualificati6n.with the'least. M $t ofLconservatism.
,

<

.

4 i
, .. .. .

1,,5.1.3;? comparison of-Test' Severities.

e
* . .x

It has been mentioned previously. that early qualification- ,

tests attempted to pr$buse carthquake 1 simulations - for both floor. level
~ -and ground level tests by:means of narrow frequency band techniques such

,

as sine dwells,. sine decays , ' and . swept sine.. Later, sine beat

techniques emerged. Usually, these methods were recognized to be,

'

reasonable . for representing . floor level motions, but. not as good for

- - ground levelJtests which include broader frequency content. Sequential-
L ' application of the- signals at various frequencies, including resonances

was used to - simulate . the presence of the. broader frequencies. More

recently, shaped random. signals, which are synthesized by multiple bands
of random data, and include RMS amplitudes which build up, hold for a4

{
specified time, . and then decay similar to - an actual earthquake , are used

i for.a much better simulation sof the ground level motion. In all of-

tlEis, a pertinent question ar'ises as to whether. the previously conducted~

tests are conservative (more severe) compared to the more recent and
.

'

complex tests.

The use of. sine beat testing also presupposes the . ability to

establish' resonances in a given system. References [60, 119, 132)

! demonstrate the application of the sine beat method for signal

synthesis.- Specific criteria include:

1. A continuous-sweep frequency search using a sinusoidal input
,

[ of approximately 0.2 g shall be performed to determine the
,

' ' natural frequencies of: the equipment up to 25 Hz.
:2. A sine, beat test shall be pe r f o rmed at each natural|- )

O
; frequency found'by the frequency search.
; .

3.. In addition,. sine-beat tests shall be pe r f o rm ed at
,

{ frequencies other than the natural. frequencies to cover the'

i
,

spectrum up to 25 Hz.
|. e,

'

g.J 4. A sine' beat test at any natural frequency shall consist of a
7 s

. train of 5 beats, the pause.between beats to be at least two
'

'
,,'

,

d : seconds. There shall- be a 5 cycles / beat input acceleration.1

, 1s,"
/ d >'

!
. J' d 104e v - ,,

,.- s. . e

sa 7 :\. , if |( .3 ,
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The philosophy behind this test method is that the equipment

-will experience at least as much (or more). damage (malfunction

po t en tial) than it will-in any more representative multifrequency

environment. This phil o so ph y is typical of that required for

formulating any type of vibration equivalence test. It suffers from the

uncertainty that one cannot always identify the' exact form of damage

that will occur in a given case. -Furthermore, all resonance frequencies

cannot always be accurately determined . This is especially true fo r

instrumentation or devices whose internal mechanisms are unknown. Thus,

it is -usually .better to -design a test which represents the excitation as

close as ' possible , ( i .e . , . f r equency content , stationarity, amplitude,
etc .) , and let the failure mechanisms be activated accordingly.

In order to compare severities of previous tests to more

recent tests, some form of failure parameter must be developed or at

least assumed. Fatigue, mechanical gauling, electrical failure,

chattering of relays, premature operation, and leakage of valves are all

examples of a multitude of typical failure mechanisms that can occur in

equipment. Beyond this , a relationship between the damage or failure
mechanism and the dynamic response parameters (i.e., displacement,

stress, acceleration, etc) must be developed. Thus, the matter of

establishing vibrating equivalence is an extremely complex task.
Curtis[198] and FacklerI199I have evaluated equivalence

between tests using sinusoidal, swept sine and broad band random input.
- Table 5.1-1 shows the necessary equivalence relationships to interchange

input excitation. This table shows that there is no universal

equivalence between sine dwell, swept sine, and random. The

relationships between the various combinations are significantly
different and depend on the postulated failure mechanism. In addition,

equivalences based on producing identical failures such as fatigue have
widely differing values according to such factors as damping , strese
level, and material properties. The equivalence relations in Table

5.1-1 p rovid e one approach which can be considered between various
methods of simulating an earthquake.

The problems faced with establishing equivalence is stated
by Curtis[198] ..Instead of simulating a service environment with a test

environment that resembles the basic characteristics of that

ervironment, it is sometimes necessary to substitute a method which is
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TABLE 5.1-1 EQUIVALENCE RELATIONSHIPS BETWEEN SINUSOIDAL SWEEP,
SINUSOIDAL DWELL, AND BROADBAND RANDOM

Eouivalent Test Methods
Basis of Test

Equivalence Condition Sinusoidal Dwell Sinusoidal Sweep Broadband Random

1

Fatigue Level k h W= S,g
n

0.19 > K > 0.056

Duration T T, = K T r" cc

0.24 < K < 2.85
-

Peak Response Level 5 5 29 o
o o W=

n

Q5*
Root Mean 5 5 W=-

Level o o gf'

Square 7 ._ n
Response y2 Y2

Q5*
5, 5 W=

j Energy Level ,g
Dissipation a

2T
T =TDuration T T =

c s 7 r c

5 = peak sinusoidal excitation level
W = acceleration spectral density

T = duration of sinuoidal dwell test
| c

T, time to sweep half-power bandwidth of a resonance=
,

T = duration of random test
:

K = constant

Q = peak amplification factor
,

f = resonant frequency

b = ceasure of slope of c-N curve

n = damping-stress exponent

106

|
|
|

- - - - . . - - ._ , _ .
'



. ~ .-. . . .- . - - . .

4'
'-

,

- w

different'~in character, but is equivalent in its effect on the test

! specimen. When' a test' is equivalent to ano the r , the two tests should
produce equal _ ef fects on the test component. That is, the damage caused

| by each of ' the two methods should be equal. This is usually not
!-

: possible to accomplish if more' than one effect is to be' simultaneously'

|5 Nimulated. ~ For example,- it may be possible to simulate the fatigue

damage caused by a random environment with a sinusoidal sweep but it is

unlikely that ~the. same sinusoidal-test can . simulate both the fatigue and
'

the ef fects of random environment have on the functional performance of

!- .the test item. Therefore, equivalence between two methods implies the

equivalence of the single most damaging ef fect on the environment."

From this statement one can infer that for equivalence to be

established for a complex specimen which is subject to two different-
1
~

vibration fields, the acceptance. criteria must define the damage

criteria in terms of the dynamic response of the structure and its
'

ef fects on the most .likely form of failure. For example , acceptance

criteria for a relay of ten states that the device will not change states

during the seismic qualification test. This is a statement of required

functionality of the component and is adeq'uNt* only for an exact
simulation of the excitation. But, this statement does not provide a

continuous link between the damage criteria defining functionality and

j the dynamic response of the structure, and therefore is insufficient for

application to an equivalent test. A more precise definition of this
,

acceptance criteria would be that the relay must not change state for
i

peak acceleration input under a specified g level. Once the acceptance

| criteria has been cast into a statement which includes the fundamental
. dynamic response of the structure, the equivalency between various.

F

qualification techniques can be described, and the results ' from
1

different testing muhods better interpreted.

Ibanez, et alI7} reported one of the earliest comparisons of

| test time histories in terms of the peak spectral response amplification- ;

over the ' peak excitation. This comparison is based strictly on the

excitation with no regard to how the frequency content matches with the

excited structure, and no regard to failure mechanisms present.
Kana[86] has provided another type of relationship between

acceptance. criteria and the fundamental dynamic pro pe rtie s of a
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structure. His definition of a damage severity f actor (DSF) is based

upon the peak and RMS acceleration caused by a specific seismic event.

However, the relationship of this criteria with various forms of failure

mechanisms remains yet uncertain.

5.1.4 Nonlinearities

The matter of high frequency acceleration (i.e., > 33 Hz)

responses induced by rattling nonlinearities has already been mentioned.

Recent unpublished research is showing that such responses are very real

in their effect on internal electrical and electronic devices mounted in

cabinets with loose doors and panels. So long as the devices are tested

in an assembly with the entire cabinet, the devic e s experience a

realistic environment. However, if the cabinet is tested first with

only dummy deviies installed and response measurements are obtained to
fo rm the excitation for subsequent device tests, then a real problem

develops as to hdw to best simulate and describe the measured high
frequency environment. Operational loads, such as closing of large

circuit breakers, can also induce such nonlinear effects on internal

components and devices.

5.1.5 Test Secuence

Test sequences typically include five OBE level tests

followed by one SSE level. For those cases where ind e pend en t biaxial

testing is involved, this sequence must be applied along each of two

different 90* orientations (i.e., front to rear and side to side).

Often, five OBE's and pne SSE are applied in one direction, the

equipment is turned on the simulator, and then a similar test sequence

is applied. Other specifications require that five OBE's, turn, five

OBE's, one SSE, turn, and one SSE be used as a sequence. The latter

obviously requires mo a time and expense. The process is even doubled

for dependent biaxial testing. Uncertain ty exists as to which is the

correct approach. Unrealistic fatigue damage may be incurred by those

tests which require the most repeated runs . However, if a failure does

not occur for the more conservative test, then no problem exists.

Another uncertainty exists for the use of actual field items

as a test specimen. Once all testing is complete to end of life
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p ' condition (which may'even include some modification af ter_ failure and
;

retest), the item is sometimes shipped into the field for installation.
t

E The degree of subsequent refurbishment to assure a complete service life

is uncertain, and no restrictions are known to ' exist .for this practice.

i 5.1.6 Methods For' Dynamic- Load Combination
r^

'Recent-trends have included the possibility of earthquake

and -SRV events occurring simultaneously. - Vibration transients ind uced

into equipment located on' the various floors of a building are rather

- short _ duration (2-5 second) events which include higher frequency
:

content .(20-150 Hz), as compared with earthquakes. 'Of course, one must

consider how to develor'a test which includes both events
simultaneously. The use of independent time histories phased and added

vectorially seems obvious. However, it is desirable to be able to use,

less expensive and cumbersome spectral methods. Addition of response

; spectra directly has no theoretical basis. Therefore, use of some other

technique appears necessary. NUREG/CR-2087 " Load Combination
Methodology Development", which reports on a probabilistic methodology
for developing consistent criteria, suggests that seismic plus SRV will

have a low probability. Future work will be addressing appropriate

: service level for particular load combinations and proper procedures for
combining dynanic responses. As a result, the need to combine seismic

and SRV laods may r.ot occur.

5.1.7 Fragility

There appear to be few commonly-accepted procedures

identified for fragility measurement in equipment today. The concept is
t

defined as an optional form of test in IEEE 344-1975,- and some general
procedures are discussed. However, very few other published references

directly applicable to nuclear plant equipment are available on the

subject. The lack of development suffers from the same problems present
in the comparison of severities between.various tests, i.e., the

establishment of relationships between failure and dynamic response.
This lack of development probably is one of the reasons why proof

testing, rather than fragility testing, is currently far more prominent

in qualification of equipment programs. As an option it is not always
,
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appropriate to perform a fragility test. However, it is most useful for

understanding the failure mechanism of or bounding limits of'

qualification of a component.

Although the physical design of elec trical and electronic
hardware used in nuclear plants is considerably different from that used
in aerospace hardware, the concepts of fragility applied to both may be
considered essentially similar. Some results of fragility studies for
aircraf t avionics and other equipment are given in References [227-229,
231, 353, 354]. The concepts have been further applied directly to
nuclear plant equipment by Kennedy, et al[355] This latter report is.

the most comprehensive, and is apparently the only available review
document which concerns fragility-measurement in nuclear plant

equipment. A common measure of fragility for any type of equipment is

defined in terms of a probability measure, as shown in Figure 5.1-6.
This simplified representation shows a frequency of failure as a

function of an amplitude parameter (acceleration in this case). It is

emphasized that such curves can only be developed in a statistical
! sense. Various data necessary for defining fragility for typ ic al

i nuclear plant equipment is given in Table 4-2 of Reference [355].
Typical failure modes, sensitivity parameters, and other information is

j also listed. For convenience, this table is reproduced in the Appendix,

Section 9.0.

j 5.2 Qualification by Analysis

| The state of the art for seismic qualification of equipment by
i

analysis has been covered in considerable detail by Kennedy, et al in'

Reference [087]. That review is still very much applicable at the

present date. Therefore, herein we will make only a few additional
comments on analysis methodology.

Seismic qualification of equipment by analysis includes one or more
of the following methods:

1. Static method

2. Response spectrum

3. Time history (modal analysis)
4. Time history (direct integration)

The selection of a suitable method to qualify specific equipment depends
on many factors. Among the factors considered in the selection of an
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analysis | method . are definition of the fo rm of the seismic input,

prediction of the dynamic response of the structure, correlation of

response with failure mechanisms of the structure, economic resources

available, and time available to perform the analysis. Recent examples

of dynamic'and seismic analysis of a variety of equipment can be

obtained from Reference [361] .

5.2.1 Degree of Model Complexity

All programs aimed at qualifying equipment by analysis begin

with the development of a mathematical model, regardless of the solution

method. The mathematical model, which includes synthesis ~ of a complex

structure into an aggregate of beams, plates, or shells, should be

sufficiently accurate to allow prediction of - the essential dynamic

behavior. Such synthesis of a physical structure into an analytical

representation is both an. art and science. The art involves knowing how

much detail to incorporate into the model to yield conservative results,.

yet discarding unnecessary details which overly complicate the problem.

The science involves the proper application of physical and mathematical

principles to form a consistent set of equations whose solution is

valid. Thus , modelling a given physical structure is also a creative

art. If two groups of qualified engineers model a structure the result

may very well be two different mathematical models. However, both would

predict similar dynamic results if they are valid models. Hence, some

uncertainty may always exist on the exact adequacy of a model.

Furthermore, typically the models are linear mathematically, unless some

known nonlinear mechanism can be included. Mechanisms of the rattling

type described in Section 5.1.4 have not been evaluated in the past, and

their effects can cause significant errors if cabinets are qualified

analytically.4

Af ter the mathematical model of the structure.has been

synthesized the model must be loaded to obtain a response prediction.

f For structures not classified as Category 1, or whose failure would not

affect Category 1 equipment, often equivalent static forces are used for

the loading . The equivalent static loads are usually calculated using

| the peak value of the required response spectrum for justifiable damping
i
i- . values and localized mass values. As direv.ed by 1EEE 344-1975, this

I-
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force value has been increased by 50% in the past to account fo r

uncertainties. However, justification of the use of this value is now

being' required.

-For_ Class 1 and other selected structures, loading of the

mathematical model is usually accomplished by one of two representations
'

of the earthquake: ' typically a response spectrum, or time history.

However, a trend ~is now growing for the use of stationary random

vibration techniques (power spectral density) to represent an earthquake

as well. In fact, by means of the transformations developed by Unruh

and Kana[202) , it is now possible to generate flow response spectra from
ground response spectra, without the intermediate development of a time

history.

5.2.2 Synthesis of Damping

Whether loaded by equivalent static forces or dynamic motion

representing an earthquake, analytical models include a mechanism of

energy dissipation. NRC R.G . 1.61 provides the recommended damping
values listed in Table 5.2-1. These values depend on whether the

earthquake acting on the structure is an OBE or SSE, and are based on

average measured data. Additional typical damping values are listed in

Table 5. 2-2. The results in these two tables can be contrasted to
typical damping values presented by Newmark(322] and given in Table 5.2-
3. Thus, various ranges are available and the analyst is forced to

choose from a rather diverse list of values.

Generally when damping is discussed the inferred mechanism

is viscous, i.e., the damping force is proportional to velocity.

Analysts have long recognized that the use of this damping mechanism is
a mathematical convenience rather than a precise description of the

energy dissipation mechanism in a structure. This model of damping has
persisted for it provides reasonable results that can be economically
derived.

Damping values referenced in test reports or analysis are
usually single numbers given without reference to any particular mode of
vibration. Reference (284] describes two extensively used mechods for
determining an equivalent modal damping matrix or composite damping
ma trix to be used when dissimilar materials are present. The two
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TABLE 5.2-1 DAMPING VALUES
|

(Percent of Critical Damping)
'

(

Operating Basis
Safe Shutdown

Structure or Component Earthquake or 1/2 Safe EarthquakeShutdown Earthquake

, ,

Equipment and large-diameter piping systems
pipe diameter greater than 12 in. 2 3

Small-diameter piping systems, diameter
equal to or less than 12 in. 1 2

Welded steel structures 2 4

Bolted steel structures 4 7

Prestressed concrete structures 2 5

Reinforced concrete structures 4 7

I

!
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TABLE 5.2-2 SLMIARY OF DAMPING VALUES

,

I

|
:

!

Cossponset Type W Dampus

I 38 sus 2 or of or (5of
: d Dasa. 5tsusnue h= . Strams !. met Criacal)
!

(a) Nacisar powerpiast cassponents and ssrucnues
' Vibranen

1.4 nuit 1.5-2.0%
5 ants'

Oms man. JJ
(transverse)

## Steam S. Fernando 70 anis

Ceaurasar Earthquaka 0.18 steam. 3.0
(radial)

stanceUnit (1) 1.1nais
Irorend vibration 0.15s max. 0.4
resar and respoo. (verocal)

: ses to Ly* Creet Lytte C. * 0.033 max
'' I~

and saa' Eartmouake (transverse)
.'unando Earta- "quakes (Pressur- 1.3 unis 0.7,1.3

8'"'''''''ized Weser
$ %

Renesor) Lytle Creek. 0.04g and
I *"" *Earthquaka 0.08s man

,

3.7 nais.i
I3N-f

.

Vibratiour 6.6 nuls.g
sensrators. E-w

N-Sand
0.4E-W'

'
9.5 near,

3
2. Indian Point 10.5 nuls , . '

;

! No.1 5 team ftanwitial) -

j Generator 37 mds
IN '# shaker (radial) ,! vibrauon Test

Program (Pressut* Crossover (Sine best)
0.3 nuls 5

| ited Weter Lt
'Reacrorp

1.9 mils. 0.95,,

p,
1.5 : mis 1.3.

1 . Fixed end 7.3 to 108% 0.3 to i4.0| pipe- of ywid'

I* I3. b boratory rted 5 to 20bboratory of yieldtestmg of steel p,,;

! pipe and rem. snaker
R**d and (unusoidal) OJ to 3 Cgforced concrete
utoply-sup- 1000 to :300 1. to 3.6p em

L ported Stoe- en pressure,

i RetAforced 13 to 1007.
| 1.9 to 4.9| ,,, g g,g

.
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TABLE 5.2-2 Continued
i

.

(1) I (2) (3) (4) | (5) I: ;

6 to I6 in. 3.1 to 3.6 |

pepeines Avg.=i.4 l
***

fussues Massear"

Power Plasc Staae .g
popuisvibranon. 0.77 to 2.5 disqNaamment Law (Non-tasuL).

|
tum- u pipetimes andt.7
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lo main. | !I'3
Stanne E-w I

8'"*"'*" 5 rnais- 0.9
WS

2.5 rmis
Cannanament Forced 3 (65 Hz t .3-2.0
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'

; (weet saatt
25**arcon-.

1. Omit Mder em' 3 A2 He 3.0 .3.5
7

N'I '
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| ,

! and t.0 is. ,,7
*
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tiar o, ,, |
Ew I

.i

L Tens CW W
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i " * 'I 8 dispiacoment 0.J77 in. Av5 * 5g

j Conerate-

! 7. Carolinen.% ,[" Vibranon
Vanous- ! to 10 '

tute reestortasa generator
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f (b) Non. nuclear type conwete and stoet structures

i Nuclear
! 8', Teens est baptesson 0.009 s. 1.0 to I!.0

'""'
| f.as Vem induess to aversee

"''''''
! tmaldiaes yound 0.052 s. = f.6

! rnemen

j Ram 6 met o.g ga g,0,
0.001 toasnersta 802 m.frames wica Static ,

*.. + rv = ,e,sioon. ,i,,4,e, men ,^
R*88/*'''' * * ' " ' ' * " * *

0.6 to 2.4esc aas
m senerster 0.004 to

,
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L
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TABLE 5.2-2 Continued
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TABLE 5.2-3 TYPICAL VALUES OF DAMPING IN NUCLEAR REACTOR

FACILITIES [322]

% of
critical

Stress level Type and condition of structure damping

1. Low, well below proportional Vital piping 0.5
limit, stresses below 1/4 Steel, reinforced or prestressed
yield point. concrete, wood; no cracking;

no joint slip 0.5-1.0

2. Working stress, no more than Vital piping 0.5-1.0
about 1/2 yield point. Welded steel, prestressed concrete,

well reinforced concrete (only
slight cracking) 2

Reinforced concrete with considerable-

cracking 3-5
Bolted and/or riveted steel, wood

structures with nailed or bolted
joints 5-7

3. At or just below yield point. Vital piping 2
Welded steel, prestressed concrete

(without complete loss in pre-
stress) 5

Reinforced concrete and prestressed
concrete 7-10

Bolted and/or riveted steel, wood
structures with bolted joints 10-15

Wood structures with nailed joints 15-20

4. Beyond yield point, with Piping 5

permanent strain greater Welded steel 7-10
than yield point limit strain. Reinforced concrete and prestressed

concrete 10-15
Bolted and/or riveted steel, and

wood structures 20

5. All ranges; rocking of entire On rock, v > 1800 m/sec 2-5
structure *

On firm so 1, v, 2 600 m/sec 5-7

On soft soil, v, < 600 m/sec 7-10

*
Higher damping ratios for lower values of shear-wave velocity V,.
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methods are based on proportioning the damping factors according to the

mass or-the stiffness of each e l e m e n t' . The fo rmula tio n s fo r

proportioning are:

{&j [E]{@,}
3

.fc)}T[M]{& }3
i

and

{& b[5C{& }
3 3._6=

j T

{& } [K]{$ }

where

5) is the equivalent modal damping of the j modeth

f {& } is the shape vector of the j modeth
3 N,

[5] n=1,[M ] is the modified mass matrix constructed from theE8=
n

product of the modal damping ratio and the mass,

matrix
i N

[M nb n n] is the modified stiffness matrix constructed=,

l

from the product of the modal damping ratio and
l the stiffness matrix.

j This approach to synthesis of _ damping fo.r composite structures has never
been validated experimentally. Kana and ,Unruh[336] have offered an

; alternate approach which has been validated in aerospace type
1 structures.

In summary, damping is an experimentally derived quantity!

whose value is usually conservative as a result of low level testing.

f Analysts in the papers reviewed tend to use damping as a precise number
without evaluating the sensitivity of the structural response result to
a range of damping. However, recent analytical studies are being

| performed in the Seismic Safety Margin Review Program to evaluate the

sensitivity of structural response to the damping value in order to

bound the fundamental input parameters. Qualification of components to"

i high level excitation should use damping values associated with that

{ 1evel of input.
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5.2.3 Acceptance Criteria |

Acceptance criteria used in conjunction with analytical )
qualification of equipment are usually based on material strength

properties or a change in a critical dimension. Often acceptance

criteria are not clearly stated in the reports reviewed or insuf ficient

detail is provided to permit the reader to evalua t e the ph ys ic al

significance of the acceptance criteria used in analytical equipment

qualification programs. The most important deficiency in the use of

analytical qualification lies in the difficulty of including a

mathematical description of functionality. In effect this is a

deficiency similar to the lack of relationships between failure

mechanisms and dynamic response parameters, as described in Section

5.1.3. Thus, for better use of analytical models in qualification, more

specific relationships between failure in functional response and

dynamic responses need to be derived.

5.2.4 Methods of Mode combination
Coats, et al[273] have shown that SRSS of modal responses of

structures may not be conservative in certain cases. More specifically,
algebraic summation of higher modal responses is appropriate where base
shear is significant.

5.3 Combined Experimental and Analytical Qualifications

Some of the equipment us ed in a nuclear po we r plant exceeds the
testing capabilities of even the largest seismic simulator.

Furthermore, existing equipment in operating plants cannot be removed
for simulator testing without incurring costly plant shutdowns.

Therefore, to qualify equipment under these conditions, IEEE 344-1975
describes qualification by combining analysis and testing. This

standard allows a choice of several dif ferent methods of excitation to
determine the dynamic properties of the equipment including frequency,
damping, mode shapes, and transfer functions, and modal masses . These

data are used in subsequent analysis to either 1) validate and refine or
2) define an analytical model. The amount of data taken and its

accuracy are significantly more important for the latter approach.
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5.3.1 Validation and Refinement of Analytical Models

In this approach, an analytical model of the structure in

question is developed from drawings and design in f o rm a t io n . The

equipment may not in fact even exist yet at this stage. The model

usually consists of some finite element representation, similar to that

equipment which is qualified purely by analysis. However, when the

actual equipment becomes available (or if it is already available in an

operating plant), then experiments are conducted on the equipment to

determine its modal properties. For this the equipment is fixed-base

mounted either in a simulated or actual inplant condition. Sufficient

modal data are measured to verify natural frequencies and mode shapes,

and damping is measured for each mode. by a suitable method. Mass and/or
stiffness properties of the analytical model are subsequently refined if

necessary, to allow complete agreement with the experimental data

throughout the range of interest. Then, the validated analytical model

can be used to predict stress and motion responses to earthquake motion
excitation of the base of the structure by any of the pr eviou s l y-

mentioned aralytical methods. This approach has an enormously greater
advantage over purely analytical qualification, since variations in

boundary conditions and other inplant peculiarities can be determined

more readily. Examples of this procedure have been given by lbanez, et
al[278, 366) for various nuclear plant equipment.

5.3.2 In Situ Testing

This terminology refers to a special type of combined test

and analysis methodology which is applied principally to equipment in
existing operating plants. However, it can be applied to any equipment
that already exists and can be mounted in either simulated or actual

operating conditions. It has only recently been developed for seismic
qualification but is gaining in te r e s t rapidly. The complett process

involves measurement of equipment dynamic characteristics (transfer
functions) at various (usually many) significant locations on installed

equipment, and subsequent use of these data to develop an analytical
model of the structure, and then predict its response to seismic

excitation. The method is useful to predict motion response at elevated
positions on the equipment to form inputs for device tests, as well as
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.' to be able to predict - the ability of the entire assembly to withstand

seismic stresses and function properly. However, there are

uncertainties present in several areas of this methodology.

The first step for In Situ ' testing ' involves development of a
fixed-base' analytical model from transfer function measurements.

' Techniques for such measurements may include slow or rapidly swept sine,-

- ' broad band random, or transient - excitation. However, significant
i

~

differences'in results can be obtained from the same hardware specimen,
,

i .

depending on the exact technique used, unless considerable care is

exercised. Details of these -anomalies are described in References [356-
| 358]. Differences which result from the different techniques are

usually aggravated in specimens with light damping (i.e., <2%), which
includes many types of equipment used in nuclear plants. Use of random
and transient techniques require dedicated modal analysis computers, and-

significant experience in their use. The result of this part of the

| study is a listing of all natural frequencies, normal mode vectors ,
,

modal damping and modal mass for the frequency range investigated. As
with any analytical model development , determination of a sufficient

number of nodal points for accurate description of the equipment is a'

matter of considerable experience and judgement. Furthermore, no matter;

how the subsequent analytical model is formulated, its definition isj
i based on the initially-measured experimental data. Therefore, the only

sure way of checking for errors appears to be to measure the initial

transfer functions under more than one set of conditions to establish
some certainty in their validity.

,

The second step in the process involves a development of the
I physical mass matrix for the model. This is necessary for use in modal
| participation factors of a moving base system. This step involves

solution of an N-dimensional set of algebraic equations for N-nodal

{ points. The set of equations is based directly on transfer function and

i modal mass data. Uncertainties in the latter approach result from -

measurement errors , nonlinearities, and nonproportional damping. Some
'

preliminary data on the application of this method to equipment in the
Knosheng Power Plant has been given by Gorman[359]. Finally, the third
step in the process involves the use of the analytical model for

|
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prediction ;of ' response ' to seismic base motion, as with any of the-
~

previously-described analytical model techniques.

.

5.4~.lSynergistic Effects and Aging

5'.4.1 ' Test Sequence

Synergistic effects are'a topic receiving considerable
I

attention, although this is only a recent development in'the nuclear

-industry. IEEE~323-1974 lists the type tests and suggests the order for
,

performing these type tests for equipment qualification. For most

. equipment and applications the 'following constitutes the most severe

sequence:-

j. 1. Inspection
s
' 2. Normal operation;

I' 3. Extreme operation

4. Aged (time and radiation)
,

5. Mechanical vibration

6. Seismic qualification and operation

|
7. Operation during exposure as appropriate

j 8. Post-accident exposure and operation

9. Inspection and possible disassembly.j

| However, this standard notes that only a few equipment qualification

j . programs have verified that the above specified sequence is the most

j severe. The apparent lack of emphasis on sequence justification may be

'; the result of few investigations having been conducted to identify

j synergistic effects or the current questionable methods of component

4 aging. The presently available NUREG 0588 emphasizes the need to

consider synergistic ef fects. This emphasis appears to result-from

. limited tests by Sandia Corporation, whereby synergistic effects are
.L -

! being evaluated.

i

r

i 5.4.2 Aging Methods

Aging is a major test requirement included in component

qualification. The draf t of NUREG 0588 specifies that Cobalt 60 is an
acceptable radiation aging source and the Method of Arrhenius is an

{ acceptable method to simulate degradation due to thermal aging.
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However, it must be recognized that there is currently no deterministic

method of extrapolating the effects of aging processes produced in the

laboratory in 3 to 6 months (or other short periods of time), to the

overall aging ef fect on a component af ter 40 years of service life + 1

year post accident (44 years with 10% margin) . A relevant st a t e mt:n t

thorough review [324] of equipment aging theory andfrom a recent

technology states:

"The dominant picture that results from the study is

that there is no comprehensive scientifically rigorous

solution to the problem of accelerating the aging of

equipment. Aging that can be accelerated in ways that

yield verifiable correlation between real and simulated
aging is an exception rather than the rule."

Furthermore, this report concludes that " major advances and equipment

aging technology are not expected within the foreseeable future". A

number of methods of thermal aging have been used and are currently in

use. These methods include thermogravitational analysis, simple rules

of thumb, (e.g., the so-called 10*C rule) and Arrhenius extrapolations.
At this time, no available technical data provide evidence of the

superiority of any particular aging method. Techniques which involve

chemical analysis may yield more data for identif ying materials which

are potentially ageable in a component , but, the data are misleading

when inappropriately applied.

5.4.3 Arrhenius Model

A number of models for aging have been proposed and used

including the Arrhenius model, the Eyring model, the inverse Power

model, and the 10*C Rule. These models are discussed in detail in

Reference (324]. Of these models, the most widely used is the Arrhenius
model. This model relates the reaction rate of a single cl.emical

reaction to temperature and a characteristic activation energy constant

of the single reaction. The equation is given as

R = -ac-E/KT,

where

R is the reaction rate

E is the activation energy
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K is Boltzmann constant

T is the absolute temperature.

This equation shows that as temperature increases, the reaction rate

increases. For a constant temperature, reactions with a larger

activation energy constant have slower reaction rates than those for a

smaller. It is postulated that the materials of a component will

experience accelerated aging if the reactions within the materials,

which would have occurred over the qualified life of the component, are,

increased by baking the components at elevated tempe ra ture s (thermal

aging at the temperature, T). To obtain the acceleration factor forA

aging resulting from baking the items at elevated temperatures, the

reaction rate at the aging temperature is ratioed to the reaction rate

at the service life temperature to obtain a reaction rate ratio

R " eXP ( )R -

S A

Since it is postulated that the time of aging is inversely proportional
to the reaction rate, RR is equal to t,/ t, and

=expf(f-f)
" 8 Awhere

t, is the service time
t, is the aging time.

Assuming T, to be constant at 44 years, this model predicts shorter
aging times for reactions with larger activation energy constants for

given aging and service life temperatures. Since the reality of thermal

aging is that service life temperatures are specified, and tha t the

aging temperature chosen is usually the maximum which a component can
withstand without creating thermal related failures (i .e . , a failure
related only to exceeding some maximum temperature to which the

component is susceptible, not due to an aging mechanism), it is obvious
that the maximu:n aging time according to this model can be obtained only
by finding the minimum per tinen t activation energy constant to

substitute into the model.
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A discussion of the mathematical justification of the

Arrhenius model through kinetic theory is given in Reference [235].

Some of the assumptions behind this derivation are as follows:

1. A single chemical reaction is involved.
]

2. The mechanical or electrical properties of a material are

dependent upon the decomposition or production of chemical j

substances resulting from this single chemical reaction.

3. The reaction is endothermic (requiring energy from external

sources for its completion) .

4. The reactants are homogeneously mixed and free to interact

randomly.

5. There are sufficient reactants available such that the

reaction is continuous with time.

In applying the Arrhenius equation as a model for the aging

of typical materials used in Class 1E nuclear components, the following

additional assumptions are made.

1. The aging of materials in the component is thermally

related.

2. Given that a common failure mode analysis indicates several

potential failure modes of a component as a result of the

po tential ef fects of aging on several materials in the

component, it is generally assumed that the material with

the lowest activation energy constant in the component would

contribute to a failure mode which represents the weakest

link in the chain of potential failure mode. In other

words, aging failure of the component is correlated to the

minimum activation energy constant of the materials but

otherwise uncorrelated to the probability of occurrence of

various potential failure modes.

Examination of these assumptions reveals how poorly the

Arrhenius model applies to the thermal aging of Class 1E components for

nuclear applications. The assumption that a single chemical reaction

governs the aging process of a material is less likely than one in which

multiple chemical reactions are occurring within a given material.

Certainly many reactions are occurring within the many dif f eren t

materials of which a typical component is comprised. Each of these
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reactions would have an activation energ y cons tant , in general,

different from any of the others. Different chemical reactions are

dominant in a material, depending on the temperature the material is

1xperiencing. An activation energy constant determined from

measurements made on a material at high temperatures, will not

necessarily give the same results as deternining an activation energy

constant at lower temperatures. For this reason activation energy

constants obtained from thermogravitational analysis may give misleading

results even for a homogeneous material when applied to aging at typical

service life tem pe ra tures . Complex reactions, with more than one type

of degradation product fo rm ed from the original material, and

simultaneous consecutive reactions, in which the degradation products in
turn degrade, lead to nonlinear Arrhenius plots for which an activation

energy " constant" is inapplicable [329],

Since it is the effect of aging on the functionality of a

component that is of primary importance in nuclear qualifications work,

and not the results of chemical analysis, it needs to be stressed that

not all potentially ageable material in a componen t are of equal

im po r tance to its likelihood of failure . There may be a number of

active failure modes which independently can be an Arrhenius model but

simultaneously cannot. Indeed, a component failure mode analysis must
be made to determine what, if any, materials in a component which are
ageable, may even contribute to potential component failure.

Furthermore, of the materials which may contribute to component failure,
the assumption that each of these failure modes are equally likely, or
would have equal effect on the component functionality in terms of its

Class 1 essential performance requirements is unsupported. For example,
a relay may fail because the coil wiring insulation shorts out or

because of plastic deformation of the armature under tensile stress. In

applying the Arrhenius model to component, it may be determined that the
activation energy associated with tensile strength in the armature

material is less than the activation energy associa ted with bulk

resistivity of the coil insulation. On the other hand, failure of the

coil insulation would be complete once the bulk resistivity became less
than some value due to aging. Failure of the armature may or may not |
occur for a whole range of values for which the tensile strength of the
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material-is exceeded. For ' this reason, it may be more probable that the

relay would fail due to failure -of the coil insulation than due 'to

failure of the armature even though' the activation energy associated

with this failure mode is greater. In general however, in applying the

Arrhenius model, the lowest activation energy constant for any material

,is assumed to determine the time temperature relationship for aging of

the overall' component since all failure modes are considered equally-

probable.

In view of the above discussion, the. methodology of age

testing is obviously in a very preliminary state of development.

Significantly more work will be necessary before more confidence can be

attributed te results obtained. However, in the meantime it. is the most

practical methodology available.

;

i
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6.0 EQUIPMENT SUBCROUP ANOMALIES

Af ter a careful review of the information presented in Section 4.0,

it is po s sible to conclude that several anomalies exist with regard to

equipment subgroup qualifcation procedures. The most significant of

those anomalies are summarized in this section.

6.1 Fragility Data for Most Equipment

There is little fragility data or methodology from the open

literature. This is probably caused by a lack of emphasis on fragility

as codes and standards allow the use of either fragility or proof

testing. A hard look at the concept of fragility is appropriate to

determine its usefulness to qualification methodology. A component can

be qualified to meet its specified service conditions without the need

to determine its fragility.

6.2 Aging Data for Most Equipment

It appears that most of the equipment qualified prior to 1975 has

been subject to very little, if any, age testing. However, there are

operating nuclear power plants, fossil-fired power plants and industrial

plants with components naturally aged under mild and harsh temperature ,
humidity vibration and dust conditions. This data should be evaluated

for usefulness to aging methodology.

6.3 Liquid Vessels and Submerged Structures

This type of equipment has generally been qualified by analysi s.

However, earlier systems have been qualified by the Housner method,
which includes the assumption of a rigid vessel and only horizontal

motion. More recent work has demonstrated that vessel flexibility and
vertical motion can both have a significant effect on the design

results. Likewise, early design of submerged structures includes simply
the addition of approximations for added mass of the liquid in which a
structure is vibrating. More accurate expressions for both added mass

end damping are now available. Qualification for any such systems

should include consideration of fluid / structural interaction to an
cppropriate degree.
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#' Piping systems are generaF.y qualified by analysis and fall within

- a group of large structures that are subject to excitation at multiple~

r
attach points [360, 'N2],.. , Because of the overall size of a given pipe-,
e

sv system, excitation a.: remote"locatious can be only partially corralated
with that at other locations. The response spectrum method does not/

allow for any degree of correlatior. for multiple . inputs , i.e., the"

assumptionis,thatfallinputsareessentiallystatisticallyindependent.
| As a result y SRSS techniques are applied for prediction of responses.
However, for correlated multiple inputs, such assumptions are not valid
in general, and other techniques utst be -sought. For such a case the
use of. power spectral density and cross-spectral densities for the

excitation appears to provide a plausible approach to the problem. The
agreement would be applicable to a similar problem for any large scale
structure.
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7.0 RECOMMENDED PISEARCH FOR ALLEVIATION OF ANOMALIES

The previous two sections have identified a variety of anomalies

associated with nuclear equipment qualification procedures. It is

recognized that some are of significance, while others may turn out to
be insignificant in their potential impact on the qualification process.
Therefore, in this section a specific listing of recommended research is
given for attention to those problems that are considered the most

important. The discussion is given in two parts, the first of which

includes work currently in progress at SwRI; the second recommends work
not previously included in the SwRI program.

7.1 Work Currently in Irogress

7.1.1 Fundamental Criteria for Earthquake Simulation

The recognized intent of earthquake simulation at the 8round
level is to produce a motion which is characteristic of the strong
motion portion of an earthquake. This may be done by developing a

motion whose frequency content, utationarity, probability density, and
other characteristics are similar to those of that for a number of
sample earthquakes. Typical floor level simulations can then be based

on the developed ground level simulations af ter being transmitted
through linear filters (structural floor levels) . Thus, quantitative
criteria for motion simulation will result. This will indicate wha t if
any response spectrum tolerance specification should be recommended, or
whether other additional paraneters should be included in the

specification.

.

7.1.2 Response Spectrum vs. Power Spectrum Transformation

Although the basics of this transformation have already been
developed, further work will be done to complete confidence in the
method. Its use is very important for qualification by both test and
analysis.

|
1
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7.1.3 -dombined Analysis and Test Methods

It is always desirable to synthesize a physical structure
s

/ with the simplest model possible. However, the optimum level varies

considerably from one type of equipment to another. Some light will be

shed on this process by comparison of predicted seismic responses with
those measured for a typical local panel. At the same time the same

j !

specimen will be set:up as in an in-situ condition, and its dynamic
characteristics will be measured by a variety of excitation techniques .

The degree of complexity and amount of data necessary for a valid in-
situ development of an analytical model will be determined. The effects
of boundary condition variation, data processing techniques, and other
uncertainties on the results will be included.

7.1.4 Combination of Environments

Methods of specifying combinations of environments will be

developed. This will be based on seismic, SRV, and seismic + SRV

simulations.

7.1.5 Multiple Axis Excitation

The question of adequacy of less than three dimensions to

simulate a three dimensional exci:ation is ever present. Info rmation

will be developed by an analytical study of the local panel specimen.

Responses will be predicted and' compared for two and three axis
simulations. It is recognized that other programs are also currently in

progress to provide a more complete study of this problem.
!

7.1.6 Comparison of Test Methodologies

-Development of a systematic method of comparing the adequacyy

of pre-1975 tests with those conducted therafter is of extreme

importance. At present, colution to this problem is only in its

infancy. At first glance, it appears that this problem is related to a

measure and prediction of fragility; in some ways . In any event,

solution of the problem for the great variety of equipment tha t has been
identified will be an extremely difficult task. It appears that

obtaining the exact form of tests that have been used for specific

subgroups of equipment will be a task that can be accomplished only over
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some considerable period of time. Ra the r , it appears feasible within

. the present program time and effort to catalogue the typical fo rms or

. methodologies that have been used and are being used for testing (i.e.,

Table 3.3-2), and compare the potential consequences of the application
of certain types of tests to each appropriate equipment subg r o up .
Realistically, it is felt that only a start on the solution to this

problem will be accomplished under the present program. In view of the

urgency of the problem, it is recommended that the present - ef forts be

expanded, or parallel efforts be conducted simultaneously.

7.1.7 Fragility Concepts

The present review indicates that insufficient data is

available to infer fragility information from previously available data
(this conclusion is based on data available in the open market) ._ Some
fragility data is probably available from company proprietary files, if
a means of gathering this information were developed. However, it

,

appears that changes in regulations to provide such data for future

qualifications is the only feasible means of developing a set of data
,

with any confidence in its validity. Furthermore, fundamental work on

the basic concepts of fragility aw its measurement should be pursued.
This work should be encouraged to include development of entirely new

. parameters for quantification of fragility, if appropriate. The present
SwRI effort will not provide a final solution to this problem.

7.1.8 Line Mounted Items

Analytical and experimental efforts are being conducted to
determine the adequacy of RIM tests for line mounted items. In this

case it is suspected that present tests are significantly more

conservative than is necessary. Replacement of sine beat tests with a

swept narrow band random test may prove feasible.

7.2 Other Recommended Activities
.,

There is a present realirs-ton that seismic qualification of a

piece of equipment can readi!3 be nullified by improper plant
installation, or even by improper maintenance programs, years af ter
initial installation. A program should immediately be initiated to
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study the extent of - this problem, and its impact on the qualification

status. This should include ultimate recommendations fo r tracking

equipment and logging work that has been performed on it.
The previously identified problem of questionable design for fluid

containers to withstand fluid / structure interaction deserves further
consideration. A program should be conducted to survey the various

kinds of containers used in nuelear plants, and exact procedures used in
their qualification. Then, revised procedures which allow for a measure
of fluid / structure interaction appropriate for their specific use should
be recommended. Similar efforts should be applied to that equipment

which must operate in submerged environments.
Programs which deal with other than seismic environmental aging and

synergistic effects are very much in order. It is important first to

categorize which equipment is important for what environments, and then
a development of appropriate forms of tests and test sequences.

:

,
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1todes are ; red ylintit. 'lon licer
resonn;* jf rods in leids.

I .* t > . Re.ctor 4er.t i v i t, ASME sec: ;ft And i sts long. Med. Freq. Predominant mode is teamf4 ha sno Core ConteM for Prestare Slender be nd ing .Cr*,es (Active) hous ings. 'iSSS
criteria for
func tiona l
techanisms.

. v ;e 3ta. Pipe Misc. Coolant ANSI 831.1 Analysis Continuous Med. Freo. All wall thtchness fras5 s s creater Loca tions soundary 3 o Ses. Sc8 4o - IzoI '''' "' I Section 111

! 4 ' i. ota. Misc. Coolant ANS [ 8 31.1 Analysis Continuous Med Freq. All Wall thicknesies6 ene.- s- L canons e+,rd.cf 3 o an. Scs. 4 120(Pe stve; A;ME
tection III

_ - - - _ _ _ _ - - _ _ -
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TABLE 9.0-1 - Continued

item kE'.fiilt LOCATION FUNCTION (1) G0viRNINC (2) QuAtlFICATI0t. 517E/', NAP! RESPONSE (31C39'.f.ENT OR th 0F CODE OR MEth00 0F trtR AC TERISTICS .
*

No. sasv5trM etAni tot:PMENT STANDARD E 7 !i'M:t.' (f'.<5

Large tertical Cor.tainment Coolant ASME 5ect. VI!! Analysis Vertical tow Freo.- Fluid tiest tra ind wall7 vessels with & Aon. 81tg. Boundary Cyl inc er. Med. Freq. flenicility to tre c ort 'M r etforms heads (Passive) ASME Tn t e. in ana)ysis.
Section llt kalt

H
Ch
N

L arce 'sertica' .utsiae (ac; ant ASMi Ar.alvits %ertica!. t w free.. risic 51:,tr.ine J.-8 Fiat a ttor Sc noery se:- VI,* :v;indricel. Meo, tree,.

on loir CI'.,b wbessels .iassive;
fist :,ott w. c . : , < 3,,e .g ,,gASM, :%)r wa'l

it:1 II:

La';t Misc. (o ; ant A'w; Sc;t. Ell! ara ysts ny , r ,e g, F e,g . ,,g 4 . 4 g .,9 ar'2catal Locan or5 m acars c4 uder. Med. Freq. f: e, t oi a t, te :,e t-,5. w e: : r.iessels (Fassive) A5M Tr.inSection !!! a nalys is .wall

) Small vessels Misc. Coolant ASMI Sect. V!ll Analysis Hort, or Low .10 t oca t ions so ndary Fluid sicsriac tc. ta : orsi:eee:,gg. Vert. Cyl. Migh Freq. lanb 4 11 ar! Jec rioid.(Passi ) 3,cs' t on t u 6' 1*'*r' 5"35''' "' t'* C '' ' ! ' '"":-

Barted Pipe Misc. Cociart ANSI 231.1 Analysis Continuous P60e stratr E ;irical sta tt'.j 11 Locan ons 5?.ncaries 3 0 6 ear fcllows toil analysis.(fattive) ASME
Section til strain.

i

i

!
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TABLE 9.0-1 - Continued

item f.ENE RIC LOCAT10N FUNCTION (1) G0vtRNING (2) CUALIFICATION SIZE /5HAPE RESPONSE (3)
NO. CU"es"U"I"' 0"

3" O' C0 E 0" "I'"08 0' CH^"^C'E"I5'ICS
su tSTEMS PL ANT EQUIPMENT STANDARD EQUIPMENT

'

' *'E"'S

N555 & AE
' 8

...;e vertical Contaiement Psmp Analysis Tall. Med. FreQ. Elect Motor or Turbine Ort.as*t

12 ceatrifu9a1 BldS and Ructor and Vertical.
Pumps Intake ()ndensor ASME 5ect. III Cylindrical

Structure Coolant for Pressure
(LCtive) Soundary.

IEEL 344 for
Elect. Motor

_ -.

,,
- --

ated, to Large Misc. Fu"P na ysis C moact. Med..High Elec t Motor. Turbine or Ote:elt ra13 dori m **1 L*''ti "5 C '*"5 " " ' ' ' " * ' ' ' ' " " '
i Fumps and (Active) ASME 5ect. III

m C0"PF'550'S
p

Soundary.On
IEEE 344 for
fleet untne

small Pumps Misc. Pump Analysis Compant. High Freq. Reciprocating and cent if..a'14 8* Locations Coolant Rigid Turbine. Elect Moto Drive.as sgu,ata( Active) fg8g.
1ect. Motor

ANSI B16.9

15 Large Motor Milc. Coolant Analysis Rigid Body Med. - High Isolation 8 Butterfly Valves,
op,,,,,d tocations Fiow A5ME 5ect. til of vain. Test with Freq. Simple Dynamic Models to
Valves isolation & 'O' I'd1* of Operator. Extended calculate operator response.

Control IEEE 344 for Operator
( Ac tive) Ope ra tor

targe Relief & Misc. Pressure A'ESI B16.9 Analysis Compact. High Freo. Static Coef ficient Analvsis16 Check valves Locations Relief. Flow ASME Sect. Ill Ri9td generally conducted.
'

direction
Control
(Acttve)

Small Motor Misc. Flow AN51 Analysis. Rigid Body Pkd. Freq. Simple dyr.amic models

17 Operated valves locations Isolation 816 9 Test or with used to calculate response
and Controi sotn. tatended or testing cond cted.

A5ME Operator
Sect. Ill

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ < _
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TABLE 9,0-1 - Continued
,

Item GENERIC LOCATI0m FUNCTION (1) GOVERNING (2) QUAllFICATION SIZE /5HAPI RESPONSE (3)
COMP 0ftini 04 IN Of CODE OR METHOD of CHARACi[RISTICS C M NTSNo. Sue 5:51rM PtANT tou!PMENT STANDARD EQUlfMENT

W

ANSI RIE 9
Misc. Small Misc. Flow isolating ASME 5ect. !!I Analysts. Compac t. Htor, f ree'. Includes pr.comatic,t.f rauli:,dj 10 valves * 8* Locations + control for Body. Test or Rigid Squid and motor actuated isolation

( Active) It[1 34a Both. and control valves.g for Elect.e
,

e Motor.

J *' targe Cooling Misc. AC Criteria Analysts Compact, Med. - High Analysts by simcle dynamic
Fans, Motor tocations or test Rtgid Freq. model or static coef ficient

19 5,ne,ators (Acts,e) iggg 3,, Members method.,
j and Electric
j Motors

hor tiectricalEY3 Combined Skid Med. - High Comples systes. of diesel encine,'

faergency AC Aua. Bldg. Generate
analysts Mounted Freq. Atternator e anc tis tar, e i:.ent.20 Po-er units AC po er

(Diesel ( Ac tive) plus ladustrial and lest Rigid Equip. Several frequencies in amplified

Genera t ors )
stos, for Mech. items. accel . regime.

DC Po er units Aun. 31dg. Provide At Criteria Test of Framed Med. - High Simple response analysis
i 21 (8attertes & DC Power Elect. Anal. Structures Freq. for. battery racts, etc.

Static Charger. (Passive) g[gg 344 of Supports & Compast
Equipment

A[ (riteria

Switchgear Aum. Bldg. Active IEEE 344 Test plus Rack Med. - High Comples Electrical System er. losec
22 for tiectrical. Analysis Mounted by framed str cture.u

AI5C for
Structure

t

{
i

_ _ _ _ _ _
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TABLE 9.0-1 - Continued

Item M M '!: Wall % FWCTIM (1) M R%I'G(2) M L!f!CAi!Du Sll[/5MAPE 4[5%[ (3)
El.' Co in CF CODE OR METHOD 0? CMARACTER:513C5 Cr>9(N's

No. '*MP%.5 m
,

:ss e Ar.T ( 1[PMENT 5?U.3ARD !W4NT.

At Criteria

w+sc. obtor ** st . a 4 ti,e Test o- 5.ac k . Med . - H i g' E.:b * e ti e: awalified c.
Control Certe's. L'< a t ions analysis moseted . Frea, a r.a i ys .s . Electroeic sete and

23 inst, pa.es. irtt 344 El "t'ical n' 5t a +'is einest abays -e
N r s 5 . AC for Eicctrical. E asitrent tatt" ed b test
U :entro's. L.. A!5C for

setay C t.ieets. Ra:b s.
Erease+5. Local
instr mentb.u

aesters.
In.e<ters , etc.

4

Cable Trays Misc. eassive AISC Analysi! Eear like Med. Freq. ;: r ee.- re ubio , a . ,; . .',a , ,,,,, n ' m ' . s -
.

,. , . ; ,g . ,
24 tocations t tr.: tees .

analysis.
.

25 Luc ting Misc. Passive A!5C Aralysis itar like Med, to IMn waP *ec tapc,le an;

m ,tions st ,,eto es vie ren. cm c-:ca t ect:x, .

--_ __ _ - _ _ _ _ - _ _ _ .
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TABLE 9.0-2 FRAGILITY DESCRIPTIONS
4

(From Ref. 355)

FUNDAMENTAL MEDIAN LOGARITmIC STD. DEVIATION RANK
GENEAIC SPECIFIC FAILURE FREQUENCY FRAGILITY DAMPING. MEDIAM 0FITE

UNCE{AINTY
CATETORY COMPONENT MODE Hz PARAMETER 5 0F CA!TICAL CAPACITt SOURCE

8; Reactor Coolant Sys- Reactor Pressure Fracture of RPV 5 Moment NA 2.12 10 0.36 0.21 0.29 5tem Class ! Vessels vessel Outlet Norrie (N555 $rsten) (in-lbs ) in-lbs
and Supports Safe End

Reactor Coolant Sys- Steam Generator Support Colu m 5 Spectral 5 5.2 g 0.34 0.14 0.31 5,

ten Class ! Vessels railure (N555 System) Acceleration
and Supports

Reactor Coolant Sys- Pressurizer Support Skirt 18-22 Spectral 5 2.0 g 0.31 0.14 0.28 5tem Class ! Vessels Bolting Acceleration
and Supports

Reactor Coolant Sys- Reactor Internals Oeformation of 5-15 Spectral 5 2.75 g 0.24 0.14 0.19 5
g tee Class ! Vessels Guide Tube at Acceleration
N and Supports Tube / Guide Plate*

Weld4

Control pods and Control Rod Control Rod Hous- 6 Spectral 5 6.0 g 0.24 0.14 0.19 5Orives Housing ing Deforination Acceleration

Main Coolant f umps Reactor Coolant Support Column 5 Spectral 5 3.3 g 0.34 0.14 0.31 5
Pump failure (N555 System) Acceleration

NS$5 Piping Generic Treatment fracture at RPY 5 Moment NA See Mas- 0.37 0.21 0.30 4 1Outlet Norrie (N555 System) (in-Ibs) ter Frag- '

'
liity
Curve

a

j Large Diameter Generic Treatment Collapse Vertable Homent NA See Mas- 0.37 0.21 0.30 4Piping, 8* and (in-lbs) ter Frag-i
'

Greater titty

Curve

Intermediate Diam- Generic Treatment Collapse Variable Moment NA See Mas- 0.37 0.21 0.30 4
|,

eter Piping. 2%"-8" (in-Ibs) ter Frag-
111ty
Curve

|

|
i

|

l

!
i

i



I

l

|

TABLE 9.0-2 - Continued
|

FUNDAMENTAL MEDIAN LOGARIT*!C STD. DEVIATION RANK

GENERIC SPECIFIC FAILURE FREQUENCY FRAGILITY DAMPING. MEDIAN OF

MEkAINTY
ITE RA SOURCECATETORY COMPONENT MODE Hz PARAMETER 5 0F CRITICAL CAPACITY

Large Vertical Ves- Generic Treatment Support Failure or Rigid Zero Period NA See 0.46 0.21 0.41 4

seis and Heat Nozzle Failure Acceleration Table 1-3
Exchangers with
formed Heads

Large Vertical Ves- Accumulator Tanks Support Skirt 20.7 Spectral 5 21.9 g 0.37 0.14 0.34 5

sels and Heat Collapse Acceleration
Eschangers with
formed Heads

Large Vertical Ves- RHR Heat Plastic Buckling 6.3 Spectral 5 7.9 g 0.24 0.15 0.19 5

sels and Heat Exchanger of Shell Acceleration
Esceangers with
Formed Heads

C Large Flat Botton Condensate Buckling of Tank Rtgid Tank Zero PertoJ NA 0.9 g 0.27 0.16 0.22 5

N Storage Tanks Storage Tank Wall at Base + Slosh Acceleration

Large Flat Botton Diesel 011 Bending of Verti- Rigid Tank Zero Per'od NA 3.6 g 0.37 0.20 0.31 5~

Storage Tanks Storage Tank cal Stiffe.1er 4 &loeh Acceleration

Large Horizontal Component Cooling Support Failure 6.9 Spectral 5 5.8 g 0.33 0.14 0.30 5

Vessels and Heat Water Heat Accel:.:tfon
Exchangers Exchanger

Large Horizontal Generic Support Failure or Algid Zero Period NA See 0.46 0.21 0.41 4

Vessels and Heat Nozzle Failure Acceleration Table 4 3
Exchangers

1
'

Small-Hedium Vessels Boron Injection Support Leg 12.8 Spectral 5 7.2 g 0.37 0.14 0.34 5

i and Heat Exchangers Tank Failure Acceleration

i Small-Medium Vessels Generic Support Failure or Rigid Zero Period NA See 0.44 0.21 0.39 4

and Heat Exchangers Nozzle Failure Acceleration Table 4-3

Burted Pipe Service Water Buckling and NA Zero Period NA 1.4 g 0.42 0.17 0.39 5
From Crth House Fracture Acceleration

a

l
a

!

_ _ _ _ _ _ _ _ . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ . _ _ _ _ _
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TABLE 9.0-2 - Continued
i

FUNDAE NTAL E DIAN LOGARITWIC STO. DEVIATION RAM,

GENERIC SPECIFIC FAILURE FREQUENCY FRAGILITY DAMPING. EDIAN OF'

ITE M AINTT
CATETORT COMP 0E NT MODE Nz PARAMETER 1 0F CRITICAL CAPACITV SOUNCE

Suried Pipe Aum. Feedwater Buckling and NA tero Period NA 1.4 3 0.42 0.17 0.39 5
From Condensate Fracture Acceleration
Storage Tank

Large Vertical Cen- Service Water Bending of rump 7 spu tral 5 3.7 g 0.21 0.14 0.15 4
trifugal Pumps with Pumps Casing Acceleration
Motor Drive

! $nall-Medium Horr. & Residual Heat impeller 7 Spectral 5 3.2 0.11 0.05 0.10 5

| Vert. Mtr.. Turbine Removal Pump' Deflection Acceleration
j & Diesel Driven Pumps

& Compressors

Small-Medium Horr. & Residual Heat Mounting Bolt 7 Spectral 5 11.7 0.27 0.15 0.22 5
vert. Mtr. Turbine Removal Pump Failure Acceleration

[ & Diesel Driven Pumps
,

u & Compressors

Small-Medium Horr. & Safety injection Flange ."ending Rigid Zers Period NA 3.4 g 0.35 0.14 0.32 5
fert,titr.. Turbine Pump Acceleration
'. Diesel Driven Pumps
& Compressors

i

small-Medium Horr. & Safety Injection shaft Binding Rtgid Zero Period NA 5.25 g 0.17 0.14 0.10 5

| Vert. Mtr.. Turbine Pump Acceleration
& Olesel Driven Pumps'

& Compressors

Small-Medium Horr. & Centrifugal Thrust Bearing Rigid 20ro Period MA 6.0 g 0.23 0.15 0.17 5
Vert. Mtr.. Turbine Charging Pump Failure Acceleration
& Diesel Driven Pumps
& Compressors

Small-Medium Horr. & Centrifugal Shaft Deflection Rigid Zero Period NA 28.g g 0.21 0.15 0.15 5
"

Vert. Mtr.. Turbine Charging Pump Acceleration
& Diesel Driven Pumps
& Compressors

|

|

i

<

. - _ _ - - _ _ _ - _ _ _ _ _ - _
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TABLE 9.0-2 - Continued

Fuh0AMENTAL MEDIAN LOGARITHMIC STD. DEVIATION RANK
GENERIC SPECIFIC FAILURE FREQUENCY FRAGILITV DA4 PING. MEDIAN OF

~

SITE RA
M{AINTYCATETORT COMP 0hENT MODE Hz PARAMETER 5 0F CRITICAL CAPACITY SOURCE

Small-Medl e Horr. & Generic P ops & Generic Function Rigid Zero Period RA 26 g 0.21 0.15 0.15 2
Vert. Mtr.. Tuttine Compressors Acceleration
& Olesel Driven Pumps
& Compessors

Large Motor Generic Functional Oue to Algid Piping Peak 2A 6.3 g 0.6 0.2 0.57 4
Operated Valves Distortion of Acceleration

r tended Operatoru,

'

Structure
a
'

Large Hydraulic & Air Main Steas Oil Reservoir Hold Rigid Zero Period IA 7.3 g 0.3 0.14 0.26 5
Operated Valves Isolation Valve Down Bolts Acceleration

targe Hydraulic & Air Generic Generic Function Rigid Zero Period IA 35 g 0.31 0.2 0.24 2
operated Valves Acceleration

W
$ Large Check. Spring Generic Generic function Rigid Piping Peak IA 38 g 0.32 0.20 0.25 2

Relief & Manual Rceleration
Valves

small Motor Operated Generic Functional Oue to Rigid Piping Peak 1A 8.2 if 0.6 0.7 0.57 4
Valves C8' Distortion of Acceleration

i Extended Operators

Small Miscellaneous Generic Generic Function Rigid Piping Peak 1A 38 g 0.31 .20 .24 2
Valves 48* Acceleration

Energency A.C. Generator Control Relay Chatter 30 Spectral 5 0.95 g 0.24 0.15 0.1g 6
Power Units Panel Acceleration

Emergency A.C. Engine Control failed |telay 11 Spectral 5 2.0 g 0.25 0.15 0.20 6
Power Units Panel Acceleration

;

, Emergency A.C. Engine Control Operspeed Shutdown 22 Spectral 5 0.75 g 0.3 0.17 0.25 6i Power Units Panel valve Trip Acceleration

i

,

i
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|

TABLE 9.0-2 - Continued
4

|

i-
FUNDAMENTAL NEDIAN LOGARITWIC STO. nEVIATION- RANK

GENERIC SPECIFIC FAILURE FREQUENCY FRAGILITT DAMPING, NEDIAN- 0F
ITE

MEkAINTTCATETORY COMPONENT MODE Na PARAMETER 1 0F CRITICAL CAPACITT 50UACE
'

Emergency A.C. Engine & Gener- Structural Algid Zero Period NA >6.5 g 0.5 0.3 0.4 4.
'

Power Units ator Components Acceleration i

|.' ..5Emergency 0.C. Battery Rack Anchor Solts -8 Spectral 5 12.5 g 0.3 0.21 0.24

|
Power Units Acceleration ~|

Emergency 0.C. Batteries Case Cracking & 8 Spectral 5 4.2 g 0.16 0.1 0.12 6s,

Power Units Plate Failure Acceleration

j Switch Gear 4160 & 400 Volt Relay Chatter 5-10 Spectral 5 2.07 g 1.46 0.5 1.37 6 ;

! Units Acceleration t

e

i Switch Gear 4160 & 480 Volt treaker Trip 5-10 Spectral 5 7.7 g 0.73 - 0.4 0.61 6 ,

i Units Acceleration '

i C Switch Gear 4260 & 480 Volt Structural 5-10 Spectral 5 14.6 g 0.8 0.4 0.69 - 6
u Units Acceleration i

} Transformers Generic Structural 5-10 Spectral 5 10.7 g 0.21 0.1 0.18 2'
4 Acceleration
1

| Local Instruments & Generic Electrical Algid Zero Period NA 31.8 g 0.32 0.2 0.25 .4 ;
- Transmitters function Acceleration

! Instroent Panels Generic Relay Chatter 5-10 Spectral 5 2.07 g 1.46 0.5 1.37 6
'

& Racks Acceleration
i

i Instrument Panels Generic treaker Trip 5-10 Spectral 5 7.7 g 0.73 0.4 0.61 6 *

! & Racks Acceleration
4 ,

Instr o ent Pamels Generic Structural 5-10 Spectral 5 14.6 g 0.8 0.4 0.69 6
& Racks Acceleration i

i Control Panels Reactor Pro- Functional-Elec. 5-10 spectral 5
. i! .

16 g 0.35 . 0.2 0.29 6
and Racks tection Systan tifeal Manfunctier Acceleration

I Control Panels Generic Relay Chatter 5-10 Spectral 5 2.07 g 1.46 0.5 1.37 6
| and Racks Acceleration i

|

L

t

k
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| TABLE 9.0-2 - Continued

,

i FisuwENTAL MEDIAN - LOGARITieIIC STO. DEVIATION RAnet
- GEKRIC SPECIFIC FAILimE FRE0uENCY FRAGILITT DAMPING, EDIAll 0F

T uuCE(Alm
IN

[ CATETORY CONPONENT MODE Nr PARAMETER 5 0F CRITICAL CAPACITY 50 MACE

Control Penals Generic Breaker Trly 5-10 Spectral 5 7.7 g 0.73 0.4 0.61 6
. and Backs Acceleretten

! Centrol Panels Generic Structural 5-10 Spectral 5 14'6 g 4.8 0.4 0.69 6.

i and Aacks Acceleration
!

j llelay Cabinets Generic Relay Chatter 5-10 spectral 5 2.07 g 1.46 0.5 1.37 6
Acceleretter;

I Relay Cableets Generic Aelay Trip 5-10 Spectral 5 7.7 g 0.73 0.4 0.61 6
Acceleration

,

1

! melay Cabinets Generic Structural 5-10 Spectral 5 14.6 g 0.8 0.4 0.69 6
Acceleretten

4

notar Centrol Generic Relay Chatter 5-10 Spectral 5 2.07 1.46 0.5 1.37 6r
g Centers Acceleration

noter centrol Generte areaker Trip 5-10 spectral 5 7.7 g 0.73 0.4 0.61 6;

| Centers Acceleration
,
'

notor Centrol Generic Structural 5-10 Spectral 5 14.6 g 0.8 0.4 0.69 6
Centers Acceleratten

treaker Panels Generic Breaker Trip 5-10 spectral 5 7.7 g 0.73 0.4 0.61 6i

Acceleratten

Breaker Panels Generic Structural 5-10 Spectral 5 14.6 0.8 0.4 0.69 6
Acceleration

Static Inverters Zion Specific Relay Trip 5-10 spectral 5 16 g 0.35 0.2 0.29 6 '
Static Inverter Acccleration

! Air Condittening & Contatament Fee nubbing er Fan 4.3 'pactral 5 2.0 g 0.23 0.15 0.17 5.

Air Handling Coolers en Neueing Acceleretten
,

Power untts

.

:
|

}

|
,

.- -
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TABLE 9.0-2 - Continued

.

FUNDAMENTAL ME0lAll LOGARIT mIC STO. OEVIATION RANK
GENERIC SPECIFIC FAILURE FREQUENCY FRAGILITV DANPING. MEDIAN OFITE RA UNCE AINTY
CATETORY CONPONENT MODE Hz PARAMETER 5 0F CRITICAL CAPACITY SOUACE'

i Air Conditioning & Contalment Fan Rubbing of Motor 4.3 Spectral 5 2.14 g 0.24 0.15 0.19 5
Air Handling Coolers Rotor on Housing Acceleration
Power Units

i

) Air Conditioning & Generic Generic Functions 10-30 Spectral 5 g.5 g 0.24 0.15 0.19 6
Air Handitng Acceleration >

, l'iner units
1

Ducting Generic Structural Failure Reference to Zero Period,

of Supports ZPA Acceleration NA See 0.39 0.18 0.35 4,

Table 2-4-

1 w
j U Cable Trays Generic Cable Support Fragility Zero Period IIA 3g 0.55 0.3 0.46 4

System Referenced Acceleration
to 2PA

1

Off Site Power Ceramic fracture of Referenced to Peak Ground NA 0.2 g 0.32 0.20 0.25 4
lasulators Insulators Ground ZPA Accelerationi

!
'.

;

' Ilote: Rank of source based on following criteria

f 'a) Range is 1-6 with I being the least credible source.I

| JL) For generic equipment ranked 2. the inforination source is from short duration (2-5 seC) shock type tests and the failure modes are
; structural. The low ranking reflects the author's personal feeling that the energy content of the shock tests is not indicative of

earthquake-type loading and that the fragility levels may be biased upward compared to actual fraglitties of equipment subjected to'

1 a seismic input.
! (c) A ranking of 4 reflects an analytical derivation of generic structural capacity of equipment designed to specific codes and standards

or test data or historical (arthquake data with Ilmited documentation,
j (d) A ranking of 5 reflects an analytical derivation of fragility. either structural or functional, for specific components for which design

reports were reviewed or for which new analyses were conducted.
(e) A ranking of 6 reflects fragility descriptions developed from either fragility tests on plant specific or generic components or

fragility descriptions developed from high shock level quellfication tests uttilaing the If.5. Corps. .of Engineers Pseudo-probabilistic,

methodology to develop fraglitty descriptions.

I

I

:

|
.
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o PREFACE

This report represents one of a series which is to present the
results of a research program that is being conducted to evaluate
methodology of equipment seismic qualification for nuclear plants. The
overall program consists of the following subtasks:

1.1, 1.2, 1.3 Review methodology, aging, and static loads;
Identify anomalies

1.4 Evaluate multiple frequency excitations
1.5 Consider combined dynamic environments
1.6 Develop in-situ test criteria
1.7 Study procedures for line mounted items
1.8 Publish Task 1 Summary Report

2.1, 2.2, 2.3 Investigate response level and multiple-parameter
correlations

2.4, 2.5 Consider single parameter and damage severity
factor correlations

2.6 Develop general correlation method
2.7 Publish Task 2 Summary Report

3.1 Recommend updating of qualification criteria
3.2 Publish Task 3 Summary Report

4.1, 4.2 Compile fragility data
4.3 Evaluate and reduce data
4.4 Publish Task 4 Summary Report

Specifically, this document constitutes Part II of the report
identi fied above in Subtask 1.8. It, along with Part I which has
already been published, presents results which have been compiled under
Task 1, except for Subtask 1.7. Efforts on the latter subtask have been
delayed, and will be included in a later sumary report. Work on the
other tasks is in progress, and will be reported in the later-indicated
summary reports.
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PRINCIPAL NOTATION

a* denotes peak value of acceleration time history
.

a acceleration, time average over time interval i
4

a acceleration, time average over complete seismic event_g
a, acceleration, time average over strong motiong

.

maximum or minimum a dur'ing complete seismic eventanax' dmin j
B effective bandwidth of. analysise

[C] damping matrix

E(m ) error function for off diagonal modal massesg

f frequency

F(m ) optimization function for physical massesg

{F} matrix of externally applied forces
G(f) power spectral density (PSD) for motion at point xx
G (w) base excitation PSD in j direction

3

GQ, GQ extreme value's of acce;., ration PSD (as a function of fre-
quency) that occurrc: within any time interval during strong
motion

i
Gmax, Gmin value of G{g, G{Q a'veraged over frequency ~ range
G(f) acceleration PSD (as a function of frequency) for completeg

.strong motion

G, value of G (f) averaged over frequency rangeg
'h transfer function for mode r due to base excitation inrj

j. direction

*Y( f) transfer function fcr response at y due to excitation at xH

(both x and y in same direction)

-H j(w) transfer function for response in k direction at point i,-
with excitation in j direction '

j 1- . Ci in Eqs. 6-12, 6-13 only,
' i ,j ,k indices

.

k modal stiffness for mode rrr

[K] sti ffness ' matrix J

physical mass at node i df finite element modelmp
.M estimated mddal mass for mode rpq
m modal mass for mode rrr
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'

mgq off diagonal elements of modal mass matrix
M total mass of finite element structureg

[M] mass matrix-

N number of nodal points in finite element model
N nonstationarity number

n
N number of sample averages

s
p,q,r indices
S step size for mass optimization scheme

S (f ) acceleration response spectrum at frequency r
a r

T duration of sample block time
B

[T] transformation matrix which relates motion at structural
nodes to base excitation

(u) nodal relative displacement vector
; {w} base motion displacement vector, [X,Y,Z,0 ,0 ,0 3x y z

(x} nodal 4.bsolute displacement vector
y* peak value of a response

a weighting coefficient for time history synthesis
6 equivalent viscous damping ratio

;

S modal _ damping ratio for mode rp

y weighting factor for mass sn.oothing scheme
y modal participation factor for mode r
r

n generalized displacement for mode rp

{$r} eigenvector for mode r
i [4] matrix of R eigenvectors
,
,

j O product of eigenvector componentsik
'

e circular frequency
u natural circular frequency for mode rp

i
l
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1.0 INTRODUCTION

1.1 Overview

A research and development program is being conducted to review and
evaluate methods of seismic qualification of nuclear plant equipment,
correlate the methods with existing criteria, and recommend where both
methods and criteria may be revised to provide more effective
implementation of the qualification process. Task i of this program was
initiated with an extensive review of the background and state-of-the-
art study of the methodology and criteria for equipment qualification.
Al though the emphasis was on seismic and dynamic environments,
information was also obtained for thermal, nuclear radiation, and other
ef fects . The results of this review have been compiled and published as
Reference [1], which constitutes Part I of the Task 1 Summary Report for
the program. Included in Reference [1] are a summary of the approaches
to qualification, a list of equipment which is typically involved in the
qualification process and procedures used to qualify them, and an
identification of a series of technical issues / anomalies which may have
an influence on the final validity of the qualification methodology.

This document constitutes Part II of the Task 1 Summary Report, and
includes the results of additional efforts that were conducted to
provide an in-depth evaluation of the technical issues / anomalies
previously identified. Both analytical and experimental studies were
performed on a typical local instrument rack, in order to evaluate the
impact of many of the identified issues. For convenience, a summary of
these items is first given herein, followed by important background
material on recent developments in relationships between response
spectra and power spectra as parameters for earthquake motion
description. This is followed by results from an extensive study of the
fundamental criteria for earthquake simulation. Descriptions are then
given for both analytical and experimental ef fo rt s for gathering
response information for the electrical rack under various excitations.
The remainder of the report covers extensive results on evaluation of
the technical issues / anomalies, and in most cases includes conclusions
on the impact of the results on current quali fication criteria.
Implications of the results for qualification of most types of equipment
are included where appropriate.

1.2 Summary of Tech'nical Issues / Anomalies

At the outset, it must be recognized that the definition of the
term technical " issue / anomaly" as used herein includes the occurrence of
an unexplained variation of results in qualification. It is paramount
to recognize that these issues / anomalies may or may not be significant
in influencing the validity of the qualification process. Furthermore,
each cited item does not apply to que.lification in general, but only to
certain cases. As a further clarification, it is extremely important to
point out that this identification of technical issues / anomalies must
not be taken to imply that any of the equipment qualification performed
to date is necessarily inadequate. On the contrary, early seismic test
programs recognized that the test nethods did not necessarily provide a
close simulation of the actual seismic event and, consistent with good

1



engineering practice, aualification testing was accomplished with a ia

degree of conservatism which was judged sufficient to cover the i

uncertainties. In fact, further study of the issues / anomalies will help |
reveal to what degree conservatism has been present, and may even allow I

Irelaxation of some requirements as a result.

The existence of the technical issues / anomalies was simply noted in 1

Reference [1], while further evaluation of their importance was j
subsequently accomplished, and the results are presented herein. A
summary of the identified items is given for convenience in Table 1-1.
They are separated into those which pertain to methodology which affects
all equipment in general, and those which are peculiar to a given
equipment subgroup. Herein, attention is given principally to the
former group which can affect all equipment concerned. Details of the
listed items can be obtained from Reference [1], and therefore will not
be repeated here. However, the essence of many of them are obvious from
the phrasology, and further detail s will become apparent from
discussions presented herein.

.

|

|
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TABLE 1-1
TECHNICAL ISSUES /AN0MALIES:

'IN QUALIFICATION OF NUCLEAR PLANT EQUIPMENT *

QUALIFICATION METHODOLOGY

L 1.0 ' Qualification b'y Testing

1.1 Uncertainties in Use~of Response Spectrum
1.2 Effects of Cross Coupling

4

1.3 Comparison of Test Severities
1.4 Nonlinearities
1.5 Test Sequence ..

1.6 Methods for Dynamic Load Combination
1.7 Fragility

2.0 Qualification by Analysis

2.1 . Degree of Model Complexity
2.2 Synthesis of Damping
2.3 Acceptance Criteria

3.0 Combined Experimental and Analytical Qualifications |

3.1 Validation and Refinement of Analytical Models
3.2 In Situ Testing

4.0 Synergistic Effects and Aging

4.1 Test Sequence
4.2 Aging Methods .

4.3 -Arrhenius Model

EQUIPMENT SUBGROUPS

5.0 Fragility Data for Most Equipment

6.0 Aging Data for Most Equipment

7.0 Liquid Vessels and Submerged Structures

-8.0. Large and Small-Piping

*From Review Report, Ref. [1]

3
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2.0 RESPONSE SPECTRUM / POWER SPECTRUM RELATIONSHIPS

2.1 General Comments

The response spectrum has typically been used since the 1930's to
estimate the peak response of structures tc an earthquake motion.
Inherently, it also then is used as a parameter to describe the,

; earthquake motion itself, through its effects on a single degree of
freedom oscillator. Thus, its properties as an earthquake descriptive
parameter must be understood carefully for its use in seismic
qualification of equipment, whether done by test or by analysis.
Earthquake motions can also be described similarly by power spectral
density functions, which provide a description of the energy content of
the motion itself, without any reference to the effects of the motion on
a structure. Although the use of either parameter for the description
of an earthquake is analogous, it is often more useful to use one or the
other because of their specific mathematical properties.

In this study it has been found useful to use the two parameters as
complementary tools, where a transformation between them exists. Since
this philosophy has only recently become more commonplace in the
earthquake community, some discussion will be presented before moving to
the main results of this report. The concept of the response spectrum /
power spectrum transformation was not originated under this program, but
was developed just prior to its initiation.

2.2 Response Spectrum

The response spectrum is recognized to represent a plot of the peak
response of a series of single degree of freedom oscillators with
specified natural frequencies, when all oscillators include the same
damping, and their bases are subject to the same earthquake motion.
Thus, the plot implicitly becomes a nonunique description of the motion
that produced the responses. Furthermore, it is recognized that enemy
is present in the excitation only at those frequencies where
amplification over the zero period acceleration (ZPA) occurs for the
acceleration response spectrum.

For analysis purposes, the response spectrum can al so be used to
predict peak responses in complex ~ structures by means of modal analysis
techniques [2]. That is, the peak response y* in mode r at some point y
of a structure can be related to the excitation at some point x by the
expression

*
y =2Br!N If ) I S (I ) (2-1)7 xy r a r

where Sr is the damping ratio for mode r, Hxy(fr) is the value for the
linear transfer fu'; tion for the response at y due to the input at x at
the natural frequena fr when computed for a damping ratic of t3r- If

several modes are preent, the total response at y can be estimated by a
square root of the sun of the squares (SRSS) of the contribution of the
response in each made:

5
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y* = {[ [2 B |H (f )! S (f ) (2-2)r r a r

The above relationships are written in terms of the modal transfer
- function Hxy( fr) . This is a form that is especially useful fo r
experimental measurement. However,. the relationships are equally valid
for analysis, although in this case the modal participation factor Yr
is usually defined instead of the transfer function. The two are
related by: |

26"
|Hxy( r) (2-3)Y =

p 9 (y)

where $r(y) is the magnitude of the rth mode eigenvector evaluated at
point y.

It must be noted that only the peak value of the response is
predicted by the above relationships. In order to predict a complete
response spectrum at point y a time history solution of the structural
equations is performed, and then a response spectrum computed from the
response time history at point y. This approach is rather tedious, and
is no longer necessary if a power spectral density approach is used.

2.3 Power Spectrum

A power spectral density expresses the mean square energy in a time
history as a function of frequency. A relationship between the response
power spectral density G (f) at point y and the excitation powery
spectral density Gx(f) at point x of a linear system subject to a
stationary random process can be expressed as [3]:

|Hxy(f) | 2 G (f) (2-4)G =
y x

This relationship is convenient to use because it gives a plot of the
energies as a function of frequency directly without the necessity of a
time hi story solution. The peak response value can be determined
statistically by the amplitude probability density function. However,
it must be emphasized that the expression is valid only for a
stationary random process. In this regard, it will be shown later that
typical earthquake accelograms can be approximated as a stationary

; random process during their strong motion.

2.4 Transformation Between Spectra

In view of the fact that most earthquake data is developed in terms
of response spectra, and yet it is very useful to use power spectra for
some purposes, it becomes desirable to consider a transformation between
response and power spectra and vice versa. Such a transformation has
recently been developed by several investigators. Detailed application
of the transformation for specific earthquake response has been reported
by Sundararajan [4] and for problems in equipment qualification by Unruh
and Kana [5]. An example of the transformation as developed in the
latter reference is shown in Figure 2.4-1. A base response spectrum

6



(BRRS) was transformed to a power spectral density, and then transformed
back to a response spectrum. The accuracy of the process is shown to be
quite acceptable in five iterations.

The transformation process described in Reference [5] will be used
several times in the results to follow herein. It will be found that
the' power spectral density is especially useful for identifying the
frequency content of a time history, especially when a rather high peak,.

,

value (ZPA) is present.- I

. ,

,
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3.0 FUNDAMENTAL-CRITERIA FOR EARTHQUAKE SIMULATION-

.3.1 Ground Level Simulation !

For equipment qualification purposes, IEEE 344 [6] includes several
different recommended methods for generation of simulated earthquake-
environments. The major requirement is that the excitation time history

' should conservatively simulate the strong motion portion of a postulated
earthquake event. Section 6.6 of IEEE 344 outlines a number of test
methods which are ' acceptable, providing that the resulting motion
satisfies the following:

,

1) Produces a TRS which closely envelopes the RRS.

2) Contains a peak acceleration' greater than or equal to the ZPA
of the RRS, except at low frequencies where the RRS is below
the ZPA level .

3) Contains no energy at frequencies above that where the ZPA
reaches its asymptote.

4) Is of the required duration (strong motion portion no less than
fifteen seconds).

The above requirements indicate that the specification of an
earthquake event is usually given in the form of a required response
spectrum (RRS), and the generation of a time history which corresponds
to the RRS is required. From this, several methods of generating time
histories for analysis purposes are implied, and various techniques are
specifically described for synthesizing test motions. Whatever the
signal :ynthesis process, the net result should be such that the actual
analysis or test response spectrum (TRS) envelopes the required response
spectrum. This criterion must be observed for both ground level
motions, which are recognized to have frequency content nominally

.

between 1 and 33 hertz, and floor level spectra, which can have
'

significant narrow-band frequency content, depending on the presence of
building resonances.

Earlier work described in Reference [1] indicates that the above
criteria can be met with time histories that vary widely from those of
earthquakes. With the possibility of synthesizing the excitation by,

j many different methods, it has become obvious that a closer look at
earthquake fundamental characteristics was appropriate, even thought

actual enveloping of the RRS by a TRS may have been achieved. This will
, assure that the spirit of the enveloping requirement was maintained.
'

The results of the study for ground level simulations are presented
first in this section. Then some comments on floor level motion
simulations follow. The study was based on the characteristics of the
six representative earthquakes shown in Table 3-1. The, sel ected
statistical characteristics, given below, were deemed sufficient to
provide a good approximation of earthquake motions at ground level .
Although other such studies have been conducted in the past, this one|

~ was specifically aimed ac determining those characteristics which are|
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TABLE 3-1

SAMPLE TIME HISTORIES USED FOR EARTHQUAKE CHARACTERISTICS STUDY

1. ELCENTRO SITE IMPERI AL VALLEY IRRIGATION DISTRICT
IMPERIAL VALLEY EARTHQUAKE, MAY 18, 1940 - 2037 PST

S00ECOMPONENTS -

S90W-

VERTICAL-

2. TAFT LINCOLN SCHOOL TUNNEL
KERN COUNTY, CALIF. EARTHQUAKE, JULY 21, 1952 - 0453 PDT

N21ECOMPONENTS -

S69E-

VERTICAL-

3. OLYMPIA, WASHINGTON HWY. IEST LAB
WESTERN WASHINGTON EARTHQUAKE, APRIL 13, 1949 - 1156 PST

COMPONENTS - N04W
N86E

- VERTICAL
i 4. CHOLAME, SHANDON, CALIFORNIA ARRAY NO. 5

PARKFIELD, CALIF. EARTHQUAKE, JUNE 27, 1966 - 2026 PST

N05WCOMPONENTS -

N85E-

VERTICAL-

5. HOLLYWOOD STORAGE BSMT. LOS ANGELES, CALIF.

SAN FERNANDO EARTHQUAKE, FE3. 9, 1971 - 0600 PST

S00WCOMPONENTS -

N90E-

VERTICAL-

6. CALTECH MILLIKEN LIBRARY, BASEMENT, PASADENA, CALIF.
SAN FERNANDO EARTHQUAKE, FEa, 9, 1971 - 0600 PST

N00ECOMPONENTS. -

N90E-

VERTICAL-

|

!
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most useful for earthquake motion simulation for equipment qualification
purposes.

3.1.1 General Characteristics of Motion

Earthquake motions are known to be nonstationary transient
random motion of various durations, the typical character of which are
given by the El Centro 1940 time histories shown in Figure 3.1-1.
Acceleration signals, rather than velocity or displacement signals, are
usually used for describing both test and analysis motion. The general
motion is such that a random acceleration signal is modulated by the
envelope, an example of which is shown in Figure 3.1-2.* Singh [7] and
others have agreed that a good simulation can be achieved by modulation
of a stationary random process by such a function. This would mean that
the simulation would be approximately stationary during the strong
motion part of the earthquake, which is within the constant val ue
portion of the_ envelope function in Figure 3.1-2. Thus, the several
selected earthquakes were studied in such a way as to determine whether
the above hypothesis is sufficiently correct for qualification purposes.
Satisfaction of this hypothesis is important for both test and analysis
methodology.

3.1.2 Definition of Strong Ground Motion

Surprisingly, Reference [8] indicates that no quantitative
definition of the strong motion portion of an earthquake has been
uniformly recognized by engineers. Herein, a definition was developed
somewhat similar to the Trifunac-Brady duration [8]. For the present
definition, time interval RMS values of the accelograms were calculated
as shown by several examples in Figures 3.1-3 and 3.1-4. The dashed
lines and numbers indicate overall RMS levels, a , of the signaloaveraged over the entire time history. For this computation the data
were started and stopped so that only Me continuous signal greater than
1% of the peak acceleration was utilized (anything outside 1% was
assumed to be noise). Then, time interval RMS values, ai, were averaged
for a chosen time interval (for computational convenience 5.12 seconds
wa s selected). Thereaf ter the strong motion portion was defined such
that

aj/3o > 1.25 (3-1)

Subsequently, any computation of parameters for the strong motion (SM)
portion of a given signal was perfomed only on that part of the time
history that fell within this bound.

3.1.3 Frequency Content
.

Power spectral density was recognized to be a more sensitive
parameter than the response spectrum for indicating frequency content of,

a signal, and was therefore used for this purpose. Furthermore, the,

| concept of a time interval average PSD was well recognized and easily

* Note that a minimum of fifteen seconds strong motion is specified by
IEEE 344 [6].

11
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Figure 3.1-1. Typical Earthquake Time Histories ;
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computed with avallable 1aboratory and digital equipment. Ini ti al 1y,
such time interval PSD's were computed for the various sample earthquake
components, as shown in Figures 3.1-5 and 3.1-6. Then, the composite
PSD averaged only over the strong motion portion of the signal was
determined, Figure 3.1-7. Note that this computation was perfomed on a
fast Fourier transform (FFT) analyzer having a constant resolution
bandwidth of 0.2 Hz. It is interesting to note that typical laboratory
FFT analyzers are designed for analysis with selectable, but constant
bandwidth resolution. Conversely, laboratory response spectrum
analyzers are typically designed with selectable percentage (partial
octave) bandwidth resolution. In ariy ev en t , the corresponding
parameters computed for the same signal can only be equivalent within
the resolution of the analysis. For example, Figure 3.1-8 shows a PSD
that was transformed from the 1/6 octave response spectrum of the same
NS component of the 1940 El Centro earthquake whose directly computed
PSD appears in Figure 3.1-7. Obviously the 1/6 octave resolution is
coarser at higher frequencies, as should be expected. In general the
average levels computed using both procedures agree very closely.

In any event, the PSD of the SM of typical earthquakes is a
definite indication of the frequency content required for ground level
simulations. Rather than reanalyze many earthquakes for PSD's and fonn
some type of envelope, the development is easily accomplished by a
transformation to a PSD-from a response spectrum for the R.G.1.60 [9]
cri teria. This has been done for a 1.0 g ZPA RRS as shown in Figures
3.1-9 and 3.1-10. Thus, a frequency content criteria for ground motion
compatible with existing response spectra criteria has been established.

3.1.4 Stationari ty

The degree of stationarity of the data during the strong
motion portion of the signal had to be established to validate the
hypothesis necessary for the development of Equation 2-4. For this
study, stationarity was interpreted to mean the degree of fluctuation of:

the RMS and PSD level at a given frequency during a specified time. One
recognized test for stationarity.is to detennine the number of runs in a
sequence relative to a mean and compare them to expected values for a
random variable [3]. If the earthquake signal is divided into fine
blocks, 0.64 secords duration, the strong motion portion will contain
enough data samples to use the-run test. The number of runs was
determined using the mean and the RMS valves during the strong motion
portion of the earthquake. This procedure was used for the six
earthquakes studied in this program. Of a total of eighteen signal s,
twelve satisfied the requirements for a 0.05 level of significance, two
satisfied the requirements for a 0.025 level of significance, two were
not stationary and two could not be analyzed due to the short duration
of the signal . These results clearly indicated sufficient stationarity

| for the data. However, it was decided that stationarity could be
'

demonstrated even further by showing to what degree the PSD l evel
fluctuation of the strong motion portion of the various earthquake
components was similar to that of a typical stationary random signal .
Details of this approach will now be described.

!

|
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Figures 3.1-11 and 3.1-12 show the SM data for two El Centro
components as analyzed for time interval PSDs in 5.12 second blocks with
0.78. Hz resolution. In each figure the center curve represents the
average acceleration PSD, Go(f), over the entire strong motion portion
of the earthquake signal . The upper and lower curves represent an
envelope of the maximum, G(f) max, and minimum, G(f) min, time average
acceleration PSD that occurred in any time interv al . Thus, a

fluctuation band for the time interval PSD's was established for each
earthquake component studied.

A comparison of the earthquake measured PSD fluctuations now
had to be compared with that of a typical stationary random signal . For
this, a two step process was utilized. Ratios of the frequency averaged
values Gmax and Gmin to the frequency averaged complete strong motion
acceleration PSD, G , were first plotted as a function of a newly-o
defined nonstationarity number. Results for all earthquakes ccinponents
are shown in Figure 3.1-13. The nonstationarity number is defined as

~

max /a in) + aSM (3-2)Nn = (a m

where amax is the maximum time' interval RMS acceleration during the
strong motion, a in is the minimum time interval RMS acceleration duringm
the strong motion, and asM is the average RMS acceleration over the
entire strong motion. The larger this number is, the more
nonstationary is the data.

In Figure 3.1-13 the upper plotted points represent
)

Gmax/Go

and the lower plotted points represent

Gmin/Go-

In addition, the shaded vertical bands indicate the extent of 1

| standard deviation, and the clear vertical bands indicate extreme
i values encountered in the data for any time interval . From a
| statistical point'of view, all data is plotted for the same number of

sample averages equal to

N3 = BeTB = 0.78 (5.12) = 4 (3-3)

where Be is the analysis bandwidth and TB is the time in each block.
For the given number of data samples a Chi-squared distribution [3]
predicts, with 98% confidence, that all such data will fall within the
indicated horizontal lines for a true stationary random process. Thus,
for all five earthquakes indicated, the process can be reasonably
approximated as being stationary. The data for the Parkfield earthquake

| was not plotted since its strong motion portion is very short and was
not considered a true representation of a far field earthquake
acceleration signal . However, it was surmised that most earthquakes of
concern are more like the group of five indicated.

20



. -

1

l

i
r

: tr. eswTwo stTr InParac vau.rv Imzcarron arsTure?
cone sees

i

| znParat vac.tv canfmune:r any is, tsee - asar Per 1

BaneWIDTM = .?S HE

l
,

te< g g
. .

,

C
e -iE

-

C -.

L -

C ~3 --10

G(f)*^*
a : :
;- i / i
! .- G (f) .

o o,

" to *- -r
: -

: :
P r 3s G(f) 4

M A 3to ,
, ,

.m s.m te.s ts.a ze.a as.a
rarousney (Mza

Figure 3.1-11. Frequency Stationarity in El Centro 1940 NS Sri

CL CENTWO VALLEY DIRIGafION DIST1 TIC 7'
CORP 90 7
InPEltIAL vaLLty EAstTHouma May is, ts4e - 29 7 PST'
3aneWIDTM = .75 H2

10 : . . . .

4 :
.

:
C ; ;

'

Ci *-
'

t
.

.

L -

t g,-3 - -

* i iry(f) max; G (f) i
g o -

-

*
0 h [
M -4gg ..

'

5
i a. .'

P b 1
s r

G(f) min -1
r s -

-s / |to

.40 5. M 10.4 15.4 28.4 25.4

ritteat%"Y (MI)
l
!

l

i Figure 3.1-12. Frequency Stationarity in El Centro 1940 Vertical SM

21
,

_ _ _ . _ _ _ _ _ _ _ _ _ _ - - - - - _ . _ . , . . - . _ _ _



| 10
_ i i i i i _

l _ _

'

B,= 0.78 Hz -_

T = 5.12 sec -

j-

B
|981 at B T *#-

eB
_ _

98% _ )_
_

~

); |

| _
.

_

1.,

1.0 --

-- -o .,

3
- -

- :
"

- _

.! _
-

_

a

E
| F < ,

_ _

e
M

' --c
@

$ l_| |h | 98%

B | u L

y 0.1 i 2y 3
_-

} 2 y
~w

.
_

1

-

- --
2 l_ _

v
_ _

o El Centro 1940
_ _

a Taft Lincoln 7952
,

c Olympia 1949
_ _

A San Fem. H.1971

0 San Fern. C 1971

0.01 I I I I I t

0 20 40 60 80 100 110 120

min) + #smmax

Nonstationarity Ntraer

Figure 3.1-13. F'requency Stationarity for Several Earthquake j

Strong Motions ;

l

22



|
|

A further question arises as to what changes result if the
time interval and resolution bandwidth combination are changed from BeTB

1= 4? Figure 3.1-14 shows what the effect of sample size would be. The -

curves represent a plot of the confidence lines for a stationary random
process as given by the Chi-squared distribution. The average
fluctuation ratios for the earthquake PSD's are also plotted at Beh =
4. It can be seen that with more data the fluctuation limits shMld
decrease, as indicated. Thus, any candidate test or analysis time
history can be analyzed according to time interval PSD and found
acceptable if it falls within the 98% bounds of

Gmax/Go < 2.8
( 3-4 )

Gmin/Go > 0.17.

The exact bounds are a matter of judgement, of course, where the above
members were chosen to be the most liberal possible.

3.1.5 Coherence and Probability Density-

Chen [10] has shown that ground level earthquake horizontal
components are essentially statistically independent, while the
horizontal and vertical components are only slightly dependent.
Quantitatively he 'showed that the horizontal components of earthquakes
demonstrate a correlation coefficient (at zero time delay) of about
0.16-0.20. This information itself is sufficient to establish a
criteria for the statistical independence of simulated earthquake ground
motions. However, the correlation coefficient is a parameter that is
not readily calculated with most commercially available laboratory FFT
analyzers, while the coherence between two signals is. Furthermore, the
coherence is a function of frequency [11], and can readily be used to
identify where cross coupling occurs in structural response. Therefore,
coherence was chosen as the basis for quantification of appropriate
statistical independence.

| The coherence of all possible combinations of the strong
r motion portion of components for each of the six earthquakes was

computed. Figures 3.1-15 and 3.1-16 show sample results. It was
concluded that for most typical earthquakes a coherence of about 0.5 or
less is appropriate for the analysis bandwidth of 0.78 Hz. The
Parkfield earthquake, on the other hand showed coherence as high as 0.8

| to 0.9. This occurred because of the near proximity of the measurements
to the epicenter of the earthquake. Since this is a rather atypical
situation, the coherence of 0.5 or less appears to be more appropriate.
For this analysis the number of 5.12 second blocks during the strong
motion portion of each earthquake component varied from ore, for
Parkfield, to five, for Olympia. The number of samples in each block,
obtained from equation (3-3), remained four, as in previous analysis.t

Because of short duration of the earthquake signals the normalized
random error may be large.

In a similar study Lin [12] looked at the cross correlation,
coherence and motion distribution for twenty-two pair of horizontal
earthquake signals. From the acceleration time histories he was able to
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obtain the mean and . standard deviation value's for coherence of the
'

;

p ensemble of' earthquakes. . By using the ensemble- averages at each
' ; frequency he was able to reduce the _ error. al though hi s analysi s

_N bandwidthfwas . extremely. narrow, 0. 2 Hz.. The results indicate a mean
.

coherence for most frequencies of less than 0.5 for all -horizontal
7 components which are similar to the results 'of this study. In an

- . attempt to'present the results on a basis similar to that of Reference
;

'

.[9] Lin' al so. drew an envelope of ,the mean plus one standard deviation'

;

4 . val ues. The results show coherence.at most frequencies of less. than
. . ' O.80. ,,,

s-
s ,

|A,mplitude probability density -is another important4-

. description} of .the earthquake. motion. It expresses implicitly the
, ,.

percentage of the ~ time that the amplitude is within a given interval
| during the strong motion. -This is obviously important for fatigue and

--

t
other ' repeated ' cycle failure considerations. Typical . samples of - )

amplitude pro 6 ability density for corresponding strong motion portion ofi s
~ . components are shown in , Figures 3.1-17 and 3.1-18. The results are

compared with a standard Gaussian or nomal distribution and can be seen
to -be only approximated by _it. s g some cases the distribution is moreI

,

centrally cyncentrated,, so that somewhat higher ratios of peak to RMS
ted at the same prob' ability level. Thus, a peak !

;

may be -expp(ZPA) to EMS ratio for the strong motion may be as high as
',

s

acceleration r*

-

' '4.0 to 6.0.'*

* 3.1.6 Statistical Analyses Parameters

i
. Resolution bandwidth Be, number of data samples per block,

-

Be B, statistical degrees of freedom D0F, etc., are all statisticalT,

analysis parameters that are listed on the various preceding figures.
-t

!- These paraineters describe the degree' of statistical accuracy that can be
expected from a- stationary random process. For a long duration'

! stationary' random process, it is customary to utilize large (i .e., 50-
,100) sample averages, Ns, or degrees of'feeedom, D0F, for estimating the!

Narious parameters. This corresponds, .for each block, to-

1 '

(3-5)4
._

Ns = BeTB or 00F = 2B Tg'
e

as was mentioned before. However, the strong motion portion ofW
;5 earthquakes .is typically relatively short in duration. With a
p resolution bandwidth of about 1 Hz (a reasonable value for lightly-
A damped structures), it is apparent that relatively low numbers of sample
N averages must be contended with. Nevertheless, for each presentation of
!- such data, it is important to state what the analysis parameters are so-

'that the appropriate statistical variation of the results can be kept in
* perspective. For example,'the coherence functions in Figures 3.1-15 and

,

'

3.1-16 are computed with'O.78 Hz resolution and 24 00F (12 Sample'

Averages). A . smaller portion of the data analyzed would show higher-

coherence variations. Similarly, the amount of spread expected on PSD's"^

as a function of sample averages is shown in Figure 3.1-14. Thus, in'

stating any criteria the statistical . accuracy must be borne in mind
_ here. appropriate.-- General texts on the analysis of random data,- [113"

w
, for example, give the~ procedures used to calculate the bias and random

errors for a number of statistical quantities. .
_

,
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3.2 Floor Level Simulation

/ The preceding data indicates that the strong motion portion of:

typical earthquakes at ground level can be simulated by a stationary
random process having approximately a Gaussian amplitude probability
density and a decreasing PSD between 1 and 33 Hz. Furthermore, the

three components are relatively indept 'cri, having a coherence of 0.5
or less. It now becomes appropriate to consider what this motion
becomes at the various floor levels of buildings. In view of the above
random exr.itation characteristics, several general statements can be

,made 'abGtit motion ' responses at floor levels, assuming that the building
can be represented by 'a ' system having a linear transfer function between
the base excitation point and the floor level response point [3,11].

The response motion at the floor level of a building can be
predicted by Equations (2-1) through (2-4), or by using time history
solutions. However, in view of the stationary random character of the
strong motion portion of excitat'on, Equation (2-4) is especially(

appropriate. Thus, the PSD at a floor level will also be a stationary
random signal, and will al so be -approximately Gaussian in amplitude
distribution, similar to the exci tation. Frequency content is
determined from that of the excitation PSD and. the building transfer
function according to Equation (2-4). Coberence' between orthogonal axis
motions at the floor level may no longer be low at all frequencies. In
particular, in some parts of the frequency range, coherence between two
, horizontal directions may be very high, where torsional modes of the
. building occur. Furthermore, coherence between . horizontal and vertical
may be high where modes involve of.f center mass coupling. Thus, floor
level motions will genera 11y' also be uncorrelated, except for narrow
frequency ranges where coupled building modes occur'.

t

t
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4.0 ELECTRICAL RACK SPECIMEN

The selection of a test specimen was dictated by several
restraints. One was that it be representative of one of the generic
groups-given in Reference [1]. The group selected was electrical
equipment mounts which includes panels, racks and cabinets. This group
is important because_ its structural nature allows for the development of
analytical models of the structure which may be used alone or in
conjunction with testing for qualification. On the other hand the
components mounted on these racks are difficult to model and therefore
are either tested in the assembly or as individual components using
response spectra defined at the instrument location. It was hoped that
by testing this-type of specimen, infonnation on analytical procedures,
in-situ testing, and equipment qualification testing could be obtained.
Once the generic subgroup was selected several additional requi remen ts
had to be satisfied. Both operational equipment (for functional checks)
and lumped mass dummy equipment (to look at instrument simulation) was
desired. To study the influence of coupling the mass and stiffness had
to be nonsymmetrical . Finally, blueprints or drawing s had to be
available from which to deyelop the Finite Element Model (FEM). It was
felt that it would be more representative of current practice to develop
the model from drawings rather than physical measurements on the test
item.

A second major restraint was to demonstrate which types of test
waveforms are applicable to which generic groups. Equipment
qualification testing has included sine sweep, sine dwell, decaying
sine, sine beat, narrow band random, wide band random, complex analog,
and complex digital signal s. The broad frequency testing is more
representative of the earthquake signal for most situations. For
equipment, such as valves, whose_ supports act as filters of earthquake
signal s the narrow frequency band tests may be more realistic. Testing
of an electrical equipment mount would be concentrated in the broad band
testing . Future tests are planned on a valve to look at the alternative
condi tion.

4.1 Description of Rack and Instrumentation

The 48-inch local instrument rack is a welded steel structure
weighing approximately 725 pounds with instruments, but excluding the
basepl a te. Overall dimensions are 48" wide, 30" deep and 94" high. The

- rack is made up of four major components; baseplate, major frame members
and bracing, instrument rack and instruments, ~ Figure 4.1-1. For
mounting purposes, the framework was centrally placed and we'ded to a 4
ft x 4-1/2 ft x 1 in, thick steel plate which was drilled for mounting
on the SwRI seismic simulator. The welding pattern consisted of
1/4" x 1" skip welds spaced every 12 inches on the 48-inch sides (front
and back), and every 10 inches on the 30-inch sides (ends) of the rack.

.

The pattern was initiated from the corners on each side. '

Major structural members were 2-1/2 x 2-1/2 x 1/4 steel angle
welded together to fonn the rectangular frame, Figure 4.1-2. These were
then braced horizontally and diagonally on each side, using 2 x 2 x 1/4
angle, to stiffen the structure in the fore-aft direction, X axes. The
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only stiffeners in the side-to-side direction, Y axes, were the gussets
at the top of the frame. An additional brace was used to stiffen the
instrument rack in the X-axes direction and is located in the center
back of the panel . It is tied to the instrument rack at elevations 32.0
and 55.0 and to the base at the rear.

The instrument rack consists of three vertical members and ten
horizontal members on which the instruments are mounted. The side
vertical members were welded to the top and bottom rectangles and the
bracing. Horizontal' members were then welded to side angles and support
the center vertical member. This 2 x 2 x 1/4 channel ran from the top
UNISTRUT to the bottom channel, not all the way. to the baseplate. There
were three different types of horizontal members: UNISTRUT Type P-4003,
UNISTRUT Type P-4001 and 5/8 x 2 x 1/4 channel .

,

Both operational and dummy mass instrumentation were used on the
instrument rack, Figure 4.1-3. The two NEMA boxes were sheet metal
enclosures attached to the UNISTRUT's at their corners. Additional mass
was attached to the back of each box to simulate internal components.
The four operational instruments were:

1) Yarway 4418C Level Indicator / Switch
2) Barksdale D2H-M80SS Pressure Switch ,

3) Rosemount 535E Temperature Transmitter
4) Robertshaw SP-222-C Pressure Switch

The Yarway is designed to sense fluid levels and trip when the level
exceeds or goes below a preset value. Typical applications include
control of the reactor recirculation pumiss used to supply cooling water
to the reactor. Monitoring of pressures such as turbine inlet and
exhaust levels and pump suction and discharge pressures are typical
applications of the Barksdale and Robertshaw pressure switches.
Temperature transmitters, such as the Rosemount, are used in the
monitoring circuit used to sense and display infonnation on temperatures
throughout the nuclear power plant. Each of these instruments are
typical of Class 1E components which require qualification to insure
functionality before, during and after the postulated seismic event.
These four instruments were placed at the locations shown in Figure
4.1-3. Each was attached to a support plate,1/8 inch thick, which was
in turn attached to' the UNISTRUT members using the supplied hardware.

Dummy masses were placed at the other six instrument locations.
These mases were bolted to support plates which were in turn attached to
the UNISTRUT members. The sizes of the masses and support plates are
given in Table 4-1. The size of the dummy weights were chosen to
realistically simulate actual instrument' weights. Additional masses
were added to the instrument rack to simulate electrical, pressure and
fluid connections. A total of twenty-eight 1.5 pound blocks, six 2.5
pound blocks and six 3.0 pound blocks were distributed over the rack.

During testing the four operational test items were supplied with
known electrical power and pressures so that their functionality could
be checked. The Yarway, a differential gage, was supplied with 1000 psi
absolute water pressure and a specified differential pressure. The trip
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TABLE 4-1. INSTRUMENT AND DUMMY WEIGHTS

Instrument Weight Support Plate Support Plate Total Weight
Number (lbs) Size (in) Weight (1bs) (lbs)

1 41.7. 41.7--- ---

2 13.0 13.0--- ---

3 29.5 16 x 4 x 0.125 2.3 31.8e

4 22.7 14 x 8 'x 0.125 4.0 26.7

5 7.8- 14 x 6 x 0.125 3.0 10.8

6 1.8 14 x 6 x 0.125 3.0 4.8

7 3.2 14 x 6 x 0.125 3.0 6.2

8 10.7 14 x 8 x 0.125 4.0 14.7

9 1.5 14 x 6 x 0.125 ' 3.0 4.5
'

10 3.1 14 x 6 x 0.125 3.0 6.1

11 1.9 14 x 6 x 0.125 3.0 4.9

12 2.2 14 x 6 x 0.125 3.0 5.2-
i

!
,

, |

!
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point was set at 5.0 psi differential . To check functionality the
electrical contact of the trip mechanism was monitored using a DC
vol tage. Chatter or tripping would be noted ay a change on state 0.0 to
1.5 Vdc for normally open contacts or 1.5 tc 0.0 Vdc for nomally closed
contacts. For these tests, failure was defined as the first indication
of chatter. The instrumentation was able to indicate chatter of more
than two milliseconds duration. It is important to remember that these
experiments were performed to investigate test procedures, and not
actually to qualify the equipment. The definition of failure, operating
conditions, and levels of excitation were set at the time of testing to
obtain the required information. The Barksdale pressure switch is
designed for low absolute pressures. The trip point was set at 10.0 psi
absolute water-pressure with test runs made at a specified pressure.
The electrical contacts were again monitored using a DC power supply.
For functional checks of the Rosemount temperature transmitter a known
voltage was supplied to the input, simulating a thermocouple, and the
output current monitored. The current was measured using a digital
multimeter and also monitored on an oscillograph by measuring the
vol tage across a known resistor subjected to the output current.
Failure of this instrument was defined as a shift in current of more
than 10% of full scale reading. The Robertshaw pressure switch is
similar in function to the Barksdale except the pressure range is
higher. The specified trip point was 500 psi . Functionality was again
monitored by noting the state of the electrical contacts of the trip
mechanism. All monitoring of the functionality of the devices was,

; perfomed using an oscillograph. In addition to the functional channels
the horizontal and vertical acceleration was also recorded on the
oscillograph.

4.2 Tests Perfomed and Data Acquisition Procedures

A large number of tests were performed on the electrical rack as
shown in Table 4-2. These can be divided into two basic groups;
structural identi fication testing and mul ti frequency table mounted
testing. The structural identification testing was designed to obtain
information on the natural frequencies, mode shapes, modal masses, and
damping of the structure. It included both floor mounted, installation
condition, and table mounted, test condition, excitation. Swept sine,
broad band random, and impact hammer testing was perfomed for the floor
moun ted conditions. The multifrequency table mounted tests included
earthquake simulation, sine dwell excitation, sine beat excitation and
combined dynanic environment, earthquake and SRV, simulation. Each of
these required different setups to monitor and display the required
parameters.

4.2.1 Floor Mounted Tests

For the floor mounted studies the one-inch thick baseplate
of the electrical rack was bolted to the concrete floor. As was noted
during the testing this attachment to the floor can have a significant
effect on the frequencies associated with bending and torsion of the
frame although local rack modes are not as sensitive. The attachment
wa s made as tight as possible in an attempt to approximate a rigid base
for analyticsl comparison. Excitation wn supplied by either a fi f ty-
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TABLE 4-2 SUMMARY OF TESTS ON RACK |

'I. Initial. Structural Identification (Transfer Functions -10 Positions)
IA. Floor Mounted

.l. Sine Sweep (25 lb Force pk F-R, 2.5 lb Force pk S-5)
2. Random Excitation (3.5 min. , 0.3 Hz SW, 25 lb RMS F-R, 2.S lb RMS S-5)-
3. Impact Hammer (5 Samples each Pos., 0.3 Hz BW)

B. Table Mounted

1. Table Fixed at . Corners
a. Sine Sweep (0.1 g pk)
b. Random Excitation (3.5 min. , 0.12 g rms)

2. Table Free,

a. Sine Sweep (0.1 g pk)
b. Random Excitation (3.5 min. , 0.12 g rms)*

II. Multifrequency Table Mounted
A. Earthquake

1. R.G.1.60 (1.0 g & 2.0 g ZPA)
2. Extended R.G. 1.60 (1.0 g & 2.0 g ZPA, 10-20 Hz added)
3. R.G.1.60 (10% Match of TRS over RRS)
4. Extended R.G= 1.60 (10% Match of TRS over RRS) -

5. R.G.1.60 (Excess low Frequency & Deficient High Frequency)'

6. Extended R.G.1.60 (Excess Lcw Frecuency & Deficient High Frequency)

B. Sine Dwells (Misc. 30 sec at & away from Resonance)
1. Uniaxis
2. Biaxit.

C. Sine Beats (Misc. 30 sec at & away frem Resonance)
1. Biaxiai
2. Pauses of 0.5X, 2.0X, and 5.0X Beat Period

D. Ccmbined Dynamic Environment

1. SRV Only (2.0 & 5.0 sec, 30-60 Hz BW)
2. Earthquake Only
3. Earthquake.plus SRV

III. Detailed Structural Identification (Mod.1 Analysis - 50 Positions)
A. Floor Mounted

1. Impact Hammer (5 Samples each Position, 0.3 Hz BW)

36
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pound electromagnetic (EM) shaker or an impact hammer. The EM shaker
was attached to the frame at elevation 47.5 on the front lef t vertical
member ( Accelerometer Location 1 on Figure 4.1-3). A massive steel
structure was used to support the shaker and act as a reaction mass.
For fixed base excitation the input motion had to be controlled by the
' force level if the transfer functions were to be defined using response
accel eratio ns. A force gage was mounted in the connecting rod between
the EM shaker and the test item.. All responses were measured using an

. accelerometer. Analysis perfomed 'on the floor mounted test item was
done in real time with no data recorded for futJre analysis.

The swept sine testing was perfomed using a constant level
force input swept at a rate of 0.5 octaves / minutes, except near
resonances where the rate was decreased. A clased loop control system
was used to monitor and adjust the input as the frequency was swept from
1.0 to 100 Hz. Force levels were maintained at 25.0 lbs for fore-aft
excitation or 2.5 lbs for side-to-side excitation. The acceleration
responses at various locations were recorded on an X-Y plotter in the
form of transfer functions. Mesurements were made for both along axes,
for example, X-axis excitation and X-axis response, and coupled, for
example, X-axes excitation and Y-axis response, motion in an attempt to
define system parameters. (Note: Refer to Sections 5.2 and 6.1 for a
summary of the results.) At resonance frequencies measurements were
made of the damping of the structure using the log decay method. The
structure was excited at its resonance frequency to the same levels as
the swept sine testing and the power to the shaker turned off. -The
resulting time history was recorded and the' damping obtained using:

A

Br"2n A" [o (4-l)

where n = the number of cycles
Ao = initial amplitude
An = amplitude of the ' nth cycle.

The results are summarized in Section 5.2.

. Random excitation consisted of a low-pass filtered Gaussian
noise source fed into the system controller. The input level was
adjusted so that the ms value of force, determined using a Nicolet 444A
FFT analyzer, was approximately 25.0 lbs for fore-af t excitation orrms
2.5 lbsrm s fo r side-to-side excitation. These levels produced a
response of the structure similar to the swept sine level s. The data
from the random testing was analyzed using a 20NIC Modal Analyzer.i

Results were obtained in the form 'of PSD's of the input force and the
response acceleration as well as the amplitude and phase averaged
transfer function of these two signals at a bandwidth of 0.31 Hz. Fifty
samples of 1024 data points were averaged to obtain the results.
Samples of the results are presented in Section 6.1. As in the case for

| swept sine testing, measurements were made at a number of locations for
j excitation in the X and Y direction at Location 1, Figure 4.1-3.
t
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The last set of floorfmounted tests consisted of impact:.D
- hammer -testing. _ Results wer'e obtained using the 20NIC Modal Analysis i

'system with ' excitation provided by 'an. instrumented hammer and
acceleration measurements made at various points. ~ Three ' sets of tests
were perfomed: 'one' set near the beginning of all testing , defined as
initial ' structural identification; one set after the table mounted .

'

testing, defined as detailed structural identification; and a final . set,
defined :as mounting condition' study. - The initial set of. tests consisted j

'o f ' two' parts , mo'dal frequency determination and mode s h a_ p e,

determination. A half pound hammer with an extremely soft head was used
to provide excitation to the specimen. The problem in impact testing is
insuring that there is adequate energy in the low frequency regime,
below 10 Hz. Increasing the. weight of the hammer or decreasing the
sti f fness of the head will increase. the content of low frequency
exci tation. For the hammer used..the largest extender, most mass, was
used with additional softening of the- tip accomplished by attaching foam

. pads.. Testing consisted of -impacting and measuring at a number of
locations on the frame and instrument rack. A total of five averages

was:taken at each location and the results presented as the real and
imaginary parts of the averaged cross spectra and the amplitude and
phase averaged transfer function at a bandwidth of 0.31 Hz. The natural
frequencies obtained were then used in subsequent tests to determine the
mode shapes. For these tests the response at Location 1 in the two
horizontal directions was measured and . excitation, using the hammer,
applied at a number of locations on the frame and electrical rack. The
ZONIC Modal Analysis system is capable- of processing the results and
determining the mode shapes at predefined frequencies. The results of
this. testing were then combined with the random and swept sine results
and sumarized,- see Section 5.2.

Additional impact. hammer tests were performed after the
table mounted testing of the electrical rack. These tests were run to
obtain a better definition of the mode shapes, determine the damping -and
obtain an estimate of the modal masses. As in the ' previous -. impact
testing, the 20NIC Modal Analysis system was used to process the data..
A larger three pound hammer with a very soft head was used for
exci tation. Significant energy was input into the system trom 3 to 100
Hz. For this series of tests the location-of excitation was kept
constant and the response accelerometer moved , opposi te of previous
tests. Using the circle curvefit procedures in the ZONIC the damping
and modal mass at the specified frequencies were estimated. Results
from this series 'of testing can be found in Sections 5.2 and 6.6

The final series of-impact testing was to look at possible
variations in natural frequencies and amplitude of the transfer
functions due to changes in mounting. Tests' were perfomed for two
different rack orientations and two different attachment -torques. The
results are again summarized in Section 5.2.

4.2.2 Table Mounted Tests

The table mounted testing was performed on the SwRI Seismic
Simulator. This facility has the capability of realistic simulation of
an earthquake' dynamic environment as well as all accepted standard
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approximations of such an environment. Although it was designed.
principally for qualification testing of typical components to be used
in nuclear and conventional power generation stations it is al so
particularly suited to the study of structural scale model rescanses to
seismic excitation. It can' further be used as a general purposa shaker
facility within its range of operation, and therefore can simulate
nuclear plant operating- transients.

. A mounting surface of up to 6 by 6 foot can be excited with
simul taneous vertical and horizontal motion that is arbitrary and
independent along each axis. Extenders are utilized for mounting
somewhat larger specimens, when necessary. Maximum table payload
capacity is 6,000 pounds deadweight. Drive mechanisms are servo-
controlled electrohydraulic, and having the following capabilities:

Horizontal Vertical

Frequency Range 0-250 Hz 0-250 Hz
Force Capacity 10,000 lb 20,000 lb
Maximum Stroke 8.0 in. 7.0 in.
Maximum Yelocity 90 in./sec 22 in./sec
Maximum Acceleration * 10 g 10 g

*At zero payload.
,

Excitation signal s are provided typically by function
generators or actual seismic signals recorded on analog instrumentation,

tape. Table displacement is accuratel.y controlled at low to medium
frequencies by automatic feedback to respond to an arbitrary voltage
si gnal . Deterioration in control is experienced at higher frequencies
such that open-loop operation is necessary in this range. Table
responses are monitored by accelerometers whose outputs can be analyzed
according to several standard parameters. Acceleration or velocity
response spectrum can be computed and plotted using a Spectral Dynamics.

'

SD321 Shock Spectrum Analyzer, or by a DEC PDP 11/70 computer system.
Power spectral density, probability density and other associated
statistical parameters can also be computed. All time histories t.an be
recorded on analog or digital tape, on oscillographs, or monitored on
oscilloscopes. Large volumes of data are usually recorded first on
analog tape and then digitized for processing through a digital system
which includes a DEC PDP 11/70 computer as its central processor.

'

The first series of table mounted testing consisted of some
additional structural identification testing. With the electrical rack
mounted on the seismic simulator, Figure 4.1-1, resonances searches were

' performed for X, Y and Z axis base input motion. Excitation was either
;

swept sine or broad band random with input levels of 0.1 g peak and '

O.12 g rms 'respectively. Results are in the fonn of transfer functions
for both sets of data, see Section 6.1. Two di f ferent tabl e,

configurations were used for the horizontal test. The table has>

( fixtures so that it can be fixed at the corners allowing for only
i horizontal excitation. This configuration most closely approximatas a
i fixed base condition with only the stiffness of the table top coming
j into play. The other condition is with the table free and centered for
!

39
f

i

. , _ . _ - . , . . _ . -c ,. . . - . _ . , . _ . . . - . . - . - ,._.



. - . _ - _ .- _._ _-- ___. . __ .

'

.

I;

Jboth':horizont'al andLvertical excitation. This is the' test condition ~and
'

'

the. additional' compliance of the hydraulics and . vertical table mechanism
i{ are: present. ' The two types of Lsignals and two table configurations were

run to t determine the influence they might have on the results.-

[ The primary objective of. the test program was to subject the
~

. table mounted electrical rack to a number of test wavefoms. These were'

;to; include simulated earthquake events, sine dwells, sine beats andi

! combined dynamic environment simulation. ' Each one of these has been or.
E is currently being used for. the qualification of equipment.

~

,

;

All_. earthquake simulation was based on the Required Response !

. Spectrum,|RRS, . defined in R.G.1.60. The earthquake signals were,

L generated on a digital system developed at SwRI. The digital control
system on SwRI's seismic simulator is an open loop system with thei

operator in direct control . . The input drive signal adjustment is based;.

'directly on the match of Test Response . Spectrum, TRS, to the RRS. .The
exciter displacement drive signal is generated from the linear sum of a

7

i series of 1/6 octave' psuedo random noise signals. The signals are

i generated in the time domain as:

Fj(tk) = W(tk) E (t ) i = 1 to 34 (4-2)i k,

,

**
.

20 ,

T (t ) = cos [2n f t+0] (4-3)j k g 3
_

|
'

f j 'are the uniformly distributed frequencies in the ith 1/6 octavei
band, ej are the unifom random distribution of phases, tk is a time<

i variabTe discretized.at a fixed sampling rate, and W(t ) is the build-k
hold-decay. weighting function (5-15-10). For the most part, each of the '!)'
generated signal s appear to be nonstationary narrow band random. The

: drive signal for a single' axis is then obtained by a weighted sum of the
.

individual 1/6 octave band signals,
'

NB
' X (t } * ID k "i F (t ) (4-4)j k-i=1

i where the aj's are .the weighting coefficients and NB.is the number of L
.

bands for which signal energy is to be input. A total of thirty-four;

1/6 octave bands are available from 1 to 50 Hz to cover the range
typically associated-with earthquake excitation 1 to 33 Hz.

!- .

In order to obtain an initial estimate of the weighting

!~ coef ficients for a given drive signal, an estimate of the . system
transfer function' is obtained from a data bank stored on the computer. .

7

| Through .the use of the data bank of transfer functions ~ an initial
estimate. of the table response is made and a time history generated. A'

TRS is; generated from the time history'and compared to the RRS and the
t "a " coef ficien ts adj usted. This process is repeated until a '

| satisfactory matching is obtained. . The a-weighting coefficients are |

then _ stored for future use during actual item excitation. The drivet

. signal' for the second axis is then ' independently shaped in an identical ,

''

. manner.
40
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The algorithm for adjusting the a-weighting- coefficients is
based directly on- the match of the TRS to the RRS. At the onset of the '
signal shaping operation the test operator selects desirable tolerances-
by which the TRS must match the RRS by specifying a lower limit ( AMIN)
and an upper limit (BMAX). For the ith 1/6 octave band, if

RRSj * AMIN 1 TRSj f RRSj.* BMAX (4-5)

then no adjustment in the corresponding af is necessary. However, if
Equation (4-5) is not satisfied, an adjustment of the fonn

aj = ((BMAX + AMIN)/2) * (RRSj/TRSj) * at (4-6 )

is made to generate aj, a modified weighting coefficient for that band.
1 The initial shaping operation is accomplished totally with software

resident in the DEC PDP 11/70 and 11/23 network.
<

With preliminary signal shaping completed the test item is
mounted on the table and excited with the initial drive signals which

,

may,. at the option of the test operator, be reduced to 1/2 to 1/4 level .
In this manner, the effects of table axis coupling and item table
interaction can be determined without jeopardizing the safety of the

! test i tem. The digital drive signal s are transferred initially to a
2 4-channel analog tape recorder via a set of digital to analog converters

(DAC) housed in a CAMAC crate located in close proximity to the seismic
simul a to r . During excitation of the test item analog to digital
converters (ADC) are used to obtain digitized table response
acceleration time histories from which the TRS's are generated. A"

comparison of the match between the TRS's and RRS's are made and
appropriate adjustments to the drive signal a-weighting coefficients are

; made as in the preliminary shaping operation described above. The
operation continues until the matching criteria associated with AMIN and

.

BMAX are satisfied. A more complete description of the procedure can be '
;

] found in Reference [13].

j Eight different sets of earthquake signals were generated
! for the test program, each based on the R. G. 1.60 [9] response

spectrum, Table 4-2, Section II.A. The first set, level 001, was the
standard .RRS with AMIN = 1.10 and BMAX = 1.40 which tended to force the
test level to 1.25 times the RRS. The extended R.G.1.60, level 002,
consisted of a Ifnear extension of the line from 3.5 to 9.0 Hz out to,

20.0 Hz. This was done so that additional energy would be input in the
electric rack at its resonances. AMIN and BMAX were again set at 1.10
and 1.40 respectively. The third, level 003, and fourth, level 004,4

sets of earthquake signals were identical to the first two except that
AMIN and BMAX were set at 1.05 and 1.15 respectively. This was done to
observe the effect of tolerance requirements on the results of the
testing. The last two sets, levels 005 and 006, are identical to the

"

' first two except that no energy was input above 10 Hz and the low
frequency levels were increased such that the TRS enveloped the RRS.
The ZPA's for the six RRS described above was set at 1.0 g's. The final
two test conditions, levels 011 and 012, took the RRS for level 001 and
002 and multiplied them by 2.0 over the entire frequency range giving a
ZPA of 2.0 g s. Tests were perfonned using each of these eight signals
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for for both X-Z and Y-Z combinations of horizontal and vertical axes
exci tation.

Sine dwell and sine beat testing were also perfomed on the
table mounted specimen. The sine dwell testing consisted of 30.second
uniaxial and biaxial excitation at a number of frequencies. These
included testing' at resonances and nonresonance frequencies at input
l evel s of 0.1 and 0.5 g's. The drive signal was derived using a
function generator whose output signal was built up held and decayed by
the operator such at the total time during the hold portion was a
minimum of 30 seconds. The sine beat testing consisted of excitation at
both resonance and nonresonance frequencies of 10 cycles per beat with a
pause between beats. The pause time was adjusted to be either 0.5, 2.0
or 5.0 times the total beat period with a total test time of 30 seconds.
Both these tests are representative of tests performed in the past .for
qualification testing.

The final . set of table mounted testing consisted of
simulation of a combined dynamic environment, earthquake and safety
relief valye, SRV. The earthquake signals were such that the standard
R.G.1.60 RRS was enveloped. Both 2.0 and 5.0 second SRY signal s were
algebraically added to these signals during the stationary portion of
the earthquake signal . The SRV signal was a band passed, 30-60 Hz,
random signal which was multiplied by a half sine wave pulse of duration
either 2.0 or 5.0 seconds. .The level of the SRV was set such that the
peak acceleration for the SRV alone was approximately 1.0 g. Three sets
of runs; earthquake only, SRV only and earthquake plus SRY, were
performed to check out various methods of analytically summing the
corresponding signals.

For the table mounted testing two sets of data were
recorded. The functional data, electrical state of the contacts on the
devices, and the horizontal and vertical table accelerations were
recorded on an oscillograph. This data was checked following each run
to determine if chatter had occurred. An additional series of
functional runs were performed on the Yarway Level Indicator to
determine the effect of the water column on the functionality of the
test items. A series of swept sine tests were performed for a number of
hose lengths and initial differential pressure across the Yarway. No

influence on the functionality of the device due to the water column was
noted although a mechanical resonance of the level indicator was noted
at 60 Hz. A total of eight accelerations and two displacements were
recorded on magnetic tape for each test run. Two accelerations included-

the horizontal and vertical table accelerations. The horizontal and
vertical table displacements were al so recorded. Therefore for each
test run a total of six elevated response accelerations were obtained.
In most cases two runs were perfomed for each earthquake signal so that
a total of nine elevated conditions were recorded. Three elevated
locations were recorded twice to obtain an indication of repeatability.
This data was recorded on magnetic tape for later digitizing and I

! analysis using the 'DEC POP 11/70. |
!

The digitizing processes is carried out using a system !

developed at SwRI and controlled by the DEC PDP 11/70 computer. The 1
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equipment consists of 14 channels of 1/6 octave bandpass filters and. ,

operational amplifiers, and 14 channels of high speed A/D converter ;
' housed in a CAMAC crate. For this series of tests the analog signal was '

passed through a high pass filter (1.3 Hz) and a low pass filter (315
Hz) and digitized at a rate of 512 samples per second. After the data
has been digitized and converted to engineering units, analysis of the

. data can be perfomed. Programs are available to calculate and plot the
following information: time histories, time internal RMS values, shock
response spectra, PSD over any time interval , coherence over any time
interval, probability density function over any time interval, addition
of two PSD files, SRSS of two shock response spectra and the shock
response spectra to power spectral density function transformation.
Each one of these programs is resident or the DEC PDP 11/70 and
available for use as required.

.

43

.- _ _ .-



, _ . _ _ _ - . _ _ . - .

+

:
'

5.0 ANALYTICAL MODEL OF ELECTRICAL-RACK ,

.
Qualification of equipment for use in nuclear. power plants can be<

'done either throughLtesting, analytically, or by combined testing /
analytical procedures. For testing the equipment is mounted on a
seismic ~ simulator and subjected to the postulated seismic event. The
functionality of the test equipment is monitored prior. to, during and ,

' after the event to insure proper operation. In addition, the structural ;

: integrity of the equipment is . checked between test runs. Analytical

: qualification is usually. perfonned on equipment which is too large to -

test and where performance is primarily a function of structurali

i ~ i n tegri ty.
:

An analytical model of the equipment to be qualified is developed,
in most cases using finite element (FEM) methods, from which the dynamic3

j characteristics of the equipment can be estimated. Using these dynamic
characteristics;. modal frequencies, shapes :and masses, the structural

L response of the model can be predicted for a postulated seismic event
using either a time history or modal superposition approach. Thel'

accuracy of most analytical models is dependent upon a number of factors .
'

i including; degrees of freedom'present, FEM elements used to model the
! ' structural . system (i.e., rods, beam, solids, plates, etc.), mass - . .

distribution, dimensional accuracy and boundary condition. The analysis
can either be linear or-nonlinear depending upon the nature of the
structure being modeled. .#

! It is extremely difficult to determine analytically the
i functionality of equipment or instrumentation mounted on a large

structural sy s tem . , This is where the combined testing / analytical4

i approach comes into play. The overall structural system can be modeled
: with dummy masses in ' place of the equipment and instruments. By
i subjecting the model to the postulated event the responses at elevated
| positions can be obtained. These elevated responses are in turn used as
, test parameters for dynamic testing of the equipment or instrumentation.
! The functionality of electrical, mechanical and hydraulic equipment can
| be checked in this manner. This report deals with phases of each of the
| three approaches to qualification. In this section the development and
: verification of an analytical model of the electrical panel will be

| di scussed.
1

! 5.1 Model Synthesis

The structural model of the electrical rack was an FEM model using
the STARDYNE Structural Analysis System. Information required to
develop the model; dimensions, structural members, material properties,

i masses and connection were obtained from drawings of the electrical rack
| used in its construction and standard engineering sources. Verification
! of the dimensions, masses and structural elements was obtained from

measurements taken of the electrical rack but these were not used in the
model development. The FEM model, Figure 5.1-1, had the following
characteristics:

|

L Number of Nodes - 265
Number of Nodes with Restraints - 26

!
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Degress of Freedom - 1456
Mass Degrees of Freedom - 717

- Added Weight at 53 Nodes - 240 lbs
Total Weight - 722 lbs !

Number of Elements:
Elastic Beams - 305

L ~ Massless Beams - 17
Quad-Plates - 4

The number and -spacing of the nodes was based initially on
obtaining accurate modal information out to 100 Hz. For a simply
supported beam of unifom section and mass the first natural frequency,
"1, is given by

ej = n rad /sec (5-1)

where E = Youngs modulus,1b/ in2
I = Area moment of inertia, in4
E = length of beam, in
u = mass per unit length,1b-sec2/in2

This will give a lower bound on the frequency of the structural elements
where the fixed-fixed beam fomulation will tend to give an upper bound.
Using this and the physical characteristics of the structural members
the maximum distance between support was found to be 22.9 inches for the
channel s. In order to resolve the 100 Hz frequency the maximum distance
between nodes should be no more than half this. Since there were

~~

concentrated masses along the length of the beams and to better resolve
the system an average distance between nodes was set at 6.0 inches.i

This actual distance varied throughout the structure to account for
variation in the length of elements between connections and the location
of instrumentation and masses. The nodes of all major structural
elements, the 2-1/2 x 2-1/2 x 1/4 angles, were defined to lie along a
line at the angles' center of gravity, eg. The majority of all nodes
were placed near the center of gravity of the structural element in
question. The major exception was the central vertical support on the
instrument rack. The nodes for this element were at the cg of the
horizontal elements which were foward of the vertical angle. To account
for this the beam was defined to be offset from the nodes by the
required amount.

All nodes were initially defined tn have six degrees of freedom.
To account for the welding to the baseplate all nodes on the lower
rectangle were restrained against translation in all three directions!

and rotation about the two axes perpendicular to the length of the
beams. Rotation about the length of the beam was allowed to reflect
actual conditions, the angles were welded along only one side thereby
allowing some rotation. There were a total 1456 00F on the structure.
Since STARDYNE does not calculate for rotational inertia at each node
point, there were only 717 translational DOF to be used in the solution:

of the eigenvalue problem.
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The structural element's were assumed to be uniform in mass and
, cross ection. The STARDYNE programs uses a diagonal mass matrix with

a11' masses concentrated at the' node points. . In addi tion to the
structural mass the model took into account the masses of the
instruments, their supporting plates, and the masses defined previously,,

- Section 4.1. The mass of the instrument and their support plate were
,

evenly distributed over the support points.. Either two or four support |points were defined for each instrument depending on the . width of the i
-

i support- pl ate. The masses were placed at the local node points and no
: compensation made for.the fact that most instrumentation cgs were
'

forward of these points. .This simplification limited the amount of
; coupling in the model.. The total weight of the model as calculated by

STARDYNE was 722 lbs. This did not include the baseplate weight of.7344

lbs, bringing the total weight of' the test specimen to 1456 lbs.
:

Three different structural elements were .used to model the
~

,

el ectrical rack. The channels, angles, and UNISTRUT members were
: modeled using an elastic beam with six degrees of freedom at each node.
: The' properties of each beam: cross-sectional area, torsional constant,'

moment of inertias and shear shape factors were obtained from available
literature. The massless beams were an attempt to model the stiffness4

- of the support plate / instrument combination. In the vertical directions -

these added stiffness and prevented the two UNISTRUT members from;

separating. .On the other hand these added little resistance against'

rotation of the instrument gro.ups and torsion of the UNISTRUTs. The
[ massless beams were used because they would not enter into the
i eigenvalue solution. mass matrix, although their stiffness would produce
i the required effect. Four plate elements were used to represent. the

gussets in the upper corners of the frame.'

'

The material properties are those commonly accepted for steel
i structural members. These include: ,

! Yo.ungs Modulus - 28.0 x 106 psi
: Shear Modulus - 10.8 x 106 psi
j Poissons Ratio 0.3-

Densi ty 0.283 lb/in3-

'

An eigenvalue -solution, based on the Lanczos modal extraction: .
procedure, was the only analysis performed on the model using STARDYNE.,

The mode shapes, frequencies and masses were obtained for a number of
modes. Additional analysis' was performed on the DEC PDP 11/70 using

, inhouse programs and the results obtained from the STARDYNE eigenvalue
i sol ution.

5.2 Model Verification i

;
.

f Verification of the model consisted of two phases, checks of the
model itself, and comparison of the eigenvalue solution results to+

i measured frequencies and mode shapes. The first consisted of checking
the lo ation of the node points, structural element' properties and
connectivity and mass distribution.= This was done by careful analysis

;i of the STARDYNE printed output and plots of the geometry. The second
I' consisted of extensive comparisons of results obtained during the
j structural identification testing to the model eigenvalue solution.
L 48.
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A summary of _the modal studies:is given in Table 5-1. Analytical

^

frequencies and mode shape plots were obtained from STARDYNE runs. The
L ' preliminary floor mounted results include the swept sine, random, and -
) impact 1 hammer testing done -at the beginning of the program.- From the
I ' swept sine and random testing the natural frequencies were ea sily -

~.obtained al though visualization of the mode shapes was difficult. The.

peaks of the-transfer functions were subsequently checked against the;_

impact and 7.nalytical mode shapes to determine the corresponding mode
~

+ - . shapes. - Two orientations of the frame were used during the testing
.'corresponding to X-axis excitation N-S . orientation, and Y-axis

. excitation, E-W orientation. ' The frame is rotated ninety degrees 'and ~

1'
remounted to the floor for each configuration. For the first three -

'

g modes _ the results' for the N-S orientation are always lower than the '

! corresponding results for the E-W orientation. The first three modes
I are the first two bending modes and torsion of the frame, which will be
[ affected by mounting conditions. .The higher modes are primarily modes

,

of the instrument rack and would not be. affected as much. The3

!' preliminary -impact testing provided a better insight into the respective
! - mode shapes._ Due to 'the complexity of the mode shapes above mode Number
[ 4 i t is extremely difficult to accurately compare results. Therefore, '

i - most of the comparisons in Table 5-1 above the fourth mode were based .on
j engineering judgement. The damping values obtained from the _ preliminary
'

testing were obtained using the log. decay procedure. The low value of
i. damping of the structure makes ' accurate measurement difficult. The-

.

! detailed impact floor mounted testing provided additional infomation on |

! the mode shapes, frequencies, damping and masses. Samples of the mode
j shapes are given in Figures 5.2-1 to 5.2-4. This ' series of tests
! consisted of measurements _ of the response in the two' horizontal !

; - directions at a total of fifty node points. These ' node points were
,

j chosen because they represented major structural elements and instrument {
| locations. Some analytical modes were not resolved during the testing

'

because no measurements were made at locations whose motion was' dominate
i for these modes. In setting up these experiments one must be extremely
i careful in defining the nodes to obtain enough information so that

qualification can be performed and that test times are not excessive.
The damping and ' modal masses were obtained during this last testing,

j sequence using a circle-curve fit procedure'in the 20NIC system.

A final series of impact tests were performed to determine
variability that can be expected as a result of mounting. For this ;

,

:- series of tests the electrical rack was excited at a single point and
the response measured at several points. Table 5-2 is a summary of the
results obtained. As noted earlier,'the orientation has an effect oni

the' resulting' natural frequencies. For a given orientation the values !
i are consistent even though, as with the first two sets of data, the
L testing was perfomed more than one month apart. The variations due to
j the snount of torque on the bolts are not significant, refer to E-W
| . orientation pretorque and torqued tests. It seems in both cases there
; was sufficient contact to provide consistent results. The final test
| was a repeat of the earlier test after the frame had been lifted and
I retorqued to the floor. Again no significant change was noted for these

test condi tions.

The first _three modes are the .first side-to-side, fore-aft andt

! torsional modes of the frame respectively, Figures 5.2-1 to 5.2-3. On ,

! 49 :
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TABLE 5-1
MODAL SURVEY OF ELECTRICAL RACK

Preliminary Floor Mounted Data

input Data
Anal. Model Sine Data Random Data E-W Orientation Detailed Impact

N-S E-W N-S E-W Ins. Rack Frame Floor Mounted
Mode Freq. Drien. Orien. Orien. Orien. Model Model N-S Orientation

No. Hz Freq. Freq. Damping * Freq. Freq. Freq. Freq. Freq. Damping ** Description

i 14.6 12.8 13.5 0.5% - 13.3 13.5 13.3 11.6 1.7% Side-Side Bending of Frame and Instrument Rack

2 24.4 25.9 - 31 24.7 - 27.8 27.2 23.4 1.2% Fore-Aft Bending of Frame and Instrument Rack

3 40.5 33.5 36.2 3% 33.1 35.1 36.0 35.9 30.9 0,8% Torsion of Frame

4 42.8 38.1 - 21 37.1 38.4 40.0 39.5 44.7 1.9% Fore-Aft Bending of Instrument Rack To'p and Bottom
Out of Phase

5 50.4 46.7 - - 46.1 46.2 45.5 46.7 50.0 0.5% Fore-Aft Bending of Instrument Rack, Flapping of Back Support

6 52.4 - - - 50.9 50.3 50.8 51.0 *** - Fore-Af t Bending of Bottom Channels

7 53.9 - - - - - 52.5 52.5 *** - Flapping of Back Support

8 55.2 56.8 - 0.8% 55.4 - 56.8 56.8 54.1 1.3% Twist and Bendir,g of Side Frames. Minor Fore-Aft Bending of
Instrument Rack

c3 9 57.4 64.9 63.5 0.4% 62.8 63.0 63.6 63.5 59.4 0.8% Twist and Bending of Side Frames, Fore-Aft Bending of
instrument Rack

10 62.3 - - - - - 60.0 60.2 61.8 1.2% Fore-Aft Bending of Frame, Second Mode Fore-Af t Bending
of Top Instrument Group

11 73.1 - - - - - 67.0 - *** - Second Mode Fore-Af t Bending of Bottom Channels

12 76.0 - 72.0 0.2% - 71.6 72.0 72.1 *" - Twist of Top Instrument Rack, Second Mode of Top Channel

13 84.9 75.5 74.0 0.5% 73.7 73.9 73.9&75.7 73.8 80.3 1.5% Twist and BenJing of Side Frames, Second Mode of Top
Instrianent Group

Side-Side Bending of Frame and Instrument Rack14 85.6 - 81.9 0.3% 81.2 80.8 80.5 80.9 **"

15 89.6 83.3 - 0.2% - - 83.2 - Fore-Aft Bending of Upper Channel

16 91.5 - - - - - 86.3 84.8 Breathing of Frame

17 99.8 - - - - - 96.7 - Fore-Af t Bending of Top Two Instrunent Groups

18 100.8 - - - - - 86.3 - Instrument Rack Bending

19 106.2 - - - - - - - Side-Side Bending of Frame, Fore-Aft Bending of Instrument Rack

20 110.6 - - - - - 93.0 - Fore-Af t Bending of Lower Channels

* Log Decay ** Zonic Circle Curve Fit *** Not determined because no response was measured on these channels
**** Higher Modes not analyzed.

.---.
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TABLE 5-2. VAf(IATION IN FREQUENCIES'
DUE TO MOUNTING CONDITIONS

Frequency (Hz)
Mode No.

Condition Orientation 1 Z- 3
)

Detailed Impact F1oor Mounted N-S 11.6 23.4 30.9

Retest of Above N-S 11.6 23.4 30.9

Pretorque Impact Test E-W 12.1 24.4 33.8

- Torqued Impact Test E-W 12.1 24.3 33.6

24.4 33.8Torqued Repeat of Above E-W ----

Mean 11.9 24.0 32.6

,'

,

'
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,the. f gures t e initial shape is given by the dashed lines and the
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displaced shape by the solid lines. Similar plots were obtained for the I

initial impact testing and the STARDYNE model . but are not included. |
-

After .the first three modes the response is dominated by vibration of
'a the instrument rack- and its components. The complexity of the higher

-

meses made exact comparisons difficult.
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c 6.0 STUDIES OF SPECIFIC TECHNICAL ISSUES / ANOMALIES
FOR ELECTRICAL RACK

~ A discussion of the previously identified technical issues /
anomalies as'sociated with the qualification of equipment for nuclear
power plants is given in Section 1.2 and Reference [1]. The objective
of this test program is to provide some infomation on the influence of
these issue 3 on the qualification procedure. Infomation on those that

I- are considered to'be significant has been obtained, although resolution
of' thelrlinfluence on the Jqualification procedure has not been
complete 7y answered. Th'ie, is to be performed in subsequent tasks of
this program.

6.1 Structural Mode Identification and Verification

s A number of procedures are commonly used to determine the frequency
'

_ response of a structure. These include: 1) swept sine, 2) pseudo-
random, 3) periodic chirps, 4) pure random, 5 ) periodic random,
6) impact testing, 7) unit step function testing, 8) chirps and
9) operating ir. puts [14]. Each of these test procedures has specific.* advantages and disadvantages. Of those listed only swept sine, pure
random, and impact testing were perfomed during tne testing described
in this program. The specific advantages and disadvantages of these
types are: [14]

Sweht Sine Testing '
'

Advantages
'l ) It has the best (lowest) peak to ms energy ratio.
2) It has the _best signal to noise characteristics.-

3) It is good for documenta tion of the non-linear
. characteristics of the test system.

'
4) It has the longest history of use and as a result, it is

the most widely accepted input.
Di sadvantages
1) For non-linear systems the resulte are a poor linear'

approximation of the non-linear dystem. Therefore the
linear curve fitting models used to obtain the modal
coefficients do not give good results.'

2) It is slow.
Pure Random 1

Advantages
. ,

1) It gives the bestilinear approximation of a nonlinear
system.

2) It is relatively fast.
3) It is well controlled. The force levels can be easily and

accurhtely controlled.
:4) It .hai good peak to ms values.

Disadvantages s

1). For lightly damped systems, the frequency resolution of the
discr9t4 Folrier transform can be a seriously problem..

. 2) it h diffif ult to control the frequency spectrun.
* Impact Testing _ ,

Advantages, ..

; 1) . Setup and fixturing time are a minimum of all the
excitation techniques.s .
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2) Equipment requirements are the least of all the testing 1

|methods.
3) It is the fastest test method for low noise environments.
4) It is ideal for use in tight quarters where an exciter will

not fit.
Disadvantages

1) It has a very high peak _ to rms energy ratio and is i

'

therefore not suitable for highly nonlinear systems.
2) It has poor signal to' noise characteristics.
3) Special care must be taken to eliminate overload to system,

si gnal processing equipment and/or the data analysis
equipment.

6.1.1 Comparison of Test Methodologies

Sample results for the preliminary floor mounted testing for
the three methods are given in Figures 6.1-1 to 6.1-3. For the swept
sine testing, Figure 6.1-1, the sweep rate was set at 0.5 octaves / minute
wi th an input level of 25.0 or 2.5 lbs force depending on the axis of
excitation. The sweep rate was decreased near resonances in an attempt
to accurately resolve the frequency and amplitude. Note that all sweeps
were made from 1.0 to 100 Hz so there could be some shi f t in indicated
frequancy upward as well as a decrease in the amplitude at resonance
compared to the steady state value. It is appropriate to predict how
sensitive the resulting errors are to sweep rate. The variation of
frequency and amplitudes for a linear sweep rate has been studied by a
number of individuals [15,16]. For the case of a logarithmic sweep
rate as used herein, a closed form solution does not appear possible.
Morse (17] has proposed a solution although we felt that his initial
assumptions are incorrect. Therefore, in order to obtain more
infonnation, responses were measured with an analog circuit and compared
to the analog results presented in Reference (17]. The analog circuit
modeled a base exc1ted single degree of freedom damped oscillator with
adjustable frequency and damping. For a 40 Hz oscillator the shi f ts in
frequency noted were not as sensitive to the damping as reported by
Morse. The shifts were primarily a function of sweep rate and only
weakly dependent on damping. Current tests showed lower ratios of
amplitude than noted in Reference (17]. For a 0.5 octave / minute sweep
rate the ratio of the current results to Morse's results are from 1.0 to
0.94. This ratio varies from 0.94 to 0.35 for a sweep rate of five
octaves per minute as damping is decreased from 10% to 1%. Cronin [18]
developed an approximate analytical expression to determine the
amplification as a result of a swept sine testing. As with Morse's
results, these analytical expressions predict more response than was
measured during the current testing.

The random testing, Figure 6.1-2, consisted of broad band
excitation at a level of approximately 25 or 2.5 lb nns force. A total
of fif ty averages with a 0.31 Hz bandwidth of resolution were taken for
each measurement point. As with the swept sine data the results of the
random testing will have errors in both the frequency and amplitude.
The frequency should vary no more than plus or minus the bandwidth of
analysis. Errors associated with the amplitude of the transfer function
are a function of both the number of sample averages and the coherence
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, ,

.between input and ouput [11]. No co[erence values were obtained during
'

- the . random testing, therefore a value of 0.80 will be assumed. (This
should give .a conservative estimate.) The normalized random ;rror for
fifty samples was determined to be 0.075 (11]. This indicates that the
number of samples was sufficient to determine an accurate value although !

!- the bandwidth of analysis may have been too large for the true-level to
~be indicated.

!

The _ resonance frequencies obtained using the swept sine and i| - random methods are similar although in all cases the random frequencies '

;

are slightly- lower, 26 vs.' 25, 37.5 vs. 37, 46.5 vs. 46 and 57 vs. 55
Hz. This shift is to be expected as discussed above. A second
discrepancy is 'the relative amplitude. of the first three peaks. The
swept' sine data' has a higher level . at 26 Hz than the corresponding'

random level . Since this mode is lightly da::: ped the source of error is
; probably. the frequency of resolution of the random data, 0.31 Hz. For i

this ' low frequency and : damping the tree amplitude cannot be obtained' '

using random testing unless the ZOOM option is .used, which can give a
; better definition of this local region. The relative amplitudes of the

second two frequencies are similar because the damping ..is higher for'

these modes. The hal f power points fori these higher modes are further-

apart so the amplitude will be resolved to a higher degree. ;

~

The impact hammer results, Figure 6.1-3, show some of the
problems associated with this type of _ testing. For this test a total of,

five averages were taken at each' measurement point with. a 0.31 Hz ,

'

bandwidth of resolution. The hammer used to perform this testing was,

t' extremely light and excitation of the low frequencies dif ficult.
i Because of the variation in the levels of input between these three
; _ methods, swept sine, random and impact, the impact results show a much

-less damped response. The structure is not excited as much and
therefore does not work as much resulting in a lower indicated damping..

The relative amplitude between the first and third modes are shifted
; when compared to the sine testing. This is once again due in part to
| the frequency resolution of the analysis. The secord mode, at 37.5 Hz,
! 'is not evident at all in the impact testing results. This could be due
: in part to a shift in the location of this measurement point for the
. impact testing from.the back of the instrument to one of the UNISTRUT'

! supports. This was done to allow for excitation using the hammer. By
L looking at the mode shape results this point is closer to a node point

.and 'would show less response. . The majority of the problems associatedi

: with the impact testing were later resolved by using a large hammer and
i the ZOOM option. The results described above are similar to those noted
;- at the other locations where measurements were made.

.

The electrical-rack was then placed on the seismic simulator
and an additional series of structural identification testing perfomed.
Sine swept testing consisted of excitation at~ 0.1 g's peak at the base;

! over the frequency range 3 to 100 Hz (Figure 6.1-4). Below 3 Hz ~ i t was ,

'
i difficult to control the level of excitation. The procedures for the-

random testing were.similar to the floor mounted test, except the level
of the base excitation was 0.12 g's rms. 'he number of averages and

- bandwidth of: resolution were identical (Figure 6.1-5). There is a
significant difference between the results for the swept sine and the ,
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random ' testing. The first mode responses, at 23 Hz, are similar for
both procedures. By looking at both the phase and amplitude results
near 37 Hz for the random testing a mode can be picked out although its
amplitude is significantly less than the sine results show. The reason
for this discrepancy is not yet completely resolved. Above 70 Hz the
data for the random testing is highly questionable. The rapid
oscillation in the phase results indicate that the level of excitation
was extremely low and measurement noise will tend to dominate the
resul ts . Calculation of coherence would indicate the source of the ;

_ problems although at the time of testing none was made.

One important thing that must.be considered for each of
these test procedures is the energy content of the excitation. Because
of the nature of the swept sine testing the amount of excitation at each
frequency can be accurately controlled. .This is one of the main
advantages of the procedure. For the pure random testing the energy
levels at all frequencies must be kept as equal as possible, i.e., white
noi se. For the floor mounted random testing this was done (see Figure
6.1-6). Therefore one would expect the results to be similar to the
sine swept results, considering all other aspects equal . This was
partially true as described above. An example of the PSD for the random
table mounted testing is given in Figure 6.1-7. As can be seen, the
level rolls off with increasing frequency. In addition there are a
number of dips which occur at the resonances of the system, electrical
panel and table. In theory the signal processing is able to take care
of this unequalized input level although a problem occurs because the
resulting signal to noise ratio is small which makes analysis difficult.
This is evident by the results shown in Figure 6.1-5.

An amplitude spectrum of the impact hammer excitation for
the detailed structural identification testing is given in Figure 6.1-8.
The level is fairly flat within the frequency of range of interest.
Similar results for the preliminary structural identification testing
showed a greater variation in level for the same frecuency range with an
overall . reduction in total energy, both of which make analysis more
di fficul t. The improvemant in the results of the impact testing can be
seen in Figures 6.1-9 and 6.1-10. These are the results for the second
series of tests. Figure 6.1-9 is the amplitude and phase averaged
transfer function using a log scale on the amplitude porcion. Figure
6.1-10 is the real and imaginary parts of the averaged transfer
function.

As with all types of testing there will be an error
associated with the results obtained for impact testing. During the
impact studies to determine the influence of mounting conditions on the
natural frequencies of the electrical rack the coherence was obtained,
Figure 6.1-11. This indicates that above 5 Hz the measured response of
the structure is a direct result in the input. From [11] for a random
error in the coherence of 0.1 the -true coherence will be 0.92 for the
five data samples taken. Using this the nonnalized random error in the
amplitude of the transfer function was calculated to be 0.13. A large
number of samples would be required to reduce this value.
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6.1.2 Uncertainty of Boundary Conditions

All the table mounted results described to this point were
for the condition with the vertical table bolted to fixed supports.
This condition more closely represents the floor mounted installation.
For actual earthquake simulation the vertical table must be freed to
allow for biaxial-excitation which will introduce additional compliance
resulting from tolerances in the bearings and stiffness of the table
structure and hydraulics system. An additional series of itructural
identification tests were perfomed with the table in its free condition
and centered vertically. Both swept sine and random excitation testing
wa s. performed. The results for the two procedures give similar
frequencies, although the amplifications are different (Figures 6.1-12
and 6.1-13).

A series of these tests were performed looking at the
responses at several locations. Table 6-1 summarizes the results and
compares them to the table fixed condition results. The first three
modes show a significant lowering of frequency for the table free
c o n d i ti o n'. The higher modes are not affected as significantly since
these are primarily local instrument rack modes and are not influenced
by the changes in table compliance. The first three modes, side-to-side
bending, fore-aft bending and torsion of the frame, are influenced with
the fore-a.f t bending showing the most significant shift. Preliminary
thoughts on the reason for the dif ference in the relative amount of
shift between the first two modes are centered around the interaction of
the bottom plate stiffness, horizontal table stiffness, tolerances in
the bearings and compliance of the hydraulics. Because of the mounting
of the electrical rack on the bottom plate, the stiffness of the plate
will be greater on side-to-side bending than in fore-aft bending. Thi s
in combination with the other factors would tend to result in the
differences seen. Addi ti onal tests will be required to fully verify
these conclusions. To insure a valid qualification program one must be
assured that any frequency differences between table mounted and
installation conditions will not effect the functionality of the
equipment. A procedure to lessen the effect to this test item would be
to increase the thickness of the baseplate. One must recognize that
these differences are possible for specific specimen / table combinations.

In addition to the uncertainties associated with the
compliance of the table and its effect on the qualification procedure,
significant differences are possible for floor mounted conditions. The
tightness of bolts holding the test item to the floor can have a
noticeable effect on the frequencies and mode shapes obtained from floor
mounted test'.. For reasonable amounts of torque it is not necessary to ,

repeat values exactly to obtain comparable results. The electrical rack
'

orientation on the floor and the corresponding bolting locations had a
more significant effect. For the results of this program and previous
experience, uncertainties in the nature of boundary conditions can
significantly alter results and make comparisons to theoretical results
di f ficul t.
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TABLE 6-1. TABLEI MOUNTED . MODAL SURVEY

. Table Free Table Fixed,

' Mode:No. ' Frequencies (Hz) Frequencies - (Hz)
.

.1 10.0 112.0-

2 15.5 .22.5
'

3 31.5 32.5
1- 4 37.0 37.5-

5 41.0 -

6 50.0 50.54

** 52.5- 52.5
- 54.5 54.5

i . .***
57.0 58.0-

***
63.0 62.5-

***,

73.0 72.54

76.5 75.0

79.0 '79.5
***

81.0 82.0, .

84,5 91.0.
-

***
90.3 88.0

! 94.0

1-

*
.

Refer to Table 5-1.

**
Mode shapes on table not defined well enough to establish

: correlation for remaining frequencies.

***
These groups of. frequencies may not correspond to each other,

i idue to limited data and complexity of higher modes.
L
!

!--

,

''

j.

!

i L
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6.2 Suitability of Seismic Waveforms

6.2.1 Ground Level

The suitability of any test time history can now be
determined by means of the criteria suggested from Section 3.0. Herein
this will be done in detail for some typical test runs. Generation of
these wavefonns has already been described in Section 4.0.

A time history and time interval RMS is plotted for
horizontal excitation for Run 001 in Figures 6.2-1 and 6.2-2
respectively. The horizontal line at 0.39 g in Figure 6.2-2 denotes the
1.25'ao level at and above which constitutes the strong motion of the
event. The motion was generated such that the TRS enveloped the RRS, as
shown in Figure 6.2-3. (Recall that the RRS is given by R.G.1.60 at
l'g.) To further check the adequacy of frequency content for this
signal , the PSD's of Figure 6.2-4 are presented. The R.G.1.60 line is
a PSD transformed from the RRS at 1/6 octave resolution. The similarly
transformed TRS is al so shown. The time history PSD was computed
directly with a 1-Hz resolution. The data shows a completely adequate
simulation for frequency content, with some excess above 20 Hz. The
latter excess is caused by hydraulic generation of harmonic content with
no input at those frequencies. Note also that a slight dip below the
required PSD curve at one point occurs even though the TRS just touches
the RRS. The actual computations are performed at different center
frequencies so that some resolution differences occur.

Stationarity, amplitude probability, and coherence samples
for the test run are shown in Figures 6.2-5 through 6.2-7. These data
are very similar to that shown for the earthquakes in Section 3.0. The
amplitude probability density is only approximately Gaussian, with some
central concentration and a peak /RMS ratio of 5.5 for the strong motion
portion of the signal . Thus, a good ground level simulation appears to
have been achieved. Similar results were obtained for Runs 002, 003,
004, 011 and 012.

6.2.2 Elevated Level

In Section 3.2 the characteristics of building floor level
excitations were discussed, as responses which result from ground level
motions. Similar effects should occur for the instrument rack in the
present case, since simulated ground level motion was imparted to it for
some test runs. Thus, the hypotheses can be studied from the data taken
on the rack for these runs. The transfer function for position 3 and,

| X-Z excitation showed resonances at about 16 and 50 Hz. Thus, the
| response time history is amplified, as shown in Figure 6.2-8a, and the
(_ input response spectrum is amplified at the resonances, as shown in

Figure 6.2-8b. Indication of frequency location of energy content is
shown in Figure 6.2-9. The transformed PSD was again based on a 1/6-

'

octave resolution, while the time history PSD is based on a 1-Hz
resolution.

Further infomation on typical response is shown in Figures
6.2-10 through 6.2-12. The stationarity limits of the frequency content
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|
appear to correspond to that of the excitation, as shown in Figures |
6.2-5. Furthermore, amplitude probability density of the response at i

position 3, as shown in Figure 6.2-11 is closer to true Gaussian than {
the excitation. In Figure 6.2-12, the coherence between a response and
the excitation is high, as would be expected for a linear system, until ,

it becomes irregular above 12 Hz. The latter behavior occurs since the I

excitation falls off rapidly above 12 Hz (see Figure 6.2-4) and the
effects of other noise sources become more effective compared with the
input. These data tend to support the hypotheses set out in Section
3.2.

6.3 Accuracy of Response Spectrum Envelope

To look at the potential effect of response spectrum enveloping
accuracy on qualification validity, three levels of toelrances were
defined for two sets of earthquakes. The two earthquake sets were: the
standard R.G.1.60 RRS, (Figure 6.3-1) and an extended R.G.1.60 RRS
with additional energy between 9 and 20 Hz (Figure 6.3-5). The three
sets of tolerances included: (1) nonnal tolerance AMIN = 1.0 and BMAX =
1.4, (2) close tolerances AMIN = 1.05 and BMAX = 1.15, and (3) no
tolerarce in which excessive low frequency energy was supplied with no
energy input above 10 Hz. The run numbers used to define these six
conditions are:

Extended
R.G. 1.60 R.G. 1.60
Run No. Run No.

Normal Tolerance 001 002

Close Tolerance 003 004

No Tolerance 005 006

In all cases, including 005 and 006, the TRS was required to envelope
the RRS. The tests were run for both X-Z and Y-Z biaxial excitation.

When one considers the level of tolerances required, the time
associated with the development of the time history test signals must
al so be considered. The time between the initiation of the signal
development process on the computer to the time of the first test run on
the test specimen may take between two to four hours. This depends on
the complexity of. the RRS and the amount of interaction between the
table and test specimen. A typical time for the development of Runs 001
and 002 was three hours. An additional hour was required to obtain the
desir'ed accuracy for Runs 003 and 004 with several additional
preliminary runs required to obtain the close tolerances. If fatigue of

the test specimen is important, these additional runs may not be
j usti fied. In addition, if two level s are required, it is much more
difficult to step up with the close tolerances and still envelop the
curve on the first run because of the non-linearities of the drive. The
times to develop Runs 005 and 006 were close to those of 001 and 002.
It must be recognized the the above-cited synthesis times would be much
larger (i .e., x 4 ) if manual analog manipulations were employed in our

:
laboratory.o
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As in previous sections, only representative samples of the data
will be shown. Similar results were noted for other accelerometer
locations and horizontal axes of excitation. The vertical results were
dominated by rigid body response at elevated positions so only
horizontal results are presented.

There were only minor differences between the results obtained for
Runs 001 and 002 and those for Runs 003 and 004. The response at

elevated positions showed the 15% difference in the mean level of the
TRS indicative of the differences in NilN and BMAX. Some indications on
the resulting effects on functionality of the test items will be
di scussed in Section 7.0. A comparison of Runs 003 and 004 to Runs 005
and 006 for X-Z excitation is given in Figures 6.3-1 to 6.3-8. For the

R.G.1.60 earthquake the horizontal table TRS for Runs 003 and 005 are
given in Figures 6.3-1 and 6.3-2 respectively. The overall level of the
005 TRS is higher with a ZPA of 2.38 g's compared to 1.51 g's for Run
003. This is a 58% increase in ZPA levels which can be considered
significant. If one 1coks at the PSD's (Figure 6.3-3) of the input, one
can see that although the TRS spectra both envelope the RRS, the PSD for
Run 005 does not envelope the PSD obtained by transfonning the RRS (see
Section 2.3). Between 12 and 17 Hz the PSD falls below the line while
in the low frequency range, below 10 Hz, the 005 PSD is significantly
higher than the 003 PSD. The effect that this variation in input levels
has on the response of an elevated positim can be seen in Figure 6.3-4.
In the region where the test PSD falls below the required PSD, Run 003
shows a significantly higher response than Run 005. The low frequency
region for Run 005 is higher than Run 003 as would be ' expected. These
di f ferences may have a noticeable effect on the functionality of
instrumentation at this location with the' influence dependent upon the
failure plane associated with the instrument. Similar results are
evident when comparing Runs 004 and 006 (Figures 6.3-5 to 6.3-8 ) .
Because of the extended frequency requirements more of the curve for Run
006 falls below the required PSD. In attempting to envelop the RRS
difficulties were encountered due to the fact that no energy was input
above 10 Hz. To lift the region from 13 to 20 Hz up in Figure 6.3-6
would have required a significant amount of additional low frequency
input. It was felt this was not justified since the ZPA was already 25%
higher. These results demonstrate the effect the response spectra
anomalies, Section 1.2, may have on the qualification of equipment.
They al so demonstrate that the PSD is much more sensitive than the
response spectrum as a parameter for measuring the proper energy cnntent
of a simulated earthquake motion.

6.4 Limitations of the Analytical Model

All modeling is an approximation of the actual structure in
question. The level of the approximation is dependent on a number of
factors. Two of these are the time and money available for the
development of the model . Finite element procedures for the development
of linear and non-linear material s and elements in conjunction with
solution procedures for any time history of loading allow for the
solution of almost any physical problem. The task of the engineer is to
make a judgenent as to the level of approximation required to obtain the
desired information.
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6.4.1 Adequacy of Model Synthesis
|

One of the main restraints on the development of any model
is the documentation available describing the structure. In most
instances models are developed from blueprints of the structure, as in
this case. This documentation must include information on all
dimensions, structural members, type of welds or connectors, material l

'

properties and location, weight, cg, inertia and physical
characteristics of any instrumentation mounted on the structure. In
addi ti o n , if the functionality of the item is to be determined
analytically, infomation on the fragility function (see Section 7.0) of
each instrument would be helpful . Using this information, and where
possible physical measurements of the actual item, the engineer can
develop an analytical model .

In Section 5.1 a description _of the procedure used for the
model synthesis was given. One of the first concerns was the distance
between nodes required to obtain information up to 100 Hz. The final
number of nodes was based upon this and practical restraints on the size
of the model . The larger the number of nodes, and therefore D0F, the
more costly and time consuming the analysis will be. It was fel t that
the model described would provide an adequate representative of the
dynamic characteristics of this electrical rack up to 100 Hz. This is
based on engineering judgement and no studies were performed to
definitively prove this.

In typical modeling procedures, all joints are assumed to be
perfectly rigid and capable of transmitting three translations and three
rotations. For this model all locations where structural members were
joined were assumed rigid except the boundary conditions on the bottom
rectangle which were allowed to rotate about their length. Unless plate
or solid elements are used to represent each leg of the angle or
channels, this is the only reasonable approximation that can be made.
Since the majority of connections were welded this approximation is
better than would be epected for bolted or riveted connections.

One major approximation made was the sti f fness of the
instrument / support plate combination. The sti ffness of the actual
instrumeats or dummy weights is difficult to approximate and will depend
greatly on how they are attached to the support plate. In this model
this combination was modeled to only have axial stiffness and add no
bending or torsional stiffness to the UNISTRUT members.

A number of approximations are also made in the development
of the mass matrix. The mass of the instruments and dummy weights are a
significant portion of the total mass of the model. All added masses
were lumped at node points which did not necessarily correspond to the
cg of the instrument. In addition, only translational, no rotational

masses, were added. Both of these would tend to reduce the amount of
,

coupling which the model could represent. To more adequately model this:

i response it would be necessary to define node points at the various cg's
and use " rigid" beams to connect these points to the existing nodes. It

was felt that this additional complexity was not required.
L
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y | One of' the major factors on the; adequacy of the _model system

lf g(. ,
11s aidefinition of the boundary conditionsi For this case' the boundary

7', 'was defined as the welded attachment of the bottom rectangle to the one:
O"- ' inch thick steel plate.1 The plate,'which was not included, was then

L" assumed" to be perfectly rigid. Ifimore detailed. information on ' the
ifloor mou|nted Lcase were required, it.wouldj be possible to include the.3
' b'aseplate in the model . Then the problemibecomes modeli_ng the bolted -

,

d fattachment to the' floor and r the non-linear?effect of lifting 'of the
-

Ip15te away from the floor. Ifiin addition the table mounted results
:were desired,'it would !become necessary to model the complete table4

' structure and .. hydraulic system.- 'In.. most- cases thi s , addi tional
'

,

L. L complexity ionot required.'

Qu ? - ..

i k; ( Ai1~ of the ' approximations described above are necessary to

bg,(' bel used to obtain 2 solutions fof a . static ' load or an eigenyalue analysis.
'^ develop the finite element model of =the structure. The model can then

. )'!

igf If|results for a dynamic load are required, it is also necessary to
' - :"ispecify. the idamping characeristics of the structure. Thfs cannot'be

-ST Ldetermined : analytically and should be specifled =or -obtained from
7

i experimental _ testing. 9

6.4.2 Functionality
;

,
.

.

' The modelL described in' Section 5.1.was designed to represent-, ',

the structural characteristics of the electrical rack. .. From it.the-'

disp 1acement and therefore stress on the model can be obtained. These- ,

j~ calculations c n be made for_ any;1oading,)whether static or dynamic in'

nature. . If a definition of the electrical or rechanical functionality
of the instrumentation' is req'uired , addi tional information must be4

: acquired. The failure plane (functionality as;a function of excitation =
l' amplitude, duration, frequency, and ~ type) would be use ful . This
/ information should also inclu_de the influence of operating conditions,
1. i .e.. pressure,'. voltage, etc., and' direction of excitation on the
| functionality. A device may be-extremely sensitive to excitation in one
| cxis and not 'in another. The oevelopment of failure planes will be
: further discussed -in .Section 7.0
:D e

6.4.3 . Nonlinearities*

i."
Another limitation..of the model developed is that it was

| based on a purely linear syster. Most nonlinearities associated with

| this ' type of structure are in its damping and stiffness characteristic.
As the level:of ~ xcitation. is increased, the damping becomes greater.p e

P Thereforeethe damping value's obtained from the log' decay and impact
f' _ testing may not accurately repreysent the damping at ful1~ level

earthquake simulation. . One area of nonlinear.ity not considered.-werec
j_ changes in stiffness 'due to physical restraints. This was evident when
[> 'looking at thei time histories for=1ocation 5. They showed much higher
! ' peaks in theapositive direction, towards 'the -back of the ' electrical '

: rack, than;was evident in the' forward direction. It was felt that this
could be the result of two conditions: (1) the effect of UNISTRUT-

costact) at the~back of the test-item, and (2) the _ weights were attached
f at; their center to the rear panel 'of the box. Both of these' would'. tend

c'~ ito,'res~ultiinJa' much ?greatert stiffness in'one direction than the'other
.. m & ,
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giving a nonlinearity. In an attempt to limit computational requirement
the model was restricted to linear response.

6.5 Combination of Dynamic Environments

An additional series of tests were performed to study the effect of
a combined dynamic environment on the el ec tric al rack. The two
environments were the earthquake with frequency conten,t from 1.0 to 33.0
Hz and the Safety Relief Valve, SRV, environment with excitation in the
30.0 to 60.0 Hz range. A R.G.1.60 earthquake was used for this test.
The SRV excitation was obtained by multiplying a bandpass random signal
by a half sine wave pulse with a duration of either two or five seconds.
The amplitude of the resulting signal was adjusted such that the peak
acceleration was approximately 0.5 g's. Three runs on each horizontal
axis were run for each burst duration. These were: (1) earthquake
only, (2) SRV only, and (3) earthquake plus SRY. The SRV event was
initiated approximately fifteen seconds into the earthquake event during
the strong motion portion of the signal .

Samples of the earthquake and SRV time histories are given in
Figure 6.5-1 and 6.5-2 respectively. The two shown are the horizontal
components of X-Z excitation and a five second SRV burst. The high
frequency content of the SRV signal can be easily seen. After the

signals were digitized the shock response spectrum for each signal was
obtained, Figure 6.5-3. Also shown is the SRSS of the two signal s.
This SRSS shock response spectra was then compared to the TRS of the
combined signal . It was determined that the TRS was significantly
higher than the SRSS value for the frequency range where the SRV signal
dominated the response. Analysis of the results indicated that this was
due in part to the mechanical nature of the seismic simulator. For low
level excitation, similar to the SRV testing, a large signal is required
just to overcome table friction. When this is then combined with the
earthquake signal, which has already overcome most of this friction, the
relative level becomes $ijher. Therefore, it was impossible to directly
compare the results.

An alternative approach was taken by adding the time histories of
input and response to earthquake and SRY signals on the DEC PDP 11/70.
A shock response spectrum was then calculated for these addded signal s,
Figure 6.5-4, and this compared well with the SRSS response spectrum. A

similar approach was taken to look at the PSD of the two signals, but in
thi s case the PSDs were added. Again the comparison, Figures 6.5-5 and
6.M . was favorable. The PSDs were calculated for only that portion of

( tne signals during which the SRV was present.

| The above set of analysis was performed on signals whose frequency
content was widely separated. An arti ficial SRV signal , called'

shortened earthquake, with similar frequency content to the earthquake
was developed. It consisted of the vertical acceleration multiplied by

a time function to produce the time history shown in Figure 6.9-8.
Analysis was then perfomed on that signal and the earthquake signal
shown in Figure 6.5-7. The calculated response spectra of the
individual signals and the sumed signals are given in Figures 6.5-9 and
6.5-1C. Once again the SRSS of the individual signals were comparable
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to shock spectra of the summed signal s. Similar results were .obtained
when comparing' the PSD results, Figures 6.5-11 and 6.5-12.

6.6 In-Situ Modeling Procedures

Equipment located in current operating plants has been qualified by
a variety of procedures most of which preceded the current criteria
given in Reference [6]. Review of those procedures reveal that
requalification to newer criteria may be necessary in some cases, and
upgrading of equipment to higher stress levels may be appropriate in
others. In either case, loss of the equipment from the plar t for test
purposes is_ very undesirable, since plant shutdowns may be required.
The concept of in-situ testing, as described in Reference [1] appears to
be one approach to requalification of such equipment, whereby a combined
inplant test and subsequent analysis is perfomed.

In-situ testing in general involves the measurement of equipment
dynamic properties while installed in the nomal operating environment.
There are three areas -for which in-situ testing is typically used for
nuclear plant equipment:

(1) Proof testing.
'(2) Development of data for verification of independently

fomulated analytical models.
(3) Direct development of analytical models.

Proof testing is rarely done in this manner, and is not discussed
further in this report. The use of in-situ measurements for the
verification of the analytical model has already been discussed, Section
5.2. Direct development of analytical models will be discussed ini this
section. For this, the analytical model of the equipment is derived
directly from in-situ measurements. This procedure has been ' used
extensively in the automotive and aerospace industry. The primary
difficulty associated with the application to earthquake engineering is
transformation of the fixed-base in-situ measurements to the moving-base
coordinates necessary for earthquake excitation. Procedures for this
transfomation will be discussed at length herein.

For those components whose structural integrity completely assures
proper functionality, seismic requalification can be performed by
analysis, with complementary in-situ test determination of equipment
natural frequencies and modal properties only for analytical model
verification. On the other hand, for some equipment generation of an
analytical model directly from the in-situ measurements is highly
desirable, so that subsequent analysis with this model can then be
performed to predict appropriate responses for. the structure and
possible included instrumentation. It is this latter approach which is
being considered verbally by various organizations, although no exact
procedures have yet appeared in publication. As noted earlier, the
difficulty is transfomation from the fixed base in-situ measurements to
the moving base earthquake environment. In view of the importance of
this subject area, a complete approach to this procedure was formulated
and carrled out on the electrical ' rack. The intent was to seek
potential pitfalls in the use of the method, as well as to present a
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d

- documented approach in the open literature. Specifically, the procedure
- necessary to develop a required response spectrum for an instrument
located 'at an elevated 1 position on the local panel when mounted ~ in a
-piant will be considered. The type and extent of in-situ measurements
required, development of corresponding analytical model, and prediction

,

. of earthquake responses at.an elevated instrument. position will be

c_arried out in detail. The: discussion begins' with the fundamental'

background necessary.for understanding of _ the complete approach.

6.6.1 General Approach

6.6.1.1._ Basic Equation of Motion 4

As a point of departure to describe the necessary
in-situ measurements required to produce component elevated required
response spectra,'the fundamental equations of motion of a seismically
excited system comprised of several components of interest which are-

contained in a base fixed structure will now be given. Consistent with
the finite element approach for dynamic modeling of a structure with N
node points (each with 3 translational and 3 rotational con'ponents) we
may write the basic system equation of motion as

[M] {R } + [C] {x} + [K] {x } = {F} (6-1)

where [M], [C], and [K] are the assembled 6Nx6N mass, proportional
damping, and stiffness matrices of the' structure, and {R} , {x} , and {x}
are the absolute nodal _ acceleration, velocity and displacement 6Nx1
vectors which completely describe the motion of the structure. { F} i s a
6Nx1 vector of the external nodal force,s applied to - the structure.
Introducing 6x1 base motion vectors {w}, {w} and {W}, the 6Nx1 relative
motion vector of the system {u} witn respect to the base is

{u} = {x}'- [T] {wl
} - [T] N}=

and.
{U) = {E} - [T] {s}

where [T] is a 6Nx6 transfonnation matrix which in general relates the
six component. base motion vector -{w}T = [X,Y,Z,0 ,0 , O J to motion atx y z
each of the N structural node points.

The' corresponding equations of motion for zero
externally applied forces are

[M] {R} + [C] ( {$} - [T] (w})
(6-3)

+ [K] ( {x } - [T] {w}) = {0}

Here we recall that inertia forces are generated by ab' solute
acceleration while damping and restoring forces are developed ~by
relative motion of the structure. In terms of relative motion of the
structure we may write

'

[M]' {U} + [C] -{u} + [K] {u} = -[M] [T] {#} (6-4)
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n

k 4

.

' Solution of othe above equation '_is _.obtained in terms'
-

fof the- homogeneous system of_ undamped nomal mode eigenvectors resulting
in a system of:R uncoupled second order modal equations of the fom

b U ='-[$] [M][T] {Q} (6-5)"rr # 20 "r*rr r + k
'

r r rr r.

. r = 1,2,3. . .R
~ or:

2 , _ [$]T[M][T] {w}
-

"
- C28 w d + w Ur rrr r r m ,6-6 )-

s
rr

The 6Nx1 nodal' relative displacement vector {u}, is related to the Rx1
modal- displacement _ vector in} via the 6NxR eigenvector matrix [$] as

~{u} = [$] {n} (6-7 )

where [4] = [ {$1 },|{42 }. f4R}] and '(n}T * ! 01 - DRJ. The02
generalized mass, mrr,'and sti f fness, krr, are defined by the
orthogonality properties of the eigenvectors as

[4]T {g) { 3
-

"'

m =
rrs.

and
,

)k .4] [X] -[4] = [wr( m[=
( 6-8 ) --

rn

The modal equations of motion, as given in Equation (6-6), can be
rewritten as

b + 2S "r * "r U * ~ (T } {} (6-9)p r r

where the modal participation vector is defined by

(Y}T*f*r}[M][T] (6-10)
r m

rr

In general, the modal participation vector consists of six modal
participation factors, one corresponding to each of the six possible
components of. base motion (E}.

For a specified component of the base motion input
- time history wi( t) the corresponding modal time histories nr(t) may be =
calculated from a direct time history integration of Equation (6-9).
- The relative motion of the structure would then be computed via the
relationship given in Equation '(6-7) and the absolute motions computed
via _ Equation (6-2). Once the nodal time histories are known, a shock

- spcctrum analysis of each nodal response would then yield the desired
component elevated required response spectrum. The time history
integration process is straightforward, however, 'computationally very
intense.

A much more computationally efficient method of
developing an elevated response spectrum is to work with the equivalent
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power spectrum. The transfonnation between the power spectrum (PS) and
response spectrum (RS) and the reverse transformation was discussed
prev fously in Section 2.0 of. this report. To make use of the power
spectrum approach we need to develop the transfer functions relating
elevated responses to base excitations. Assuming that the base input

kmotions are uncorrelated then the power spectrum response Gj (w), at
,

elevated point i in direction k is simply i

6 2
k k

| H .(w) | G (w) (6-11)9 (W) = j=E
G

jJ j
1

where H is the base to elevated motion transfer function due to motion
in the j h direction and G-(w) is the base input power spectrum in the
j th direction. The base nput power spectra are obtained directly fromi

the base input response spectra via the methods discussed in Section
2.0.

Assuming that we are working with acceleration
responses we can obtain the rth modal acceleration directly from<

Equation (6-9) as

m (y,)T (,-)2
..

(6-12)n =
[(w -w ) + 1 28 "r" 3

F
r r

The rth modal transfer function corresponding to the jth base input
direction is then simply

2 IY } {6 }u
r 3

.. ..

=(0/wj)=[(w2 ,g2) + i 2S "r"3
h (6-13)rd

p r

where {6j}ionis a vector selecting the jth input direction, i.e., for Y
input mot (6j } T = | 0, 1, 0, 0, 0 | , e tc . From Equation
relative acceleration response function for motion at the ith(6-7) thenode in
the kth direction is written as

R-k k
h h"
ij IU rj * (6-14)r=

The absolute acceleration response transfer function is determined from
Equation (6-2) as

R
k

E &j7 hrj * dkj
(6-15)

H =
g

i

where 6kJ = 0 for k / j and 6kJ = 1 for k = j . Thus the acceleration
due to base input motion is added directly to the relative motion if the
response is in the direction of excitation.

;
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6.6.1.2 In Situ Measurements

The expressions given in Equations (6-11) and
(6-15) allow complete predictions of elevated power spectra at response
point i and direction k due to specified uncorrelated power spectra in
each base input direction. The relative motion modal transfer functions
brj as defined in Equation (6-13) and the m)de shape vectors {$p} fo r
each normal mode may be computed via parameters obtained from in situ
measurements on the structure in the base fixed plant installed
configaration. Modern modal analysis packages based on microprocessor
based Fast Fourier Transform (FFT) analyzers are capable of
characterizing a structure by detecting its nomal modes of vibration
and certain modal properties, i.e., mass, sti ffness, damping, mode
shape, and frequency characteristics. The open literature available on
modal analysis test techniques is quite extensive. A concise literature
review in this area is given by Luk [19]. The primary physical
properties extracted from the modal analysis operation are the structure
normal mode frequencies w , mode shapes {$p} and the critical dampingr
ratios, Sr for a fixed base condition. While several systems can

it has been the author's experience thatcompute the modal mass, mrr,
mrr cannot be determined accurately due to influence of closely spaced
modes.

In order to compute the desired transfer functions
the modal participation factors of the system must be found. From
Equation (6-10) we can see this would require knowing the physical mass
matrix of the structure, [M], and the modal masses, m rr. The physical
mass and modal mass are related through the orthogonality of the system
eigenvectors, i.e., mode shapes {&,} as given by Equation (6-8 ) .
However, in order to extract both the physical mass, [M], and modal
mass, mer, from that expression several assumptions are required.
First, it is assumed that from the in situ measurements the system mode
shapes, {&r} , are accurateiy determined. That is, suf ficient
measurements have been made to describe the nodes and anti-nodes of the
mode shapes. The importance of this assumption will be demonstrated
wi th several example calculations in a following section. The physical
mass matrix is assumed to be diagonal, i.e., uncoupled. Two conditions
on the physical masses are present in the modal mass matrix definition:

Condition 1. Definition of the modal masses themselves

er " f&r}T [M] {&r} r = 1,2, . . .R (6-16)m

and most important

Condition 2. Mass-orthogonality of the eigenvectors,<

{$j)T [H] (4t } = 0 i , j = 1,2. . .R for i # j (6-17)

The indicated modal mass determination is highly
subject to experimental error associated with the procedures used in
modal extraction techniques, such as circle or line fitting with closely
spaced modes. Errors in modal mass extraction can lead to a set of
conflicting requirements on the eigenvectors between the two stated
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conditions. Initial numerical experimentation revealed that extremely
accurate modal masses must be used in Condition #1 to extract the
physical mass matrix and simultaneously satisfy Condition #2. ' Rec al l
that only the relative distribution of physical mass is important in the
computation of the modal participation factors, this is seen by writing

{Yr}T {4r}T [M][T] / {$r}T [g] {4r} (6-17)

and therefore the modal masses need not be known. As a result,
Condition #1 was removed from further consideration. However, we may
note that Condition #2, the mass orthogonality of the eigenvectors,
specifies the physical mass distribution to within an undetermined
constant and the constant is arbitrary with respect to the modal
participation f ac to r s . To uniquely determine the physical mass
distribution an auxiliary condition on the physical mass is used with
Condition #2. Several possibilities for the auxiliary condition are
appropriate, such as making one of the modal masses equal to uni ty or
the sum of physical masses equal to a constant (1, or the estimated>

total physical mass of structure !%).

6.6.1.3 Determination of the Nodal Mass Distribution

The physical diagonal mass matrix elements are thus
determined from the auxiliary condition:

N ~

g4)=1= mil (6-18a)411
m

9

or
N

"i "o (6-18 b)
*

j ,11

I and eigenvector mass orthogonality condition
N

j=0 k = 1,2,....K,r +1k m (6-19)i=1

where K = R (R-1)/2 from use of off diagonal elemt nts only, and where
tik "&pi &qi, mi are the physical mass diagonal elements, and p and q
are mode numbers which participate in the orthogonality condition such
that p = q = 1,2,3, . . .R wi th q > p. The number of equations K+1 that
resul t from the process will generally not equal the number of unknowns
N, which are the physical masses at the N measurement locations. The
two solution strategies which were developed to solve for the physical
mass distribution will now be briefly described.

,

6.6.1.3.1 Optimization Approach - MAS 0PT
:

An optimization approach was developed in terms
of -an objective function of the fonn,

i

!

'
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2 R R 2
F(m j ) = ( .mj) -1) + E I (mpq) (6-20)

,

p=1 q=p+1

where 511 is the computed first eigenvector modal mass and spq are the
computed off diagonal modal mass terms which occur due to an initial
guess of the physical mass elements mi, i = 1,2,3,...N. We seek a
distribution of masses mi that will drive the objective function F(mt)
to zero. The procedure used was based on the gradient projection method
first developed by J. B. Rosen [20]. The algorithm proceeds as follows:

(1) A feasible starting point mt's and step size
S are selected; mt = 0, i = 1,2, ...N and S =
0.1.

(2) The derivatives of the objective with
respect to the independent variables 3 F/a mt ,
i = 1,2,3, . . .N are eval uated at the base
point and the normalized direction vector
components, Vj , are determined:

3F~
I amj

Y "
i (6-21)

j=I (a F )2
N

I 1 a$

if BF/amt are less than a presecribed limit
for all i = 1,2,3,...N, then the procedure
is stopped since no improvement in the base
point would be reached by cont'.auing, if,

not:

(3) A new point is then located as follows:

i = 1,2, N (6-22)t = old mj + 5 Vjnew m

subject to the constraint that the new mt
must be equal to or greater than zero.,

(4) The objective function is evaluated and the
following possibilities are then considered.

(a) If an improvement in the objective
! function occurs, the step size is

doubled and the process repeated.

(b) If the function is not improved at the
new point, the step size is halved for

; the next move from the last successful
j point.
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For the case where the nuder of system knovns,
k+1, are greater than or equal to the number of unknown nodal masses N
the procedure yields a unique solution. However , when N > K+1 the
solution is not unique and very sensitive to t.1e starting point of the
procedure. It has been determined that the test starting point is mi =
0 allowing the procedure to converge to a physical mass representation
wherein masses of nodes with little notion remain at zero, weighting the
anti-node masses heavily in the procedure. For this case the resul ting
mass distribution is quite sensitive to the accuracy of the measured
mode shape. To .mprove this condition a second method was developed.

6.6.1.3.2 Mass Smoothing Approach- UMASS

In the mass smoothing approach a set of N
weighted equations are added to the principle K+1 equations to insure an
overdetermined set of equations. The N smoothing equations describe the
condition that the variance of the physical mass distribution is a
minimum:

That is the variance,

2(m )= (m, - f0 m (6-23)g

is to be a minimum, thereby forcing

2

0 k = 1,2,3... N (6-24)=

k

resulting in set of equations of the fonn

f N h3m =0 k = 1,2,3....N (6-25)
~

k N j3,)

which are added to Equations (6-18b) and (6-19) after multiplication by
a weighting factor Y. The complete system of equations in matrix form
is

-

M, si 1 1 .1-
, ,

'll '12 8 "''8 0
13 13

21 22 '= 0# #
'21 " '2N m,

3j 32 '33 '''88 4
3N

**
. .

. .

. .

N1 'N2 I ' 'NN#
N3

Y(I- ) *f .g""- 0 (6-26)

-i Y(1 ) - y .... - y 0

5 i *

_ -h - f - f " Y(1-f)_ 0 .
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The 1+ K+ N by N overdetermined system of
equations is solved in a least squared sense. The weighting factor
takes on values in the range from 0.1 to 0.01 depending on the
conditions of the original system of equations:

(1) For the case of an undetermined system of
original equations, that is a large number of unknown nodal masses are
to be described by a small number of normal mode eigenvectors (N > K+1):

(a) A value of weighting factor Y on the
order 0.1 i s ' used to enforce a degree
of uniformity in the nodal mass
distribution via the smoothing
equations. This is necessary to avoid
singularities of the original
underdetermined system.

(b) The errors developed in the eigenvector
mass orthogonality terms, i.e.,
Equation (6-19), are computed as in
Equation (6-20):

R R 2-

E (m ) = E E
(mP9) (6-27)g

p=1 q=p+1

where E(mj) is a measure of the error.
The weighting fac to r Y is then
incremented to minimize th.! error
function. In general, larger values of
Y are needed for systems where N is much
larger than K+1.

(2) For the case of an overdetermined
system of original equations, that is a
small number of unknown masses is
described by a larger number of,

! eigenvalues (N < K+1):

(a) A small value of Y, on the order of
; 0.01 is used to provide artifical

" numerical damping" in the system
| sol uti o n . High order modes for which

the eigenvectors cannot be accurately
obtained can result in physically
unrealizable negative nodal masses

i which are eliminated by introducing a
small value of Y.

I

101

__ -_



- _ _ _ _ _ - _ _ _ _ _ _ -

'6.6.2 Conflicting Parameter Specifications

In modal testing the trend is to select a high number -of
Estructural node points, N, at which measurements are to be taken in
order to accurately define the normal mode eigenvectors, i.e., mode

sha pe s ,- [ $r] . The number.of degrees of freedom-(D0r) to accurately
describe a mode shape is highly dependent on system geometry, however
for a simple cantilever beam it is not unreasonable to choose four te
five points between nodes of the mode. ,This being the case, the number

. of 00F, which for a 1-D system equals the number of nodes required to
accurately define the rth mode would be on the order of three- to five
times the total number of mode.s. If such measurements were taken, it
can be seen by the data given in Figure 6.6-1 that the system g

*measurements would result in an under-determined system for the solution
of the nodal mass distribution if less than 11 normal modes were
recorded. With the emphasis in the seismic area to design structures

, ith a first normal mode resonance beyond 33 Hz, the number of modesw
within the frequency range of interest could be very.few. Thus one can
see a conflict in measurement specifiction if an over-determined or
under-determined system of ecuations are desired for the specification
of the nodal masses, i.e., the modal participation factors.

6.6.3 Analysis of Method

The importance of developing the UMASS algorithm for
solution of under-determined systems, i.e., for N > K+1, is seen by the
conflicting parameter specification described above. In this section we
will present several example calculations using both MASOPT and UMASS to
demonstrate the level of accuracy that can be obtained in modal
participation factor calculations, from both measured and analytically
determined mode shapes.

A unifonn cross-section (0.125 in. x 1.0 in.) aluminum beam
14 in. in length was analyzed both analytically.using a finite element
structural modeling technique and experimentally by hammer impact
testing using a modal analysis single mode circle fit technique ~ to
determine the mode shapes. Modal participation factors (MPF) were
determined analytically for the first th.ree normal modes of the
structure and from the measured mode shapes via the MASOPT and UMASS
ro u ti n e s . A' comparison of results are given in Table 6-2. The
experimental mode shapes were detemined from measurements taken. at 15
evenly spaced nodes along the length of the beam. As can be seen from
the curve given in Figure 6.6-1, the N = 15 and R = 3 system falls in
the under-determined system classification. The improved results
computed by UMASS over those of MASOPT for this under-detennined system
is clearly shown by the MPF given in Table 6-2. This analysis of the
simple beam can be considered verification of the analysis procedure.

Mode shape data from the finite element model of the
electrical equipment rack previously discussed in Section 5.0 was used

<-
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1 TABLE 6-2' CANTILEVER BEAM FREQUENCIES'AND MODAL

b PARTICIPATION FACTORS

. Mode No. Frequency - Hz Modal. Participation Factors |
=R Analytical Measured Analytical MASOPT UMASS i

1 20.28 20.0 -1.595 -1.484 -1.530

2 126.35- 123.75 -0.796 -0.608 -0.724

-3 351.96 347.5 0.513 0.256 0.411

*
N = 15, evenly spaced nodes.

.

,

TABLE-6-3 EQUIPMENT RACK EXPERIMENTAL SIMULATION,
MODAL PARTICIPATION FACTORS

Mode No. D.O.F$ Frequency Modal Participation Factors
R Hz Analytical MAS 0PT- UMASS

R=6 R=7 R=6 R=7

1- 1 14.6 0.0019 0.0012 0.0024 0.0019 0.0031
2 1.3009 1.2730 1.2060 1.296 .l.194

2 1 24.4 2.3318 2.0140 1.8550 2.071 1.961
2 -0.0306 -0.0207 -0.0196 -0.0249 -0.0226

3 1 40.5 -0.5601 -0.5328 -0.3593 -0.5088 -0.1939-

1 2 -0.1729 -0.1831 0.0010 -0.1604 -0.0392
4 1 42.8 -1.1189 -1.0170 -0.8827 -1.0510 -1.1790

2 0.1325 0.1122 0.0140 0.1079 0.0348
)

5 1 50.4 0.0220 0.0074 0.1053 0.0491 0.8786
i' 2 1.3249 0.3663 -0.0482 0.4096 -0.3672

6 1 52.4 1.1834 0.0185 -8.062 0.5407 -1.6800
2 -0.0806 -0.0956 0.2497 0.0856 0.0988

| 7 1 59.9 0.5030 0.2301 -0.3798
t 2 -0.7700 -0.2763 -0.8021
:

Degree of-Freedom at the measurement nodes.

1 - parallel to the horizontal excitation.

2 - parallel and perpendicular to the horizontal excitation

:

!
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to further -define expected accuracies in the computation of MPF from
mode shape data. Motion at 50 of the 265 node points were extracted
from the computed mode shapes for the equipment rack. The 50 node
points were chosen as typical of the points which would be selected for
extracting mode shape data experimentally. The mode shape data were
.then used in MASOPT and UMASS to compute MPF for comparison to the
analytical values. The results of the study are given in Table 6-3.
For the seven modes considered (R = 7) the -50_ node model represents a
highly under-determined system of equations. When using six (R = 6) of
the simulated measured mode shapes, the MASOPT and UMASS routines yield
similar results with reasonably accurate predictions of the MFP of the
first four (R = 4) modes; thereafter the mode shapes appear to be poorly
defined yielding poor calculated MPF. When an additional mode is added
into the calculation (R = 7), the additional poorly defined mode shape
produces degraded results throughout all modes. This example points out
the importance of accurate mode shape measurements and a potential
approach of developing a scheme by which the goodness of mode shape data
may be assessed based on the MPF calculations.

The data in Table 6-3 show that by including an additional
ill definea mode shape the computed MPF change drastically. Thus if one
were to start with a low number of modes and increment the number while
monitoring the consequence of the calculated MPF, it may be possible to
detect poorly defined mode shapes and eliminate their influence in the
MPF calculations. Further study in this area is needed to develop the
required algorithms to implement a node selection criteria.

6.6.4 Application to Electrical Rack

The electrical equipment rack described in Section 5.0 was
investigated -experimentally using hammer impact modal analysis test
procedures for the floor mounted condition. The mode shape data were
obtained by peak picking the imaginary part of the measured nodal
transfer functions and the data were used to predict corresponding modal
participation factors. Results of the computations are given in Table
6 -4 . Comparison of MASOPT and UMASS results indicate potentially poor
mode shape definition beyond R = 4 since at this point the two routines
begin to yield noticeably different results.

To further demonstrate the use of the method an elevated
response spectrum was computed for a typical earthquake excitation. The
base test response spectrum for Run 001, as given in Figure 6.2-3, was

first transformed to a power spectrum Gj(W), transfer functions Hjj
which has already been

shown as the dashed line in Figure 6.2-4. The k

(W) were then obtained from the in-situ measured eigenvectors &ri
and the brj factors determined from Equation (6-13), and substituted
into Equation (6-14).

Next, k(quation (6-11) was used to calculate the
E

elevated power spectrum G i w), which was finally transformed to an
elevated response spectrum, via the method outlined in Section 2.0.

Results of the above application are given in Figure 6.6-2
for Y-Z excitation and in Figure 6.6-3 for X-Z excitation. The response
is presented in terms of the elevated response spectrum at location 05
for the Run 001 excitation. Note that the analytical model did not
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TABLE 6-4 - EQUIPMENT RACK EXPERIMENTAL FREQUENCIES' AND
'

s
MODAL PARTICIPATION' FACTORS

'

:.

:

*
Mode No. 'D.O.F. Frequency Model Participation Factors

R Hz MAS 0PT UMASS

I
.

1- 1 11.6 0.125- 0.134<

2 1.617 1.865
,

2' 1 23.4 1.754 1.830 ;

2- -0.147- -0.150

3' 1 30.9 -0.093 -0.086
2 -0.032 -0.015

4

; 4 1 44.7 -0.203 -0.128
! 2 0.238 '0.225~
.

5 1 50.0 ' .0.171 0.187'

! 2 -0.036 -0.202

6 1 54.1 0.187 0.093
j- 2 0.148 0.236

1

| 7 -1 59.4 0.632 0.995
1 2 -0.005 0.038
:

!

} *

i Degree of Freedom at. the measurement nodes.
4

: 1 - parallel to the horizontal excitation
I 2 - _ parallel and perpendicular to the horizontal excitation

|
:

!.

I'

i

!
'

>

I
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Figure 6.6-2. Measured and Predicted Response Spectra at Position 5
for Run 001 With Y-Z Excitation
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:

include any vertical motion that may have resulted in addi tional
horizontal response. A response spectrum calculated from the measured
time history is al so given for comparison. In the case of Y-Z
excitation the general agreement is good, although the predicted
response is significantly higher (conservative) in much of the frequency
range. One cause of the difference is the use of the fixed base
analytical results which have been shown to be different from the table
mounted condition. The results for the X-Z direction are very poor.
However, this result is not surprising in view of the difference in
transfer functions obtained for the first bending mode in this direction
for the floor mounted specimen and the free table mounted specimen. Had
the transfer functions, as used in the in-situ approach, been obtained
on the specimen while mounted on the free table, we sincerely believe
that a good comparison would have occurred for both of the above cases. :

This result further points to the sensitivity to boundary conditions of
all types of qualification methods.

6.7 Multiple Axis Excitation

6.7.1 Definition of Problem

The matter of cross axis coupling, as caused by coupled
response in a building, has al ready been approached in Section 3.2.
However, another facet of the same problem can occur if ' principal
orthogonal response axes in a structure are oriented at angles to
orthogonal excitation axes. Although the principal bending axes of
rectangular structures (such as cabinets, panels, etc.) may appear
obvious , they still can experience coupled responses at certain
frequencies, and for that matter may not be oriented parallel to the
principal axes of a building in which they are housed. For that matter,
even if an independent triaxial excitation of the equipment is
considered for a floor level excitation simulation, true fidelity of the
excitation may not be accomplished in frequency raages where cross
coupling of the building causes statistical dependence to exist between
the two horizontal motions.

It is pertinent to consider what kind of structures or
devices (if any) are not being tested conservatively by present biaxial
testing procedures, if compared to a triaxial test procedure. It is
recognized that biaxial procedures require test runs along both the XZ
and YZ directions separately, while triaxial tests would allow only one
run fo r XYZ simul taneously. In order to shed some light on this
problem, the electrical rack was analyzed for the two different types of
exci tation .

6.7.2 Cross Axis Coupling in the Electrical Rack

The in-situ model for the electrical rack described in
Section 6.6.4 was used to provide an analytical prediction of rack
responses to independent biaxial and indepenuent triaxial excitation.
Although the model represents an electrical rack, similar results would
be expected to occur in a building, or other comparable aquipment
structures. Excitation for the analytical model is taken to be
represented by the test response spectrum for the respective ax's with
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Run 001. The excitation response spectra were transformed to PSD's and
used along with Equation (6-11) to predict a response PSD at various
elevated locations. The response PSD was then transformed back to a
response spectrum at the elevated location. For XYZ excitation the
responses in a given direction were combined by SRSS.

Sample results from the above process will now be discussed.
Figure 6.7-1 shows the X-direction response spectrum at location 5 for
XZ excitation, and also for XYZ excitation. The results show the
response spectrum that would be generated from motion at location 5 for
each type of excitation. The respective response spectra also would
become the RRS for subsequent testing of instrumentation to be mounted
at that location. Figure 6.7-2 shows similar results for the
Y-direction at location 5. The two types of testing show significant
differences around 40 Hz. Referring to Table 5-1, it can be seen that
this difference is caused by the Mode 3 torsion of the frame. This is
further evident from Figure 6.7-3 where the response in the Y-direction
near 40 Hz is shown to occur principally for the excitation in the XZ
di rection. These results indicate that peak response at all frequencies
do occur for one or the other excitations XZ and YZ. For any functional
effects that are totally amplitude dependent, the two biaxial and
triaxial excitations appear to be equivalent. However, for the case
where structural combined base stress due to simultaneous bending and
torison may cause failure, only the triaxial test provides the correct
simulation. Thus, it appears that the dect'sion to use biaxial testing
must be handled on a case by case basis, as is presently recognized.

Similar additional results are shown in Figures 6.7-4
through Figures 6.7-7. Here the proper response in the Y direction is
not excited for YZ excitation, however it is excited for XZ excitation.
Again, whether simul taneous response is important must be the
determining factor.

In view of the above results, it appears that several
observations may be sumarized as follows:

1. Alignment of structural (or component) principal
response axes with excitation axes is a random variable.
Principal axes of an internal critical component may
have any orientation relative to the externally obvious
structural axes of the equipment. Therefore, one set of
excitation axes is as good as another. However, some
factor (i.e.,1.20) may be applied over the entire
frequency range to account for this.

2. Special concern is appropriate where structurally
coupled modes occur in the specimen. These occur in
relatively narrow frequency bands, but may be anywhere
in the seismic range. Present biaxial test procedures
do not completely account for such coupling; however,
this is not necessarily an invalidating factor for
present tests. It depends on the degree of coupling and
frequency location of the modes. Generally, separation
of modes is important and the use of some excess factor
can allow the results to be conservative.
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3. Use of triaxial tests will not simulate coupled response
where rotational inputs are present.

4. Use of multiaxis simulations (biaxial and triaxial) can
introduce errors caused by base compliance. These
errors can be more significant (they affect lower
frequency bending modes) than those due to internal
specimen coupling.
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! 7.0 CONSIDERATIONS OF EQUIPMENT FUNCTIONALITY AND FRAGILITY

] -7.1 General Functionality and Fragility Concepts
,

' As can be seen from the PREFACE to this report, the subject of
; fragility is to be addressed specifically in Task 4 of the current

,

: n ogram. A measure of fragility is recognized to include a
'

determination of the. specific level of excitation parameters at which
failure occurs in a specimen, and is not actually required as part of
the equipment qualification process. On the other hand, functionality

,

of a specimen at the specified excitation levels is required for '
;

qualification, and accordingly was monitored during tests conducted on
the electrical rack to obtain data for the various subtasks of Task 1.
Fragility and functionality are very much related, although they are;

basically different concepts. In effect, fragility is the uppper limit
of functionality. Therefore, :it is appropriate to include in this r

report a general discussion of fragility concepts, the results of
| functionality observations during tests on the electrical rack, and

whatever conclusions that can be made from the data at this time.
Ultimately this infomation will be incorporated into a more extensive
study of fragility, which will be carried out' and reported later under

j Task 4.

The sebject- of fragility and fragility testing for nuclear plant4

equipment was reviewed at length in Reference 1. It was concluded that'

not only has very little information been acquired from previous nuclear
plant qualification tests,- but there exists no unive. sally accepted |

i

agreement on just how fragility should be measured. One of the most
| -general descriptions of a fragility concept has been discussed by

Roundtree and Safford [21], and is given in Figures 7.1-1 and 7.1-2 as a,

i - fragility surface. The idea is that failure of an item is -typically
related to a combination of dynamic magnitude, frequency of excitation;

and time. In complex assemblies many such surfaces may be possible, but
: the one of concern is that established by the lowest combination of'

parameter values. Furthermore, as shown in Figure 7.1-2, the surface is
; actually a statistical quantity because of various other unknowns in the

process. Thus, the prediction of fragility requires some measure of the-

input parameters for the device, and infomation about the ' shape of the'

i fragility surface in terms of these parameters.

f A practical use of fragility in nuclear plant equipment
qualification and design is acutely aggravated by the fact that many
typer. of equipment must be considered, and various kinds of primary

- failures are .known to occur for the equipment. Nevertheless, Kennedy et
a1 [22] have attempted to summarize the available information fo r
speci fic categories of equipment. (This list also is repeated in
Section 9.0 of Reference 1.) In particular, the parameter considered
most important for fragility of each category of equipment is listed.

|- Generally, spectral acceleration (or ZPA) is given as magnitude, with
'

frequency distribution understood. Although it was not directly listed,
time is understood .to be included for some items. Thus, in Figure -

|- 7.1-1, spectral acceleration or ZPA plotted on the magnitude axis, along
'
i; with frequency, means that the fragility response spectrum is

i established in that. plane. However, another approach is to establish a
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steady Lstate sine, amplitude / frequency fragility plane, or even a PSD/
frequency' fragility plane.

Formation of- the fragility surface generally must come from
experimental data, or must be formulated according to some analytical
presentation. In effect, the surface forms a fragility transfer
function for the appropriate failure mechanism of a given' item.
Furthermore,:it is understood that this function is very much dependent-

'on the- spacewise direction of the magnitude parameter (X, Y, or Z-
acceleration) at face value. Thus,-it would appear that much data needs

|to be generated and catalogued for the various equip =cnt, before the j
fragility functions could be established. On the other hand, it may be
possible for existing qualification data to be used as a lower bound for
fragility, so that much additional data.need not be generated. It is
specifically this latter approach which will be pursued in the present
e f fo rt. Detail s of- these possibilities will be investigated in later
tasks of the program.

Once the set of three fragility functions is obtained for a given
test item they can be used to determine functionality of the device
mounted on a structure. If the fragility function is divided by the
structure transfer function, a site specific failure plane can be
defined for the given instrument. This is then compared to the
acceleration response at' this location and an indication of failure
ob tained . Prior to use of any procedure such as this it will be
necessry to perform some limited experimental and analytical
investigations to determine its applicability.. These investigations '

will also be pursued later in the program.

7.2 Fragility Study for Electrical Rack.

In order to acquire at least some limited fragility data for the
. local panel, various functiors of the four devices were monitored during'

perfomance of the test runs. Refer to Section 4.0 for a description of
this setup. During the earthouake testing chatter of the electrical
contacts was noted on both the Yarway and Barksdale, Table 7-1. Chatter
was defined as a loss or make in contact greater than 2 msec in
duration. For the Barksdale the response seemed to be primarily due to
the amplitude of the excitation rather than the frequency content. The
failure occurred during Runs 011 and 012 for both X-Z and Y-Z
exci tation. Both these runs have specified ZPA levels at 2.0 g's versus
the 1.0 -g'.s of all other runs. Typical measured ZPA's are more than
twice as high, 3.53 g's horizontal acceleration for Run 011 versus
1.74 g's horizontal acceleration for Run 001. Failure of the Yarway
occurred during Runs 002, 005, 006, 011 and 012. The fact that failures
occurred during Runs 002 and not 001 indicates either a frequency or
amplitude dependent failure. Run 002 has additional energy between 9
and'20 Hz not present for Run 001 resulting in a 15% increase 1.1 the
measured ZPA. It is difficult to tell from -this data whether the
additional frequency content or the increased level of the ZPA induced
the failure.- One might be able to verify the cause of the failure with
the development of a failure plane.

. Failures of the Yarway also occurred during Runs 005 and O06 which
.had' excessive low frequency and no input above 10.Hz. Although no
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TABLE 7-1. SUMMARY OF FUNCTIONAL RESULTS

Type of7 Run Failures
- . Testing tha. Axes Yarway Barksdale Rosemount Robertshaw

Earthquake '001 X-Z No No No No |
Y-Z No No No No

002 X-Z Yes- No No No |

Y-Z Yes No- No No |

003 X-Z. No No No No

Y-Z No No No No

004 X-Z No No No -No

Y-Z No No No No

005 X-Z Yes No No No'
Y-Z Yes No No No

006 X-Z Yes No No No

Y-Z Yes No No No
,

011 X-Z No Yes No No

Y-Z Yes Yes No No

012 X -7. No Yes' No No
;
' Y-Z Yes Yes -tha No

Combined Dynamic
Environment
2-sec Burst Earthquake X-Z No No No No

Y-Z Yes No No No

Burst X-Z No No No No

Y-Z No No No No

Combined X-Z No No No No
,

Y-Z Yes No No No

5-sec Burst Earthquake X-Z No No No Yes

Y-Z Yes No No No

Burst X-Z No No No No

Y-Z No No No No

Combined X-Z No No No No

Y-Z Yes No No No

Sine Dwells XZ&YZ No No No No

Sine Beats XZ No No No No

YZ Yes* No No No

*
10.6 Hz with 2X & 5X pause*

'
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energy was input above 10 Hz it was induced due to rattling of the table'

and frame. The measured ZPA's for Runs 005 and 006 are higher, as much
as 150%, than the corresponding ZPA's for Runs 001 and 002. This would
indicate an amplitude dependence. This is also supported by the fact
that failure occurred on Runs 011 and 012 which have the largest mesured |
ZPA's of all runs. One thing to note on the 011 and 012. runs is that
failure only occurred for Y-Z excitation which indicates some
sensitivity to the axes of-excitation. This was not noted for the other
runs. - The difficulty in interpreting the functional results of this
series of testing leads to. the desirability of developing a failure
plane for instrumentation groups.

Additional failures were noted for the combined dynamic environment
testing. The earthquake signal was based on the standard R.G.1.60 RRS-

but due to the procedures required to develop these signals additional
noise was introduced into the signals not present during the initial
earthquake runs. For the runs with the two second SRY burst the Yarway
was the only instrument with any failures. Failures were noted for the

! Y-Z excitation, only for both the earthquake alone and the earthquake
pl us-SRY. The earthquake ZPA's were 21%, horizontal, and 44%, vertical,>

higher than for the initial Run 001.- This may have been the cause of
_

-

failure since these levels are similar to the 002 run level s. The two
second SRV burst did not seem. to affect the functionality. Failure of
both the Yarway and the Robertshaw were noted during the five second SRV
testing sequence. Both seemed to be axes dependent, Yarway Y-Z failures
and Robertshaw X-Z failures. No influence of the SRY on failures could
be determined.

|
; All the instruments performed properly during the sine dwell

testing.- Tests were performed at both resonance and nonresonance
frequencies. For nonresonance frequencies the input levels were set at
both 0.1 and 0.5 g's. For excitation of resonance frequencies of the
electrical panel only 0.1'g excitation was perfomed. No failures were

i

noted.

The sine beat testing was performed at both resonance and
nonresonance frequencies with dwells of 1/2, 2 arid 5 i.iiiit s tne Deat
period. The only failure noted was for Y-Z excitation at 10.6 Hz, a

_

. resonance, of the Yarway. The results again indicate that the Yarway is
! more sensitive to Y-Z excitation. Since no failure occurred for the
! sine dwell excitation, at 0.1 g's input, and did occur for the sine
L beats, 0.5 g's input, it is amplitude dependent.

From this series of results it can be concluded that determination
of the cause of functional failures is difficult. To obtain a more
complete estimate app 1tcable to all types of events, a failure surface
would need to be more clearly approximated. Details of this approach
are left to.later tasks of the program.

,

|

!
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8.0 DISCUSSION AND CONCLUSIONS

Some discussion has already been provided in the variout sections -

of thi s report. However, a sumary of that discussion, along with some y
conclusions, will now be presented.

The response spectrum / power spectrum transformation has been
demonstrated to be a powerful tool for use in the equipmen t
qualification process. It can be used for purely analytical approaches,
as well as in test qualifications.

A set of criteria has been established for the fundamental
description of ground and elevated floor level earthquake motions. The
frequency content, stationarity, coherence, and probability density of
the strong motion has been established within bounds that are useful for
both test and analysis purposes. The obvious use of this infomation is
in showing whether proposed test or analysis time histories satisfy the
same criteria. The exact numbers on the bounds of the parameters can
still be argued, but the basic elements of the criteria have been
established. Furthermore, the correspondence of other actual earthquake
motions with this criteria can be additionally studied.

m

The initial finite element model generated from engineering
drawings for the local panel provided 'a suf ficiently accurate
representation of the test item. There was sufficient correlation
between experiment and analytical results to provide compatibility,
although only limited coupling resulted. A primary concern of the
analytical model was shown to be asociated with the support boundary
condition. This appears to be the governing concern for accurate ,

representation of the lowest bending modes.

It is al so obvious that the cautions with regard to boundary
conditions are extremely important for testing as well. In the present
case in i ti al judgement dictated that the steel baseplate was of
sufficient stiffness, although the final results showed that it was not
in the front to rear direction. These results indicate that an even
greater than usual attention to the matter of base interfaces fo r *

' equipment is appropriate, and if any question is present, the matter can
be resolved by performing resonance searches with both fixed and table =

mounted condi tions. This approach is especially applicable for "

independent biaxial or triaxial table arrangements are utilized, where -

| specimen coupling with the table is highly likely. When such coupling
occurs, adjustments to the input TRS may be necessary, n

Accuracy of enveloping of the RRS by a TRS has been shown to be
intimately involved with use of the correct frequency content of a test
or analysis waveform. In this regard, the PSD has been shown to be much e--
more sensitive and useful t tool, than the response spectrum, where high {ZPA's tend to mask the preser.ce of energy content. However, we do not y
necessarily advocate that any analysis should be supplemented with the I

computation of a corresponding TRS and Test PSD. On the ot.;er hand , we
do conclude that some consideration of frequency content is appropriate.
Concern for closer tolerances of TRS enveloping of the RRS can also Esolve the problem. It appears that holding the excess to no more than
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20% would go a lorg way toward developing accurate frequency content.
However, this cannot realistically be applied to the ZPA.

i

' _The results - for . combination of environments were somewhat
surprising. In effect they indicate that SRSS of individual response

: spectra will provide a useful prediction of combined response spectrum>

for the cases studied. Signals with and without overlapping energy<

- . content were investigated. -

A very useful study of in-situ modeling and subsequent analytical
prediction of responses was conducted. It was shown that a variety of

; problems .can af fect the development of the analytical model from4

experimental . data. The number and location of node points, choice of
,

excitation method, type of computer software included, and methods ofL

|
solution of the modal participation factors are some of the most
im po rtan t.- In spite of the pitfalls, we feel- that' this is a viable
approach to the problem of qualification of inplant equipment. However,
the use -of very careful attention at all steps of the- process is

.

mandatory. -Successful use of the method may depend on its being
.

implemented -by only the most experienced personnel .

l The need to review the question of multiaxes testing appears to
have been enhanced by the results.of this part of the study. However,
it must be emphasized that only the presence of coupled modes appears to;

' aggravate the problem. The use of some additional factor for each axis
input for biaxial or unf axial testing is appropriate in some cases.- At:

i this point it simply can be concluded that some type of justification
appears to be important for each case. On the other hand, there is a<

nullifying consideration in the use of biaxial or triaxial shaker
systems. As was discussed earlier, these more complex systems have more

; tendency to couple -with a specimen and cause boundary interface
problems. Unless the cautions above are observed, the gains in accuracy;

j made with the use of independent multiaxial shaker systems can easily be
; nullified by inaccuracies introduced at the boundary interface.

It appears that the amplitude, frequency, and time coordinates for4

interpretation of a fragility surface are a feasible approach to4

definition of fragility in equipment and components. To implement this'

concept would require the determination of a fragility function for each
; type of equipment, either by measurements or by analytical postulation.

No matter what concept is used, the lack of such data presently
; available is the biggest factor involved in fragility considerations.
; Therefore, use of existing qualification data as lower bounds for

fragility may prove.to be very useful . The utility of this concept willi

; be investigated in later tasks of the program.

Finally, it should be stated that the results obtained appear to
dictate even more caution in test and analysis as a means of assuring
accuracy, rather than any wholesale requirement for change in

L - methodologies. This perhaps is no surprise to most people involved with
the qualification process, and have followed its developments as the art'

and science matures.

'
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PREFACE

This report represents one of a series which is to present the

results of a research program that is being conducted to evaluate

methodology of equipment seismic qualification for nuclear plants. The

overall program consists of the following subtasks:

1.1, 1.2, 1 3 Review methodology, aging, and static loads;

Identify anomalies

1.4 Evaluate multiple frequency excitations

1.5 Consider combined dynamic' environments

1.6 Develop in-situ test criteria

1.7 Study procedures for line mounted items

1.8 Publish Task 1 Summary Report

2.1, 2.2, 2.3 Investigate response level and multiple-parameter

correlations

2.4, 2.5 Consider single. parameter and damage severity factor

correlations

2.6 Develop general correlation method

27 Publish Task 2 Summary Report

31 Recommend updating of qualification criteria

32 Publish Task 3 Summary Report

4.1, 4.2 Compile fragility data

43 Evaluate and reduce data
4.4 Publish Task 4 Summary Report

,

Specifically, this document constitutes the Task 1 Summary Report,
Part III, and it presents the results from Task 17 listed above. Other
reports and papers previously published under other tasks are listed as

References 1-7 on the list given at the end of this report. Work on
Task 4 is in progress, and will be reported in the last-indicated

summary report.

iii
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1.0 INTROI)UCTION

f

- 1.1 Overview

The . evaluation .of waveforms for asianic testing ,of nuclear plant

equipment has .been one of aeveral . objectives of .this research , program.
A complete . evaluation.of typical waveforma for most typea of tests was
previously conducted and reported in References 2 and 4. .However,

because .of .the special nature of waveforms required .for ainulation of
the line-mounted dynamic environment, as,vell as other problema peculiar
to this application, a separate subtaak was assigned to ;this part of the
study. The resulta of this work are reported herein.

Current - methodology [1] for testing line Jpipe) mounted itema has
included sine dwell or sine -beat type motions. The philosophy for their

.

use includes the assumption that auch motion conservatively represents a
near resonance response of -a lightly damped piping mystem .to ; earthquake
excitation. On the other hand, other motions, auch as narrowband

1

random, appear to be a more suitable representation of a lightly-damped,
resonant system responding to broadband earthquake motion. .Therefore, a
ocuparison of these several waveforms has been performed in ,this study.
For oonvenience, a linear analog circuit was first used to represent a
lightly-damped system, and its responaea to aeveral waveforma were
studied. Then, similar responses were observed in a typical valve
specimen. Subsequently other problema, such as crosa-axis coupling,
were also evaluated.

1.2 Eri sti rur Test nenni r=--ats

The dynamic environment for devices mounted on piping . systema is
typically narrowband in frequency, with an amplitude determined by the
spatial location relative to the vibrational modes of'the piping system.
Actually, a good representation of the excitation is known to 1 be a

.narrowband . random waveform, ;with center . frequency at the.resonanrw .of
the piping system. Early simulations of this environment included sine

dwells, . with later . simulations specified as sine beats [8,9]. .Of.

course, a major problem associated with the simulation is that the exact

frequency of the piping system may not be known or may vary < from . one
installation t.o another. As a result, current guidelines, require that a

1

,. . . .. .. .
. _ _ _ -
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series of uniaxial sine beats be appl'ied, with center frequencies spaced
. at 1/3-octave intervals over the frequency band, and at any resonance

identified -in an initial resonance search. The amplitude of the beats
,

is usually based on predictions from some form of dynamic analysis of
the piping system. Operation of the device is required during the most'

conservative beat series, which usually is one applied at a resonance

condition.

The above procedure has been - developed principally for valve
operations, but has generally been adapted to line - mounted items in

i
general. It has been used principally for seismic qualification.

However, other dynamic environments, such as safety relief valve (SRV)
discharge and loss of coolant accidents (LOCA), are known to include
higher frequency motion. Therefore other considerations have been given

to this type of simulation. One method for qualifying valves under -

these conditions has been reported by Bhargava, et al. [10].

i

s

|

2
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2.0 ANALOG COMPUTER SIlWLATION

2.1 Typical Waveforms and Resoonses

A single degree of freedom oscillator was designed to represent a

single mode of a piping system, which was ideally excited by a variety

of typical waveforms. The response of this oscillator to the different

motions was evaluated in. terms of its adequacy to represent the intended

dynamic environment. A schematic of such an oscillator is shown in
.

Figure 2.1-1. For most data runs, the natural frequency was set near 10

Hz (mid-seianic range) and the damping was varied over several . lightly-
damped values representative of piping systems. Synthesized excitation

and response waveforms were recorded on analog tape for subsequent data

processing.

Figure 2.1-2a shows a typical ground level excitation waveform,

which nearly matched the Reg. Guide 1.60 response spectrum for 25

damping. The signal level was ramped up in 5 seconds, held for .15

seconds (strong motion) and decreased to zero in 10 seconds. A sample

response waveform of the oscillator to this excitation is shown in

Figure 2.1-2b. The broadband nature of the excitation is shown in the
corresponding Power Spectral Density (PSD) of Figure 2.1-3a, while the

predominantly narrowband response PSD is shown in Figure 2.1-3b.
. Similar data is shown for a narrowband random excitation and response in

| Figures 2.1-4 and 2.1-5. In this case the excitation was generat.ed by

! narrowband filtering of a rsados noise source, whose amplitude was
!
l modulated .by the same envelope as the Reg. Guide 1.60 earthquake. Note

that the amplifications of the narrowband response in Figures 2.1-3b and

2.1-5 are only qualitative, since a 0.94 Hz analysis bandwidth is

insufficient to resolve the peak value at 25 damping of the oscillator.

Finally, a set of excitation and response is shown in Figure 2.1-6 for a

typical sine '. eat waveform applied at the oscillator resonance. For

this case, the oscillator damping was adjusted so that decay of the
'

response would just occur for a one beat pause between beats. It was

found that this condition could be maintained for any combination of

damping and frequency if the following equation was satisfied:

fT q = 0.5p

3
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where f is the oscillator frequency in ,Hz, Tp is the pause (or beat)
length ,in seconds, and C is the critical damping ratio.

For all of the above' figures the analog voltages were rescaled to

represent acceleration amplitudes for 'the excitation f(t) and the
response 5(t) in Figure 2.1-1a. s

t~s

i

2.2 Comearison of Resoonse Characteristics

The objective of this study was to evaluate the effects of the
waveform on the oscillator response, and to interpret the results in

terms of the adequacy of test procedures for seismic qualification of
equipment. A summary of various waveform runs and characteristics of
the excitation and response data is given in Table 2-1. Data are given

in terms of various peak and RMS amplitude ratios. In all cases the RMS

value is measured over the major'ity of the event, rather than just the
strong motion portion for thope signals that include ramp up and ramp
down regions. Therefore peak /RMS ratios for random signals will be

,

somewhat higher than 3 0, which is genei ally considered an upper limit
for signals having a Gaussian instantaneous amplitude distribution
[2,4]. From the two right-hand columns it can be seen that the peak
ratio for output / input tends to be more severe for the random signals,
while the RMS ratio is more severe for the sine beat signals.

Additional analyses of the data are given in subsequent figures.

Figure 2.2-1 shows the probability density function for peak amplitudes
for the narrowband random output of the oscillator (Figure 2.1-2) which
results from the broadband input. It can be seen that the distribution

is approximately Rayleigh, which would be expected when the

instantaneous amplitudes are Gaussian. Note that these data are

computed from the strong, motion portion of the waveform, as defined in
Reference [2,4]. Some nonstationarity is still present, so that the

computed probability density is shif ted somewhat to the right, compared
to the Rayleigh distribution.

Figure 2.1-4 shows that the oscillator output was also narrowband
random when the input was narrowband random. This input waveform has

not been used in the past, but it appears to be potentially a very

useful possibility, since it is easily generated in the laboratory, and
produces the correct simulated response in the oscillator. The

10
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TABLE 2-1
PEAK AND RMS AMPLITUDE RATICS

FOR EXCITATION AND RESPONSE

Excitation Oscillator Oscillator Peak /RMS# Output / Input Ratio

Waveform Freauency Damoina Inout Outout Peak RMS

R.G. 1.60 Earthquake 9.92 0.02 3.42 3.67 3.61 2.89
Horizontal 25 Damping

Narrowband Random 9.92 0.02 2.88 4.19 20.81 14.11
9 92 Hz Center Frequency

|

1.1 Hz Bandwidth |

10 Hz Sine Beat 10.0 0.02 1 99 1.63 15.12 18.41 |

No Pause
__,

"

10 Hz Sine Beat 10.0 0.01 2.81 1.83 18.36 28.15
1 B Pause 10.0 0.02 2.81 2.18 13.07 16.81

10.0se 0.05 2.80 2.58 7 57 8.21
10.0 0.10 2.82 2.64 4.33 4.54
10.5 0.02 2.78 2.29 11.64 14.13

10 llz Sine Beat 10.0se 0.02 3.34 2.63 12.55 15.97
2 B Pause

10 H Z Sine Dwell 10.0 0.01 1.42 1.41 49.21 49.58
10.0 0.02 1.42 1.41 24.98 25.21
10.0 0.05 1.43 1.41 9.81 9.93
10.0 0.10 1.43 1.41 4.80 4.85
10.5 0.02 1.43 1.41 24.30 24.62

Data from 0.25 Hz to 50.0 Hz.
e4 samples or 20 seconds of data.
esNearly complete decay during pause.
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: probability density for tha peak amplitudes of th2 strcng coticn -portion
of this , signal _is .given .in Figure 2.2-2 and appears to be essentially aj

'

' Rayleigh distribution. -It is further comparod ito tho distribution :for

the : peak amplitudes of tthe : sins ibestiresponse, ;whose waveform appears in
!

Figure 2.1-6. Numerical . data ;for generating ;these curves .is ,given 1:2'

i

Table 2-2. .It -can 'be seen tthat the probability density < functions for

+the --narrowband,randon and decaying sine boat waveforms.are significantly
different.

:The above-described . differences in probability density .and in peak
and:RMS : ration :iamediately : provokes a question.about :the ;aignifiamnaa of
' this result. It appears that the answer to ,this question lies .in the;

; : physical : mechanism :that governs : failure eor malfunction :in a :given : piece
of equipment. For . example, ,1f the failure is , governed 3 by , peak amplitude
excitation, :then the narrow band random; waveform.would appear :to be more,

severe. - 'If 'it ;is _ governed by BMS amplitude, ;then the sine beat would
appear t to be .more ; severe. On rthe other rhand, -if .it is governed by
accumulated counts of amplitude at;varioua levels (such as in fatigue),

. then it ;is,not, apparent as to which waveform.is more taevere.
!

s

j .In order :to ahed : light on the fatigue issue a further . analysis was
performed. : Figure 2.2-3 shows :a . graphical relationahip for : the . number
of fractional cycles necessary to obtain one equivalent peak cycle, .as a,

function of percent of maximum peak cycle amplitude. .This curve was
'

. generated from .a ' log =1og-amplitude .v/s number of cycles ' fatigue : Plot,
with an-exponential factor.of.2.5. :It ;is currently :being considered for

i inclusion in a, revision of:IEEE:344. -It is argued that=the, plot.can be i

used . to : determine the accumulative fatigue equivalence of :two different
I waveforms. Therefore, this curve was used to . develop a . fatigue I

potential comparison .for the rnarrcuband : random and decaying sine beat !
i

response waveforms, when . the . total duration of strong motion .is 15
seconds. :The. numerical data are given in 1 Table.2-3 For.each case, the

i- peak /RMS : amplitude abcissa of Figure 2.2-2 was divided into increments
i of 0.2. - The - number of; cycles .in;each increment .is therefore

1 = (p ) (0.2) (15)((f,)
'n

.

> where pi is ' the average value f for t the probability . density >in the

' increment and f is the center frequency for the narrowband motionc
I (or sine beat) . The : percent .of marimum c peak amplitude is obtained from

-

i
i

13
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TABLE 2-2
AMPLITUDE PROBABILITY DENSITIES FOR
RAYLEIGH AND SINE BEAT DISTRIBUTIONS

Range Amnl itude (Pr chability Densi ty)

Pante/RMS Ratio Ravlai ah Sina Bent
4

0-0.2 0.10 1.00 1

0.2-0.4 0.29 0 71
0.4-0.6 0.44 0.47 ,

'

0.6-0.8 0.54 0 34
O.8-1.0 0.59 0.28
1.0-1.2 0.60 0.25
1.2-1.4 0.56 0.22
1.4-1.6 0.49 0.19
1.6-1.8 0.41 0.16
1.8-2.0 0 32 0.17
2.0-2.2 0.24 0.20
2.2-2.4 0.17 0 36
2.4-2.6 0.11 0.65

,

2.6-2.8 0.07
2.8-3 0 LDA

4.97 5.00
x 0.2 = 0 99 x 0.2 = 1.00

|

.

I

-

,
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TABLE 2-3 ..

EQUIVALENT NUMBER OF PEAK CYCLES IN
RAYLEIGH AND SINE BEAT WAVEFORMS

Center Frequency = 10 Hz
Time Duration = 15 see

10 Cycles / Beat, 1 Beat Pause

Rayleigh Sine Beat

Range $ Hax. Frac. 5 Max. _ Frac.
Peak /RMS No. Cycles Peak Cycles per _ No. Equiv. No. Cycles Peak Cycles per 'No. Equiv.

Ratio n Amplitude Peak Cycle Peak Cycles n, Amplitude Peak Cycle Peak Cyclesg

15 3.8 >4000-0.2 3.0 33 >400 --- ---

10.6 11 5 200 0.10.2-0.4 8.7 10.0 300 ---

0.4-0.6 13.2 16.7 70 0.2 71 19.2 65 0.1
G 0.6-0.8 16.2 23 3 32 0.5 5.1 26.9 26 0.2

0.8-1.0 17.7 30.0 20 0.9 4.2 34.6 13 03-
1.0-1.2 18.0 36.7 12 1.5 3.8 42 3 8.5 0.5
1.2-1.4 16.8 43.3 8 2.1 3.3 50.0 5.8 0.6

'

1.4-1.6 14,7 50.0 5.8 2.5 2.8 57 7 4.0 07
1.6-1.8 12.3 56.7 4.2 2.9 2.4 65.4 3.0 0.8
1.8-2.0 9.6 63 3 3.2 30 2.6 73.1 2.2 1.2
2.0-2.2 72 70.0 2.6 2.8 3.0 80 .8 1.8 '1 7
2.2-2.4 5.1 76.7 1.9 27 5.4 88.5 1.8 30
2.4-2.6 3.3' 83 3 1.6 2.1 9.8 96.2 1.2 8.2
2.6-2.8 2.1 90.0 1.4 1.5
2,8-3 0 1.2 96.7 1.2 1

Total 17 4.

Total 23.7

.
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I

the ratio of the value of peak /RMS in the given increment to the nav4=um

value. The number of fractional cycles per peak cycle for the increment
,

is obtained.from Figure 2.2-3 at the respective percent of maximum peak |

.

value.: Finally, the number of equivalent peak cycles for each amplitude
'

increment - -is obtained by dividing the number of cycles ni by the

1 - respective number of fractional cycles per peak cycle. By totaling this

last column for each respective waveform, a quantitative comparison of

fatigue potential .can be made. This comparison is valid directly,
,

providing that the waveforms have equal .EAak amplitudes. From Table 2-3
it can be seen that the two response waveforan are approximately equal,

with the narrowband random (Rayleigh) being somewhat more severe.
If the peak values of the two waveforms are different, then Figure

2.2-3 can .also be used to get an equivalent number of peak cycles to

allow for this difference as well. For example, if the two waveforms

had equal RMS amplitudes, then the random waveform would have a peak

factor

3 0/2.6 = 1.15.

greater than the sine beat. In this case its equivalent number of peak

| cycles would be

.23 7 (1.6) = 37 9
'

for the narrowband random waveform. Note that the 1.6 is obtained from
Figure 2.2-3 at a percent of marimum peak cycle of

1/1.15 = 0.87
In this case, the narrowband random waveform appears to be.

; significantly more severe.

1

.

i

t

J

|
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30 MOTOR ACTUATED YALVE

31 Tant Item Descrintion

To complement the analog computer simulation a test program was
developed and implemented for a typical valve specimen. The test item
consisted of a globe valve with actuator mounted to a section of pipe,
Figures 3 1-1 and 3 1-2. This test item was attached to two types of
mounting . fixtures to simulate a " rigid" and "fl exibl e " support
condition. The bookends in turn were mounted to the seismic simulator

' for excitation along the horizontal and vertical axes of the test item.
The - valve is a four inch class 1690 globe stop valve with an

electrical actuator. The stem is inclined with respect to the normal
flow line by 450, to reduce flow disruption and pressure ' loss across
the valve. Gearing on the actuator was such that the closing and
opening times were approximately 1'? seconds. This allowed for operation

of the valve during the simul bed seismic events. An electronic

controller was used to open and close the valve during all testing.
Nominal four-inch diameter pipe was welded to the valve body to

allow for attachment to the bookands and pressurization of the valve.
The ends of the pipe were capped with end caps that had tapped holes for
pressurization. During the majority of testing the valve was
pressurized to 1000 paia using water and a Sprague pump. This allowed
for a means of measuring leakage before, during, and af ter the test.
Prior to testing, the limit and torque switches in the actuator were
adjusted so that no leakage occurred while the valve was closed.

3.2 Mountin, continuvation

Dro mounting configurations, test item to bookends, were used

during the te.st sequence (Figure 3.2-1) . The " rigid" configuration was
designed to simulate typical mounting used during seismic qualification
testing. Valves supplied for tests usually have bolted flanges welded
to the body. These are then attached to bookends to allow for support
and pressurization during test. The " rigid" su' ports used during the
testa described herein consisted of welded two-inch thick steel bookends
with V-blocks used to clamp the pipe in place. A four-inch long section

of angle was placed on the V-block to distribute the force over a length

19
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of pipe and prevent pitching of the test item. The distance between the

V-blocks was designed to match the distance between bolted flanges used

on this type valve. During the tests it was determined that this

configuration did provide a reasonable approximation of rigid mounting.

The flexible mounting was designed to simulate an in-service

condition rather than the rigid test condition. Rather than being

clamped in the V-blocks, the pipe was hung using a three-bolt pipe

clamp. By moving the bookends and support points the distance between
centerlines of the supports was increased to 41 inches. The three-bolt

pipe clamp was attached to the bookend using a welded steel T. The

thickness of the T was 3/4" to provide some vertical flexibility. The

design of the mounting fixture allowed for both horizontal and vertical

motion of the pipe. No attempt was made to match any specific in-

service condition. However, a flexible support which included coupling

in the seismic frequency range was provided.

33 Instrumentation

Instrumentation was designed to obtain information on the response

characteristics of the valve and its functional state. Seven

accelerometers were used during the testing sequence. Two were used to

monitor the horizontal and vertical accelerations of the table input.

The other five were placed at various locations and orientation on the

test item to provide the required cesponse information. For the

structural identification tests three accelerometers were mounted on a

block to provide triaxial acceleration measurements. For the impact

hammer structural identification tests, measurements were made at the

locations shown in Figure 3 3-1. From these locations it was possible

to develop mode shape plots for the valve / bookend configuration. For

the swept sinusoidal and broadband random structural identification

tests, typically the response at only one location was measured. This

allowed for checking the natural frequencies but not the mode shapes.

Leo strain gages were mounted on the yoke of the valve. One

mounted on the face would respond to axial loads and bending about the

Y-axis (along the pipe axis). The second was mounted on the edge and

measured strain produced by axial loads and bending about the X-axis

(perpendicular to the pipe axis). Strains were measured and recorded

22 |
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l

during the seismic qualification tests as one indication of ,

1

functionality. ,

[

The functional state of the valve was also monitored by the

continuity 1 cross the limit switches in the ectuator. These were

recorded on 1 strip-chart recorder so that any change in state could be i

.
' 1

noted.- In addition the presure applied to the _ upstream side of the

valve was monitored as an indication of leakage.

? As was noted earlier, the intention of the tests performed was to
look at a variety of methods appliable to seismic qualification of line
mounted equipment. It was not the intent of the program to pc .~orm a.

qualificatics test. Because of thi.s, the instrumentation was primarily
used to monitor the response characteristics of the 'ralve, with minor
emphasis on the functional characteristics.

.
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;. 4.0 TESTING
4 .

i

4.1 Structural Identification

The testa performed on the valve can be divided into two separate

categories,. structural identification and multifrequency excitation, and

are summarized in Table'4-1. ' A number of different procedures were used
: to determine the : natural frequencies, mode shapes, and damping of the

valve assembly ' n a number of configurations. Included were swept sine,i

broadband randon, - . and . impact hammer tests at a number of excitation

levels. The intent was to look at the various procedures typically used-

] for structural -. identification, and .obtain -some indication . of ' potential
'

f
sources of error. in the - results. |he second group of tests,'

multifrequency excitation, included several methods that can h used to,

; seismically qualify line mounted equipment.

In most seismic qualification programs some attempt is made to

identify the important . dynamic characteristics of- the valve assemblf
,

including natural frequencies, mode shapes, and damping. Although this

| is not required for qualification, ~the information is useful 'for
,

[ subsequent analysis of the test data and analytical models of the ites. 4

i Normal resonance search tests have often been performed using swept
a

j~ Isinusoidal excitation at a low input level (i. e. , 0.2 g 's peak) . . In
' this program, a number of tests were performed to look at possible

variations and problems that may be encountered in using this type of
.

test to predict response due to high level random excitation. Figure

4.1-1 shows typical results for two levels of excitation and how the

! frequency, 24.2 to 23 2 Hz, and amplification, 12.2 to 9 3, . decrease j

with increasing excitation amplitude. If the - shitt in frequency is

significant problems may arise, while the higher indicated naplification

will tend to produce conservative results.

A second concern with swept sine testing is the influence of table /

test -ites interaction. With the table tied down at the corners the

indicated natural frequency and amplification are increased. In this

condition one obtains a better indication of the valve resonance while

j the table centered results should be used in attempts to analytically I

match biaxial test results. The influence of the valve mounting

L configuration is shown in Figure 4.1-2. The first natural frequency has .
..

25
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TABLE 4-1
SUMMARY OF TESTS ON LINE MOUNTED YALVE

I. Structural Identification

A. Rigid and Flexible Mounting of Valve

.1. Table Fixed at Corners
a. Sine Sweep (0.1, 0.2 and 0.4 g peak,1-60 Hz)
b. Randon Excitation (0.05, 0.2, 0.4, 0.5 g ras, 3 5 minutes)
c. Impact Hammer (3 lb hammer with three samples)

2. Table Free
a. Sine Sweep (0.05, 0.1, 0.2, 0.4 g peak, 1-60 Hz)
b. Random Excitation (0.2, 0.4, 0.8 g ras, 3 5 minutes)
c. Impact Hammer (3 lb hammer with three samples)

II. Multifrequency Excitation

A. Rigid Mounting of Valve

1. R.G. 1.60 (1 g ZPA)
2. Broadband Random (1-50 Hz, flat at 2.5 g)
3 Sine Beats (pauses cf 1.0 x beat period 2, 5, 10, 2'0, 31.5 Hz)
4. Swept Narrowband Random (5 to 50 Hz, 2 Hz bandwidth)

B. Flexible Mounting of Valve

1. R.G. 1.60 (1 g ZPA)
2. Broadband Random (1-50 Hz, flat at 2.5 g)

Valve Closed and Pressurized to 1000 psig for Most Testing.

4

?
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- - ca lower frequency and higher amplification for the flexible mount when

compared ' to - the rigid . mount. . These resulta demonstrate how a typical ,

~

; . valve' will couple with the -supporting piping system.

- Broadband randon (1.to 40 Hz) excitation was also used to determine7

-transfer functions using a . ZONIC modal anaiysis system. -In most
3.

instances .the random and swept sine . testing resulta are similar. The-' ~

~ ' effects. of valve mounting, ' table position, and input levels were .again
,

:noted. Figure 4.1-3 shows a sample of the . cross coupling between Y, ,

horizontal, and Z, vertical, response.at the actuator motor.+

The ZONIC . system was also used to develop 1 mode shapes using an
;

impact hammer and measuring the response at twenty-one locations on the
valve and table. Excitation .was . at the actuator motor, and triaxial

response was measured at specified locations. There are noticeable

differences . between natural frequencies obtained for the impact hammer.,

tests and the swept sine and random tests. The primary source of these .

'
1
'

discrepancies seems to be the level of excitation associated with the

; hammer testing. It is felt that there was insufficient energy co excite
4
"

all the modes. In additica there is some influence due to the

difference between base excication for sine and randon testing, and'

j elevated excitation for hammer testing.- Figure 4.1-4 is a sample of the
i.

j' mode shape results obtained using the impact hammer.

I Table 4-2 summarizes some of the data for the structural

j identification testing. The results presented are for swept sine test
t .

| at 0.2 g's input, broadband random input at 0.2 g ras input, and the
'

three pound impact hammer. Results are for both rigid and flexible
p

{ valve supports and with the vertical table fixed and free. The

! following observations can be made:

; 1) Fixed table natural frequencies are higher than the free table

f results. There is some test item / table-interaction.
; 2) Impact testing results are not affected significantly by the

$ table configuration. Some form of nonlinearity influences the

response, and the excitation ' level is probably not sufficient **

,

to produce any interaction.
e
; 3) Sine and randon testing show similar natural frequencies.

.

.
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" TABLE 4-2
SUMMARY 0F STRUCTURAL IDENTIFICATION TESTING

. .

.

Mounting _ Valve Support Table Excitation Excitation. Response

Aris' Configuration Configun ation Direction Tyne Direction Ramonanne Freauar nian

'35.5 .----
-I-Z Rigid Fixed I Sine I -----

Y Impact 'All 13 4 35.0 45.9
29.7.Free I Sine 'I ---------

44.1 jI Impact All ---- --- ;

Y Impact ~ All' 13.4 23.8 46.5- :

44.0/ l
Z Sine Z ---- ----

48.2' l

47 9y ---- ----

-

Flexible Fixed I Impact All 11.2. 24 7. 47 8
47.8' 3 88Free I Impact All 11.2' ----

37 0
Rj Y-Z -Rigid Fixed Y Sine Y --------

Y RanJon All 31 3 37 8 ----

Y Impact All 26.5 44.7 ----

I. Impact All 26.9 40.9 47 5
Free Y Sine I 12.8 42.5 ' ----

Y 29.0 ~ 45.5 53 3
42.5 54.2Z ----

51.5'Z Sine Z ---- .----

52.8Y ---- ----

24.2 34.2 55 7
Flexible Fixed Y Sine .Y ----

26 32.0 56 .5Z ----

53.4Y Randon All 12.2 23 7 ----

32.5 34*Y Impact All 12.5 ----

59 323 5Free Y Sine Y ----, ----

Z- 12.5 17 0 23.0 -53 5
Y Random All 11.1 15.6 .22.3 37 9

30 3 3.4*Impact All 12.8 ----

- Yhese are side-to-side response characteristics of the seismic table.#

.
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4) Tha first bending mode of the valve assembly is lower for the
f

flexible supports compared to the rigid support, as would be
expected.

4.2 Muttifrennantv Rwaitatiert -

The valve assembly was also subjected to a number - of different

multif requency excitations which can be be used for seismic

qualification. One was a R.G. 1.60 earthquake with a ZPA of 1.0 g, and
two percent damping (i. e. , ' Figure - 4.2-1 ) . A close enveloping of the

Test Response Spectrum (TRS) with the Required Response S.wotrum (RRS)

was obtained, except at higher frequencies. A number of tests were run
with this - input including valve closed, valve open, valve cycled,

horizontal input only, vertioni input only, and combined horizontal and

vertical input. The valve functioned properly under all conditions and

there was no significant difference in the input response . spectra. At
the elevated locations the combined loading produced more response than
the uniaxial loading due to the cross-coupling of horizontal and

vertical recponses. This would indicate that biaxial random testing may
have advantages over uniaxial testing for coupled structures.

f A similar series of tests were performed for a flat random signal,
as shown in Figure 4.2-2. The level was adjusted until the ZPA levels

compared to the R.G. 1.60 results. The flat input type tests are

similar to those reported by Kennedy [11] ror fragility testing.

Results were similar to those obtained from the R.G.1.60 testing and no
additional conclusions were drawn.

Sine beat tests were performed with 10 cycles / beat and a pause time
equal to the excitation time. This resulted in a complete decay of the

'

valve response prior to beginning the next excitation beat. Tests were
run at both resonance and non-resonance frequencies. For the non-

resonance frequencies, response . followed the input almost directly, as
shown in Figure 4.2-3 (Note that the data in these two plots is not
time correlated.) A skewed response with acceleration higher in one
direction than the other was noted for most test runs. To limit

potential damage to the test ites, the response at the actuator motor

was limited to approximately 2 g's. This was done by adjusting the

input levels until this response was obtained. As a result only minor

33
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dDoay - times were noted at resonance frequencies due to the low level of
input. At the test level the induced damping due to test item / table ;

interaction tended to dominate the response. At a higher input level,

typical of most qualification testing, this would not be the case.

The final set of multifrequency testa consisted of swept narrowband
random excitation. A random noise generator signal was fed through a

tracking filter whose center frequency was swept from 5 to 50 Hz at one

octave per minute. The bandwidth of the filter was set at 2 Hz. Both

peak and ras levels of input acceleration were used to control the input
level. Due to problems associated with the feedback loop of an

autcaatic control system, manual control was maintained on peak

accelerations. The time history was observed on a scope and the input

level adjusted such that the peaks were kept constant. For RMS control
the instantaneous RMS acceleration was determined using a FFT analyzer,
and the input level adjusted to maintain a constant RMS. A time history

of a portion of such a test is shown in Figure 4.2-4. The response was

found to follow the input almost directly. (Note again that the data in

these two plots is not time correlated.)
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5.0 DISCUSSION AND CONCLUSIONS
_

5.1 Structural Identification Proceduras -

=

In this prog ma three different types of structural identification
,

tests were performed, swept sine, broadband random, and inpact hammer.

Historically swept sinusoidal te.sts have been the predominate method, .

,

used for structural identification. Tests are normally run at a low

excitation level that is significantly below the full scale seismic

event. From tests performed herein (Figure 4.1-1), it can be seen that

the level of excitation has an influence on both the measured nntural
frequency, and damping of the structure. As the level increases, the

natural frequency decreases and the damping increases. The change in

damping will tend to produce conservative results if subsenuent analysis
is performed at the full level excitation. Results of the shif t in

frequency are dependent on the nature of the full level response

spectrum. If the shape is broadband ground level input, the resulta q

will not be influenced sif,nificantly. On the other hand, if a floor

level frequency dependent response spectrum is used, the results may be
questionable. The peak response may be shif ted into or out of the peaks
of the required response spectrum.

Similar results are noted for broadband random input testing.

Several additional considerations need to be made for random testing
in conjunction with the analysis of the data. The test time should be

sufficiently long so that enough samples, 50 for this series of tests,
..

are analyzed. This will provide some degree of statistical confidence
'

which can be associated with the results. In addition the bandwidth of

anlaysis mst be sufficiently small so that the peaks can be resolved.

The required bandwidth is dependent on both the measured natural

frequency and the damping of the test item. The lower the frequency and ..

damping the smaller the bandwidth must be. There should be a minimum of
three data points between the half power points of the system. Note

that this was not the case for the oscillator PSD data shcwn in Figures ..

2.1-3 and 2.1-5, and therefore full amplification of the PSD was not
..

achieved at resonance.
.

From the authors' experience the uses of impact hammer testing to
determine the mode shapes, natural frequencies and damping requires

39
_.

..

_ .

._ .

.- - -
-



, .= . - , -

5

careful' attention to detail. As with the valve random tests, the number

I' of samples (three . for this case) and the analysis bandwidth (0 31 Hz)
must be sufficient to ' accurately : resolve the data. This procedure

provides the best method- of developing mode shape data. On the other

hand, - determination of the natural frequency and damping is not very
straightforward. The first pro'olen is associated with the level of

-input. Compared to the full scale seismic event, impact hammer testing
excitation levels are. normally extremely small. This has a tendency to

affect both the natural frequency and . damping. During the tests

reported herein, three sizes of instrumented hammers were used to excite
the test item. Transfer functions for each are given in Figure 5.1-1,'

and as can be seen are drastically different. The smallest hammer was

too small to input sufficient energy into the test item to excite the

bending modes.- Conversely the largest hammer was so large that it was

i difficult to strike the item in a manner which did not influence the
response. That is, the duration of the impact was too long. It was

,

felt that the three pound hammer, Figure 5.1-1(c) was the correct size

for this test item. It was sufficiently large to excite the item, but -

small enough to allw for a quick rebound. Of the three dynamic
,

' characteristics of the valve determined, damping was the most difficult
' to obtain using the impact hammer.

I When performing impact tests, it is also important to look at the

coherence and real and imaginary parts of the transfer function, as'

shwn in Figure 5.1-2. They provide - additional information on the

validity of the transfer function. Frca the coherence function the
,

- . frequency range where the data is useful can be oetermined (i.e. , where
~ the value is near 1.0). For this example only the results between 10

.

and 60 Hz are useful. The real and imaginary parts of the transfer

function provide _an indication of hw well the resonances are resolved.
The imaginary part should have a maximum or minimum at a resonance.

Similarly, the real part should demonstrate a sharp transition from

maximum -to minimum or vice versa at a resonance. The results shwn are

not ideal. Similar results can be obtained for the phase portion of the

transfer function, as shw n in Figure 5.1-1(c). Rapid oscillation shws

a region of questionable data. A transition through 900 or 2700

i should accompany the peaks of the amplification ratio.

t
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Another consideration in the performance of structural

identification testing is the influance of test item / table interaction.

The first question to be answered is if the tests are designed to

determine the characteristics of the as-tested, or the as-installed

device. In the ' as tested case (Figure 5.1-3) , the tests should be

performed with the vertical axes free and centered. This most closely

approximates the seismic test condition for the biaxial simulator.

Conversely, to limit the influence of the interaction, the vertical

table may be restrained against motion (Figure 5.1-4). This more

closely represents in-service conditions. The two test conditions

result in different natural frequencies and indicated damping. Also

shown are the coherence which indicates that the response is in fact a

result of the input up to approximately 50 Hz.

A recent publication [12] reaches some of the same conclusiona that
have been drawn from this study. This document also goes into details

on the various procedures for parar.eter estimation. However, it deals

primarily with the analytical aspacts of the problem, while we have

dwelled on experimental problems herein.

52 Mounti na contiauration
Two different mounting configurations, " rigid" and flexible", were

used to attach the valve assembly to the bookends for tests. As noted

earlier, the rigid condition was designed to simulate typical test

conditions of a bolted flange mounted on steel bookends. The flexible

support was an attempt to simulate a valve mounted in a pipe line.

The influence of valve support on the response at the actuator

level has already been shown in Figure 4.1-2. Typically the resonance

search data showed that the rigid mount has a higher natural frequency

and greater damping than the flexible condition. To verify that similar

behavior occurs for earthquake excitation, the strong motion portion of

the R.G. 1.60 earthquake run was analyzed. The acceleration time

history,- Figure 5.2-1; PSD, Figure 5.2-2; and transfer function and

coherence, Figures 5.2-3 and 5.2-4, were used. (Note that all analysis

was perfomed on 12 data samples with an analysis bandwidth of

| 0 94 Hz.)
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From the time histories it can be seen that the response at the

actuator follows the input very closely for the rigid support. For the er
11 -

flexible support, condition a higher frequency oscillation is b
superimpost4 on the earthquake motion, i.e., some filtering is taking

place. 'f:ts can also be seen from the PSD's in Figure 5.2-2, where the
'

__

flexible wpport condition results show a definite peak at approximately
:

30 Hz coa |>ared to the rigid support PSD. The transfer function [ Figures *
=-

5.2-3(a) and 5.2-4(a)], compare very favorably with the swept sine y
[results, Figure 4.1-2. The frequencies for the R.G. 1.60 excitation

-test results are slightly lower as a result of the increased excitation

level. However, the transfer function amplitudes are somewhat higher 7
x
''"which is the opposite of what is expected. It appears that some
+-

differences of table interaction may influence the results. The yant

coherence functions show that the results are in fact a result of the _it--
%

input motion. .

In general a rigid support will produce responses that closely N
m

follow the input. This is good if the base motion is accurately defined q
with respect to the amplitude and frequency content. A typical line

mounted piece of equipnent will be subjected to a filtered signal as F
__

demonstrated by the flexible support testing. On the other hand, this [
__

motion is usually accounted for in present specifications for rigid :-

mounts by increasing the input signal to match that at the specimen

location in the pipe system. %
$
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"W8Another problem encountered in qualification testing is the _

influence of cross-axis coupling of modes of the test item. A typical

earthquake consists of three statistical independent displacements at a ?
given location of the foundation of the plant. The resulting motion of

d-a device mounted at an elevated location within the plant can be six

degrees of motion. This is a result of multisupport spatial and time

differences of motion at the various support locations. In the seismic

qualification process an approximation must be made of this motion. The

earliest testing consisted of uniaxial or correlated biaxial testing. 1
Subsequent to this time both independent biaxial and triaxial test g

k
--

T
r=
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machines have been developed and used. The necessity of requiring

multiaxial independent testing is still being discussed [1,7].
Due to the physical nature of the particular valve tested (i.e.,

stem at 450 and off center actuator motor), there was significant

cross-axis coupling of the test item. Figure 5 3-1 shows the time

history of a R.G. 1.60 vertical axis only run. All the accelerations
are shown at the same amplitude scale for easy comparison. The response

is measured at the actuator motor in both horizontal directions. There

is significant X-axis (perpendicular to the axis of the pipe) and minor
Y-axis (along the axis of the pipe) response. Each of the responses are

typical of narrowband random signals, which can also be seen from the
corresponding response PSD's, Figure 5 3-2.

From similar runs it was determined that the primary interaction
was between ho.'izontal and vertical responses and excitation. There was

little cross-axis coupling between the two horizontal directions.

Consequently, for this test item the use of a biaxial, horizontal and
vertical axes, simulator was adequate. For other test items it is more
applicable that biaxial testing in two horizontal axes is appropriate.

5.4 Ona11fication Procedures
Qualification testing of nuclear plant line-mounted equipment has

typically been parformed using narrowband excitation. Test waveforms

have included sine dwells, swept sine, and sine beats with from five to
ten cycles per beat. Due to the filtering characteristics of the piping

structures they have provided a reasonable, although sometimes overly
conservative, approximation of the actual motion the item might see when
subject to earthquake excitation. Bhargara [10] has recently

recommended a single axis sine test sequence for testing of a valve for
L

boiling water reactors. The test procedure includes swept sinusoidal
excitation to account for normal plant vibrations and small magnitude
loading. In addition, sine beat tests are to be performed at a level so
that the maximum calculated acceleration at the actuator, c.g., is

obtained at frequencies no more than o ne- th f.rd octave apart.
Justification of the proposed test method is included [10].

Some qualifications have been performed with broadband random
input. The required response spectra are of ten times strongly frequency

.

'
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dependent to Lecount for the piping characteristics. Multiaxial

excitation is most easily done using random excitation although

correlated biaxial sine tests have been specified.

The results herein indicate that narrowband random testing be
considered as an alternative test procedure for both swept and dwell
testing where applicable. From both the analog circuit and valve

testing it has been demonstrated that the responee of a pipe mounted
item will be dominated by narrowband response. Therefore it seems

reasonable that for rigidly mounted valves a narrowband random input is
applicable. If narrowband random dwell testing is used, it is important
that the center frequencies be spaced closely enough to account for

forcing function frequencies and test item reconances, the same as sine
beat and sine dwell testing. One positive aspect of the swept testing

is that no holes are lef t in the frequency of excitation as with dwell

testing. The bandwidth of the narrowband random testing can be adjusted
to overlap if required.

The relative severity of the sine and narrowband random testing is
dependent on the most probable failure mode. If the failure <1s

primarily RMS amplitude dependent, the sine testing would appear to be
more severe, see Section 2.2. On the other hand the narrowband random
test would appear to be more severe for a failure governed by peak
amplitude. Therefore the functional characteristics and failure mode
should be considered when comparing test methods.

A requirement of the qualification procedure is that the valve be

shown to function properly during the excitation. For dwell testing,

both sine and random, it is possible to operate the test item during
each frequency test. For the swept testing it becomes necessary to

judge the frequency range where failure is most probable and operate the
valve in that region. In practice this means that any narrowband random
excitation would need to be prerecorded, so that conservative portions
could be predetermined.
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