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ABSTRACH

This study reviews experimental techniques, instrumentation require-
ments, safety considerations, and benefits of performing vibration tests
on puclear power plant containments and interna] components. The emphasis
is or tusting to improve seismic structurul models. Techniques for identi-
ficarion of resonant frequencies, damping, and mode shapes, arc discussed.
The benefits of testing with regard to increased damping and more accurate
computer models arc outlined. A test ptan, schedule and budget are pre-

sented for a typical PHR nuclear power plant.
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EXECUTIVE SUMMARY

The goal of this study is to describe the technical and cost factors
relevant to a decision on whether or not to use testing to verify and
improve on the dyvnamic analysis and theoretical models of nuclear power
plant containment buildings and internal equipment. Vibration tests at
nuclear power plants have been conducted at over 30 sites und have provided
vazluable information on design adequacy, have demonstrated higher damping
than allowed by regulatory stundards, and have usually demonstrated in-
creased seismic capacity of the tested facility. The techniques and justi-

fications for such testing have been fully developed over the last ten years.

Vibration tests at the San Onofrc Nuclear Generating Station (SONGS)
were first conducted in 1969, following preliminary tests on several proto-
type and research reactor facilities. Thesc tests concentrated on the
containment structure and the primary coolant loop. The importance of soil-
siru-ture interaction was demonstrated as well as the presence of high damping
(vi8 percent) in the lower modes of vibration even at low (107° g) accel-
cration response. The studies on the coolant loops led to improved mathe-
mitical models and structural modifications to achieve greater seismic
capacity. Vibration tests were more recently (1978) carried out on the
Diablo Canyon Nuclear Power Plant in order to demonstrate greater damping
and seismic capacity of cquipment and piping systems. These data were help-
ful in establishing the adequacy of the plant in view of increased seismic
design requirements (0.4 g to 0.75 g). Carlier vibration tests on other
containments (such as SCNGS) and the demonstrated high values of damping
were used to justify higher values of damping (7 percent) av Diable Canvon.
An extended rescarch program sponsored by the Federal Republic of Germany
at the IIDR nuclear plant near Frankfurt is providing information on the
moderate-to-high level responsc of containment structures (107% 10 107! 2)
and piping systems (107! to 10? g). Damping of 5 percent was found at
moderate levels of containment response. High level tests are scheduled for

October 1979, Tests on one-twelfth scale containment models, sponsored by

-3
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EPRI, have been conducted to scu]edlaccclcrations of 0.3 g using buried
explosives and cccentric mass shakers. The results indicate very high values
of damping (10 to 20 percent) and the importance of monlinear soil-structure

interaction. Other tcst programs support these observations and are dis-

cusset in the report.

A variety of testing methods ate available for cxeiting containment
structures to any reasdnably desirca levels of response (107 to 10° g).
The most promising and field proven ate cccen'ric mass sinusoidal vibrators
{with forces up to 10° b)Y ans the use of buried expiosives (using up ro
several tons of explosives). Lincar hydraulic actuators, impulsive shear
rams, and rockets are also potentially uscful, but have not beern as fully
proven out., Equipment can be tested by the above methods and also with
snapback techniques, clectromechanical vibrators, and the base motion caused
by exciting the containment itself. If only cquipment is to be tested,
direct excitation of the equipment is prefersble to containment excitation.
instrumentation for such testing is readily available. Data gathering,
accuracy, and presentaticn arc preatly cnhanced by recent developments in
computerized vibration analysis systems and nortable real-time spectrum
analvzers. The exact choice of ~esting methed depends on the <pecific plant
tested, soil conditions, surrounding buildings, poals of the project and

other factors.

A more scvere restriction than atvainable levels of response in testing
is the allowabie level of response. Test programs on operational facilities
must avoid amplitudes which could preduce adverse regulatory cffects {or
other measure of "damage"). In conflict with this requirement is the desire
to test to the highest response levels acceptable to demonstrate the maximum®
damping possible and to investigate other nonlinear trends, ANCO test pro-
grams have, for cxample, lcad to reductions in predicted seismic response by
factors of 1.2 to greater than 2 (15 percent te 50 percent less responsc),

depending upon system design, materials, erection, and boundary conditions.

*Energy dissipation is typically amplitude dependent and has been observed
to almost always increase significantly with test responsc level.

Sk




' i i M ’ e
i " N _ ,g
0 > bl .
I T ! |
‘ ; W
i
These reductions have heen the product of nonlincarities as well as conserva- 3
tive desipn criteria applied to even low level responsc. b

. . ! » 3 . .
Herein it is atgued that concerr for cquipment is a more restrictive

Ay test resporse requirement than concern for containment structures., 1In b
‘ plants designed for low secismic arcag, the authors feel that containment

! responses on the order of 30 to 100 jlercent of that to be generated by the
[ ' predic. xd Operating Busis Earthqunkoi(OBE) motion® zre acceptable during L

testing, Plants designed for higher weismic inputs may be more strictly

limited to a smaller fraction of their OBL due to concern for scismic Class 111

w

cquipment.  In any case the allowable levels of resonnse appear to he greater
than those reguired to demomstrate the validity of models and provide iiigher

| dampiny estimates.

' A rest program will typically involve measurement of damping vaiues,
! resomant frequencies, and mode shapes. The variations in these properties
‘ with level of response is useful to the understanding of nonlincar properties.
| ’ Parameter identification techninques c@n te used in the ficld or after the

test to estimate these dynamic propcﬁtios from response data. Other tech-

! niques, such as Bayesian identification, are uscful to mod:fy models or
i

parameters of models (such as soil properties) in order to morc closely K
’ ) match the identified system dynamic p}oportics. Thes~ techniques have been
i l fully demonstrated on a variety of structures including those from +he aero-

spage industry as well as nuclear power plant structures and cavipment.
\

‘ Testing costs will vary considcrhb]y depending on the scope and goals

of the test. Simple tests to estimate a fox resonant frequencies and damp-

ings on an uncomplicated piece of equipment can be carried out for less than

five thousand dollars. [Ixtensive research efforts involving both theoretical

and experimental investigation on a containment and its internal equipment @
can cost well over a million dollars. CGenerally, the test program can be
scoped such that the cconomic benefit of reduced down-time is several times
the cost of testing. A procedure for test planning, budgeting, and scheduling

and an example test are presented later in this study,

S

FOBE free-field maximam accelerations are typically 0.1 ¢ - 0.2 g at most
U.5. sites.
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3.0 REVIER OF TESTING EXPLRTEMCE

3.1 Introduction
Vibration tests have been conductdd at nuclear reactor facilities in
the United States and overseas since 1965, These tests have been hased op
measuring either (1) the response to anmhient vibrations, or (2) the TCSPORSC
te forced vibrations caused either by mcchanical vibrators, buried explosi.c
charges, initial displacements ("snapback tests™ or, in a limited number

of cases, actual carthquakes.

The principal objective of these tests has been to verify seismic
design calculations. Motivations for‘ﬁcstjng are:
(1) to pain insight into the dymamic responsc of systems
which are difficult to analyze;
{2) to study nonlincar vibrations;
() to conduct “proof-tests" of certain components or
structures; |

(4} to measurc specific dynamic parameters, c.g., eigen-
frequencics, mode shapes and idamping raties:

{(5) to improvc computer models and modeling assumptions;
and, _— ;

(6) to demonstrate seismic safety margins greater than
indicated by theoretical analysis alone.

In the following subsections, seismic tests that have been performed
by ANCO Engineers, Inc. and other organﬁzations are reviewed, test results
summarized and recommendations for fut@rc work made. The review is intended
to be a sampling of typical projects rather than an exhaustive survey of the
literature. The experience of and qualﬁfications of ANCO to do seismic test-
ing of nuclear powcr plants is prcscntcﬂ. References and a bibliography of

relevant literature is included at the end of this section.

.-
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3.2 Previous Scismic Tests of Nuclear Power Plants

3.2.1 Soil-Structure Interaction
and Cquipment Testing

An important aspect of seismic design is o determine the effect of
foundations and the effect of soil-foundation interaction on structural
resnonsc.  The importance of this cffect for massive structures such as
nuelear power plants has been known for some time. However, it can also
be an importunt factor in determining the response of heavy equipment
installed on foundations. This was demorstrated during the explosive proof
testing of a circuit dreaker which weighed on the order of 15 metric tons.
[24]* The cireuit breaker was installed on a concrete pad having gross

-

Jimensions of approximately 10 meters long by 3 meters w do by ) meter
thick. The response of the circuit breaker, its foundat.on slab, and the
free-ficle soil was measured during a series of tests where explosives
buried in the ground were uscd to create high intemsity ground motion.
These tests indicated that the free-field response was greater than the

response measured on the circuit breaker foundarion slab.

Altthough the data arc limited, some exverimentitl tests related to soil-
structurc interaction have been donc using hoth models and reduced scale
structures. Typical of thesc is the work reported by Richart [25] where
foundations of various sizes and geometries werc subjected to forced vibra-

tion tests.

The physical significance of soil-structure interaction hus been
observed in both experimental tests and in actual recorded carthquakes.
buke and o*hers [27] have reviewed seismograph records obtained during
actual carthquakes and inferred the extent and significance of the soil-

structure interaction. Such interaction effects have hcen observed in tests

*Numbers denote refcrences at the ond of this scction,

T 111 T ZETOn ST N
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on full-scale nuclear power plants. In addition, strong interactions have
ieen wbserved on heavy equipment and their foundations when subjected to

strong pround motions produced by boried explosives.

Soil wompliance effects on the carthquiake response of muclear power
containment structures and internal cauipment are a significant aspect of
nuclear facility design.  An analytical and experimental rescarch program
|26] to investigate noulinear soil-structure interaction cffects on nuclear
power plants has been initiated by the Electric Powéw Rescarch Institute

(LR,
The primary notivations for this EPRI research program are:

(1) Current methods for incorporating sojl-structure inter-
action in scismic design appear to he conservative.
Preliminary studies indicate that the realistic incor-
poration of soil nonlincar characteristics can reduce
in-structure response spectra by factors of two or more
below conventional lincar predictions.[28]

(2} Realistic nonlinear methods for treating the nonlinear
Jharacteristics of soils may permit the derivation of
more realistic site response spectra than those result-
ing from current regulatory procedures. Tt is antiei-
pated that lower design spectra will result for a specific
site input,

{3) Studies of wave propagation and scattering in an clastic
media indicate that thesc phenomena can reduce in-
structure responsc spectra for such large structures as
nuclear containment buildings. An experimentally vali-
dated numerical procedure for incorporating nonlinear
properties in wave propagation in soil may lead to
further reductions in equipment dynamic loads, The
objectives include:

-9




{u)

{h)

to demonstrate, by experiment and nanaiysis,

the significance of nonfincar soff-<tructure
interaction offects on the seismic response

of nuclear power systems;

Lo obtain high soil strain dynamic soil-
structure interaction data for structures and
cmbedments typical of nuclear containment
structures,

to develop fundamentally correct soil consti-
tutive formulations for incorporating soil
nonlinear effects in predictive techniquers
to demonstrate the capability of predicting
the sa)ient features of high strain soil-
structure interaction;

to cvaluate existing methods for determining
the high strain propertics of soils fe-afiy;
and,

to develop an cxperimentally validated proce-
dure for incorporating nonlincar soil-structure
intcraction in the scismic design of nuclear
power facilities.

The realistic treatment of nonlincar soil chavacteristics may suppress

in-structure response spectra by lactors of two or more, depending upon soil

and structure characteristics. Reductions in cquipment loading are of wigni-

ficance not only to future facilities but also (and perhaps of cven greater

importance) for cxisting nuclear power plants subject to new scismic design

criteria.  An cxperimentally validated method for demonst.uting the scizmic

desipgn margins existing for any given installation farising from nonlincar

interaction effects) could be decisive in the minimizing downtime losses and

construction costs involved in a retrofit to incrcused seismic criteria,

Tests have been conducted with reinforced conercte models us large as

onc-tenth the size of a full-scale nuelear power plunt containment building.

f26] The models were subjected to a simulated carthyuake produced by detomat-

ing up to 70,000 kg of buricd explosives. 'The results indicate that nonlincar

soil response is very important at higher levels of response {>0.1 g).

~10-
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Soil-structure interaction has also been recognized as an important
issuc in overseas work. In Japan two experimental investigaticns were car-
ried out in onc project.[11] One was a full-scale test using the JFDR Plant
and the other was model tests, Forced vibration tests using horizontal
excitation for cach model were carried out by means of an ex iter installed
on the rool stab (before and after hack{ill) to study the cffect due to
the hackfill taking place around the medel structurc, The cxciter was an
ceeentric mass shaker of the variable rotution speed type.

three different soil conditions were selected. 1t was expected that
different frequency vibrations for the three cases might happen as a result
of the forced vibration test. llowever, no essential difference in frequency

was cvident.

purthermore, the nuclear rcactor cnclosure of the JPDR has been instru-
mented with seismometers to measure vibrations of the structure and the
ground during natural earthquakes. Results of measurements and calculations
indicuted _aat the response of the structure was considerably influenced
by the ecarthquake responsc of the surface layer. The dominant frequency

of the soil-structure system was observed to be 1.5 Iz,

The importance of understanding and corrvectly modeling soil-structure
interaction phenomena is underscored by the critical naturce of cquipment
safety,  The reactor containment building filters and amplifies the ground
motion caused by carthquakes. Tt is this motion which is the exeiting force
for equipment installed within the containment bujlding. Tt is extremely
important in equipment tests that the support and connections to the contain-
ment huilding and to other cquipment be adequately modeled. During a test-
ing program to determine the seismic response of electrical distribution
cquipment, forced vibration tests were performed on a large cepacitor rack.
Further tests were performed to determine the sensitivity of the measurements

to minor changes in supports and ficll installation methods. The mounting

-11-




bolts on the capacitor rack were loosened slightly--approximately one-jquarter
turn,  This slight perturbation to the supports of the capacitor rach drama-
tically shifted the cigenfrequencies und modified the damping values and

relative amplitudes of the modes. [24)

The difficulty in anticipating the cffect of such changes, as well as
more subtle changes such as aging, corrosion, modifications by field or
maintenance personnel, makes it obvious that prediction of scismic responsc

by purely anilytical means can be subject to large errors.

When massive equipment s installed in a heavy strocture, the poxei-
hitity of interactions between equipment and the structure exist. Forced
vibhration of a containment ouilding and of two steam penerators indicated
that the excitation of one steam o:mevator caused a coupled response to
occur in the second steam generator, lthough they were physically separated
by o distance vxceeding 100 t.[3,7,24] The only coupling was through the
huiltding and through the interzomnecting piping of the primary coolant loop.
When the building was cxcited, cach steam generator respended and energy
was transferred back and forth between the two large (W80 metric tons) steun

geneTators.

Vibration tests have been conducted hoth on individual components and
on full-seale reactor structures. Lxperience with actual carthquakes has
been Pimited. To date, no commercial nuclear power plant has experienced

the forces cansed by a nearby major carthquake, cxcept for the liumboldt Bav

Plunt which experionced a short duration 0.25 g carthquake without damage. |29}

A limited comparison of both test results and theory with data obtained
during actual earthquakes has been made. The number of instances where this
has been done are so fow that no significant conclusions can be drawn. An
example taken from onc power plant will serve to illustrate the point.{ld]
The measured usccelerations on a steam generator were found to be much higher
thun vere predicted by an analysis using a dvnamic medel which had been con-

structed from experimental data. Upon review, it was found that both the

e el



mode] (which was based on linear theory) and the testing (which had heen

done at low levels) failed to take into account the effect of “scismic stops"
which caused impacts when the steam pencrator movement exceeded the gap
clearance. These impacts resulted in high acceleration icvels in the steam

penerator vessel which were recorded by the seismic instrumentation,

5.2.2 ANCO Casc Studies

Some examples of specific tists performed by ANCO will now be given.
These cuse studics illustrate the methods, objectives, and benefits result-
ing trom various types of seismic testing of nuelear power plani containment

buildings and equipment.

Casze Studs No. 1@ Containment Building Tests at 1R, Kahl, Federal Republic
T of Germany

\ serics of ambient, forced vibration, snapback, and low-level explosive
tests were performed on the Heissdampfreaktor (HOR), a decommissioned nuclear
power plant facility located in the Federal Republic of Germany.[2,10] These
tests were used to determine the dynamic characteristics and response of the
reactor containment structure and several piping systems under simulated

eismic excitatioen. The primary concern was the identification of the criti-
cal cigenfrequencies, modal deformations, and damping values of cach struc-

tural svstem tested.

The IDR is a nuclear power plant with a containment structurc consisting
of a cvlindrical steel liner and a concrete outer shell, The structure is
only slightly embedded in the soil and the liner and outer shell arc struc-
turally scparate over much of their height., A twe-dimensional finite clement
model, a {hrce-dimcnsiunnl lumped mass model, and an axisymmetric sheil model
were prepared prior to testing. Soil-structure interaction effects were
included. A unique feature of these models was that the response of the
structure to cccentric mass shakers at various locations was predicted prior

to forced vibration tests,




Sinusaidal vibrators, snapback and buried explosive charges were used
to excite the structure and scveral internal piping systems so as to esti-
mate dynamic properties. The first mode of the containment was found at
1.3 Uz with wbout 5 percent damping at 10°% g. ‘fhe primary objectives of
the low-level blast tests (710 kg cxplosives) tests were: (1) to obtain
additional dynamic soil data at the HDR site under conditions of increased
strain; (2) to obtain basic data which could be used to predict the response
of 1IDR when subjected to higher level explosive tests; (3) to determine if
higher fevel tests are feasible and useful for dynamic analysis of the HDR
site; and (4) to obtain information which can be used to develop a plan for
higher level explosive tests that would not compromise the operational and

design safety of a nearby hoiling water yeactor power plant.

It appears, based on the low-leve] tests, that high-level tests can be
carried out safely and would yield important infermation concerning the non-
linear behavior of structures and the modeling of structures, piping, and
cquipment during strong ground motion scismic events. These additional
tests along with higher level sinusoidal tests are currently planned for

Octoeber 1979, and will be carrsed out by ANCO,

Case Study No. 2:  San Onofre Primary Coolant Svstem Studies, San Onofre,
California

Forced vibration tests|6,8,17-20] were conducted at the Sap Onofre
Muclear Generating Station (SONGS). Tests were made on the reactor building
and the primary coolant system during a refucling outage, Dymamic properties

were identified and used to modify an analytical model,

The analytical model was used to study the response of San Onofre to
carthquakes. The results indicated that additional seismic restraints en
the primary coolant Ioop werc desirable, and these were subsequently installed.
The results also clearly indicated the significance of spil-structurc inter-
action, The first mode of the containment was found at about 5.0 Hz with

15 percent damping at 1077 g.

~-14-
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These tests were pirticularly important hecause they were the first
forced vibiation tests on a large nuclear power plant and because San Onofre
was onc of the first nuclear power plunts to be constiucted in 2 high seismic

wone.

Casc Study No. 3: lquipment Tests ut Diable Canyon, San Luis Obispo,
California

Vibration tests of cquipment at the Diabio Canyon Nuclear Power Plant
near San lLais Obispo, California, were performed at the request of the
utility, Pacific Cas and Tlectric Company.[50] The objective of these tests
was to determine the dynamic ;properties of the equipment. Using thesc data
and comparing them to theorctical models allowed improvements i these models
and a more confident cvaluation of the seismic capacity of the cquipment.
Extensive on-sitc dynamic testing of piping systems and safety related
cquipment was wsed to obtalr cxperimentally validated dynamic models for
extreme loads design assessment. These tests werc part of a general review
of the plant design. The roview was occasioned by the need to re-examine
the design of the plant in light of mew scismic design criteria, fr-siiy
testing proved to be an cconomical, rapid, and valuable adjunct to engi-
neering analysis. In most cases damping at allowable test excitation levels

{<0.5 g) exceeded regulatory allowed values.

Casc Study No. 4:  In-Situ Testing of Equipment at llumboldt Bay, ltumboldt
Bav, California

The scismic design of safety related structures, systems, and com-
ponents at the Pacific Gas and Electric Company lumboldt Bay Pawer Plant
Unit 3 was re-cvaluated using present day methods of seismic analysis in
response to a Nuclear kegulatory Commission (XRC) reguest.[9] Significant
changes have ocenrred in the methods of seismic analysis of nuclear power
plants since the original design of the Humboldt Plant. Previously, static

analysis was used. llowever, dynamic analysis is now used for all safety

-15-
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related structures, systems, and components; structural nmplif]cutinn is
included in defining input motions for equipment and piping located in struc-
tures. Allowable stresscs have changed and alternative acceptance criteria
are now used in certain instances. Also, more detailed scismolegical inves-
tigations have been conducted at the plant site and a more rigorous seismic
design input has heen defined.

Lvaluation of the scismic design of the plint and design of certain
modifications was undertaken 1o provide the additional margin of safety

required by present duay methods of seismic analysis.

At the Humboldt Bay Plant the use of im-gitu testing proved to be a
rapid and cconomical mecans of obtaining a wealth of data that was useful
in giving direction to, speeding up, and giving confidence to analyses that
were required to bhe performed for the seismic evaluation, On-site dyramic
testing of over 40 structures and different pieces of equipment was done te
obtain cxperimentally validated dynamic models for assessment of seismic
design adequacy of this first generation nuclear power facility.

Testing was most useful in obtaining data to facilitate analysis of
storage tanks, pumps and motors, and electrical panel enclosures. Testing
of building structures provided more confidence in malytical models and

to identify prohlem arcas.

Casc Study No. 5: KKP Piping Tests, Federal Republic of Germany

lorced vibration testing was performed on one of the three scetions of
piping comprising a major portion of the "Lagerdruckwasscrsaugleitung” (LDS)
piping system at Kernkraftwerk Nord bei Phillippsburt (KKP), a PWR nuclear
power plunt, lederal Republic of Germany.[35] Testing was performed at
the request of Technischer Uberwachungs-Verein (TUV) Baden c.V., Mannheim,

which is the licensing authority for this nuclear plant,

The purpose of this experimental study was twofold: (1) to provide a

benchmark case for camparison with the results predicted by lincar-elastic

-16-
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finite clement techniques; and (2) to qualify, and perhaps quantify, general-

izations that may he made on the dynamic behavior of the piping systems,

A nuclear steam supply system is comprised of many piping systems which
are directly related to the safe operation of the facility and very little
experimental cvidence cxists to support their integrity under postulated
seismic activity. Therefore, conscrvative modeling and conservative assump-
tions to limit the sum of operational and postulated accident-induced stresscs

have been imposed upon designers.

The piping system at KKP was cxcited by snapback techniques to about
0.5 g and the response measured and analyzed to vield estimates of resomant
frequencics, mode shapes, and damping. The theoretically predicted first
mode resonant frequency was 25 percent less than the measured value cven
after the "as built" conditions were incorporated into the theoretical model.
The error was largely duce to the actual system being stiffer than predicted.
Namping in the lower six modes was higher than anticipated (as much as
Y percent ruther  than the assumed value of 2 percent). The damping in the
higher modes was on the order of 2 percent. The two trends observed in the
DS pipe, increased damping and increased stiffness, tend to reduce carthquake

response,

Case Study No, 6: Cooling Tower Tests at Rancho Seco, Sacramento, California

A 425 ft concrete hyperbolic cooling tower was tested by menitoring
vibration response to ambicnt excitation.[1] The objective of the testing
wits to identify resonant frequencies, damping, and mode shapes significant
to the scismic and wind cxcited response of the tower, The tower, const ucted
by Rescarch Cottrell, is the cast cooling tower for the Rancho Seco Nuclear
Power Plant.

Testing consisted of placing accelerometers at various points on the

tower and analyzing the time responses with n real time spectrum analyzer,

-17-
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Averape cpectra were taken over time periods ranging fros fons 1) Lort,
ainutes and Pl ronge frequency from 0 to 2.5 iz, Rewponses were on the
order of 107" g,

The respanse off the tower consists of ovaling and hreathing reaponne

well o hending and shearing response. Lach mode of vibration fnvolved o

combimition of these responses. The tower was found to he very etiff o
pared to an office building of the same height.  The first resonant {reguer
of the tower was 2,10 Hz compared to a typical building (125 £t high) wit
a et rosonant fregeency off 001 Heo The tower damping wis deternined ¢
he 2 opercent . This dunping s comparable of of fice building dampine v the
sae bevel of response. Data from tests on similar favge vonerete stene-

tures wageest that the damping would inerease at higher levels of reoponse

D r————r rve——

to about 5-1 percent at 1 g, This trend could be further verificd u-ang

I'orced vibration technigques but has not been done.

Sumary of Test Results
kxperience with a wide variety of vihration tests it nany nuclear jouer
plants leads to the following conclusions:

e such tests can be done conveniently and quichly;:
o they are cconcmical wnd safe;

o they provide valuable information to confirm vital
seismic design parameters; and,

¢ they give insight into parameters which cannot be
caleulated, such as damping.[4,23]

Confirming seismic tests of nuclear power plants in areas of hiuh
seismic activity would increase the reliability and accuracy of the ~true-
tural analysis methods and would, therefore, lcad to incrcased confidence
in seismic analysts and design,  The test results and the enhunced analysis
capahility would (1) help to heighten public confidence in and sceeptance
of nuclear power; (2) allow more cconomical designs; and (3} reduce the time

required during the licensing review,
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To date confirming scismic tests have been carried out on more than
twenty puctear facilities world wide. Examples of all major systems and
equipnent have heen tested without problems. The systems tested end the
tead rethods are summarized in Table 3,1, Based on the results of these
tests it can be concluded that vibration testing of power plants is useful

and feasibice,

Severad items require additional research and should receive considera-

“tion in future test programs. These research items include: (1) high

level to t:, (3} scismic instrumentation for nuclear power plants, and
{3] continvency actions to be taken following an ecarthquake.

Perhaps of gpreatest importance is the need to conduct high level tests,
The forcing levels used in testing should approach those of srrong motion
carthguakes.  Methods are currently available which allow high level tests

to he conducted in most instances.

High level tests are important because all structures and equipment
respond in a noalinear fashion to some extent. Tests to date indicate that
both stiffness and damping may be expected to change as the level of forcing
is increased.  Ikwever, tests have been performed in waich the stiffness
increased for some types of equipment and decreased for others. In virtually
all cases, damping incrcases as the level of excitation increascs.[4] These
cffects should be studied at power plant sites where high level testing is

feasible.

Seismic instrumentation in power plants requires review to determine
if current instruments arc adequate to provide data which can be compared
to the plant seismic desipn following an earthauake. In the event of 4
moderate carthquake with no visible damage to the plant, it would be desir-
able to return the plant to cperation as soon as possible. Procedures to do
this cfficiently while still proiecting public safety are required and

currently heing considered. [31,32]
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Contoiument Puildings

Steed, sphore

Steel aned concrcte, cvlinder

Corcrete, cylinder
Eledtrical ponetiaticig

Privary Coolant Lonops
Piping
Steam generator (pas)
Stcam generator (water)
Steam generator (sodium)
Pusijps
fressurizer

Rerctor Vessels

LR ALl PREVIOIT fappp i

[AL TESTS OF SECLEAR
POREY PLAT STRPUCTOPES ALt LU

Pressurized water reactor

Boiling waler reactor
C Gas-coolod reactor
© Reactor core

Reactor fucl element

Auxiliavy equipment

: Circuit breskers
Transformer
Emerpency diesels

Control pancls
Lightning arrester
Capaciter banks
Cablc trays
Cooling Towers

Fire protection cquipment

Test Method”

sy
sv,b
sy, d
st

sv,b
sv,b,sh
5V

b

sv,b

5V

5V
sv

sv

st
sv,st
sv,sh
sv,sb
s5v, st
a

*fest methods: sv = structural vibrator

st = shake table

NOTE:

b = ¢xplosive blasts
sb = "snapback" tests
a = anmbient.

References to these tests are given in references

[13], [24], and |34].
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Quidirications of ANCO Ingineers, Inc,

ACO Lngineers, Inc. (formerly Applied Nucleonics Company) has con-
siderable oxperience in vibration testing and analysis of puclear power
slants and this work comprises a large portion of the world experience. A

selection of tests performed by ANCO is given in Table 3.2, ANCO has ulso

performed state-of-the-art studies in the scismic analvsis of nuclear power
clants,[30] in the undergrounding of nuclear power plunts,[33] und in para-
peter identification methods for structures.[31] WKe are currently involved
in several major field vibration tests, including the high fevel containment
and piping system testg at the DR Reactor near frantfurt, Federal Republic
W Gernany, and the piping system at Indian Point Unit 1 near New York City.
W0 has just completed extensive de-alin seismic re-evaluation tests at

the Diablo Canyon Nuclear Power Plant,  AMNCO has also performed purcly

theoretival structural analysis on more than ten nuclear power plant struc-

tures,




PABEL 6,

SELTCTT D A0 EXPLRITNU B eneimeag,

DYANVHCS AMY LAHIDAKL ENGESE )5
MR SHELEAR FACTLITTES

Fiele/Client

Sondinear Tarthguake laduced
ol ftructuee inferaction of
aetear Power I‘].il‘l!:;/l']t‘ctr‘ic
Fower fescarch Tistitute

farthauake Safety fvaluation

and Dynamic Testing of Emergency
Coure Cooling System Piping,
Rernkraftwerk Phillippsburg/
Technischer Gibervachungs Verein-
Laden, Federal Republic of
Loy

Diahle Canvon Dynamice Testing
sitd Analysis of Fquipuent and
Pising System/Pacific Gas and
lectric Company

£ mrt 1a o e

Jeseription

Technicul managernent reopeanilility for
multi-vear analytical and coperivental
rescarch prograa to evaluate <ipnifi e
of nonlincar intersction and te develop
experimentally validated methodolopico
for incorporating nonlinear interactijon
in the seismic dewrn of nuelear power
plants. Primary Tuaction is ta mlvmce
the state-of-the-art of  ¢isiic dewipen
of mielear power plunts. Respontibil-
itics include prooam recomendations.
technieat divection, indepoadent ek
ing and monitoring, and ~clected parallel
ll]\/L‘leg.'itl(mS, entatls sanapenent of
seven contractine organi.ations,  The
experimental phase of this rewarch
involved "simlated corthgaade e ita-
tion of five buricd and «sbeddid on-
crete nuclear containment structure
models,

Prepare dvnanic sodels of containment
structure and so0it to determine $00 M
nuclear power plant seismic resiponse
incorporating soil-structure interaction;
develop piping system dynanic wodels for
safety evaluation; conducr vibration
testing on site to validate and modify
dynanic models; perform piping and
cquipment carthguake response caleula-
tions and assess safety.

Perform extensive on-site dynaic testing,

of piping systems. and ety related
cquipment to obtain experimentally vali-
dated dynamic models for extreme loads
design assessment. Responsibilitics

included determination of eipenparamcters;

nonlinear response :tudies; data anal-
ysis; and model identification.
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Title/Client

Dxpericental Tvaluation of
Cable Trays and Flectrical
Conduit/Beehtel Power Corpora-
tion

Sobatic Coalification of fquip-
ment and Structures, Thimboldt
hav wiear Generating Station/
feehtel Tewer Corporation

Farthquake Safety Fvaluation of
P'rivary and Fmergency Cooling
Piping and Fquipment, Gemein-
schafthernkraftwerk I/Technischer
Uberwachungs Verein-Stuttgart,
Feleral Republic of Germany

Seismic Assessment of Underground
and erred Nuclear Power Plants/
Acruspace Corporation

]

.2 {cont'd)

Nescription

Design and construct biaxial hydrauli-
cally driven shake table 5 meters by

2 meters in size to evaluate the dynamic
properiies and failure modes of various
system designs.  Table capacity of 5 tons
at 2 ¢ achieved for simuluting floor
response time histories in muclear power
plants. Proygram purpose was evaluation
of design puramcter influcnce on seisnic
capacity and establishment of simplilied
and coenomle desipns.

Conduct on-site dynumic testing of over
40 structures and equipment to obtain
experimentally validated dymamic models
for assessment of scismic design adequacy
of first generation nuclear power facil-
ity. Responsibilities included close
coordination with A/E responsible for
design of system madification,

Dynamic analysis of structures, equip-
ment, and primary and emergency cooling
systems for an 800 Mie PWR. Seismic
safety cvaluation included study of
buried piping and river structures.

Dynamic analysis of alternatively con-
figured nuclear power facilities;
assessment of seismic implications as a

function of site conditions and depth of
burial; evaluation of the applicability
of surface placement methodology to sub-
surface facilities; examination of topo-
logical conditions on response charac-
teristics.



TABLL 3,0 {eont'd]

Iynamic Analysis and Testing
of Nuclcar Power Plant Piping
Systems/Electric Power
Reserach Institute

seismic and Tornade Anidysis of

Standby Cooling Towers, Grand
Gul " faclear l'ower Station/
Ceramiv Cooling Tower Company

lynamic Testing and Scismic
Analysis of Containment Build-
ing, and Primary Coolant Loop
Piping and Equipment, San
Onofre Nuclear Gencrating
Station/Southern California
Fdison Company

Dyvnamic Testing of Primary
Coolant Joop Lquipment, Runcho
sceo Nuclear Generating
station/Bechtel Power Cor-
puration

State-uf-the-Art Assessment
of the Scismic lesign of
Nuclear Power Plants/
ileetric Mower Research
Institute

e

. Deseription

Iynamic analysis and testing of five piping
systems ranging in diameter from 15 om

f6 inches) te 75 cm (30 inches) and includ-
ing primary, secondary, and puxiliary sys-
tems at a nuclear power plant. Purjose: to
examine noniinear cffects at modertte re-
sponsc; to cstablish a large damping data
hase on a range of piping rizes; to develop
henchmarks for computer cade verification;
to assess the importance of nonlinear effects
in the design of piping Tor loads arising
from scismiv, waterhamner and other dyniaic
foads,

Ilwnamic analyses of structures, piping sys-
tems and mevhonical cquippent comprisin:
ultimate heat sink cooling towers for Grind
Gulf Nucleur Power Station.

Perform vibration testing on structures and
all three primary coolant loops. Iredict
response of system to Safe Shutdown Earth-
quake. Cowparc dynamic responsc to low
level seismic cxcitutjon to theoretical
predictions.

Perform ambicnt level vihiration testing of
piping and cquipment  Hdentify major source
of operating condition vihra*ory excitation
of system.

Evaluate current and near-term methods;
review available dynamic response data perti-
nent to soil-structure intcraction, contain-
ment structure dynamics and cquipment dyvna-
mics., Identify rescarch arcas with poten-
tially significant impact on nuclear power
plant seismic design,
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SEAMARY L CTESTING MPHICDS

Introduction

Many testing methods cvelved in recent years would he sufticient to
excite o noglear containment structure so that the dynamic characteristics
of the structure could be identificd.|{I5] Fach wethod relies upon monitor-
ing and analvzing the response of the test structure to a known or idealized
forcing function. These forcing functions arise from (1) natural cvents
snch as and ient vibrations due to local traffic, wind and distant seismic
cventsy ol {2) applied Teads such as impulses, sipusoidal varving loads

and ramden shivd tomds. this broad spectrum of forcing functions may

be catesorined into three groups, those which are transient in nature,
randor fuot care, and steady-state o noture.

The weasurement of resonant frequencies, mode shapes and damping ratios
is the primary goal of most testing regardless of the testing technique used,
Most tosting is carried out with some initial estimates of the structural
response il of the dvnamic characteristics. These estimates may come cither
from a sophisticated computer analysis or from experience and previous test-
ing. The anticipated response will play a role in the decision as to what

testing method will be used.

Tn the following sections the current methods of transient rro» nse
testing, blast testing, aml steady-state sinusoidal response testing will
he reviewed.  The methods will be examined in g theoretical sense and
practical sense with a discussion of both the perits and drawbacks of cach.
Amhient testing will not he further discussed as its nse is not warranted
for snil-structure interaction {cacept as it presents o lower bound to
damping ¢stimates),  Arhient methods can be uscrul, however. for eguipnent
testing and for structural modes not imvolving sorl-structure interaction

or other nonlincar phenomena.

Transient Testing
Several methods can be used to cause transient responsc of structures.
These include response to carthquakes or other ambient excitation, snap-

backs, impulsive loadings and nearby detonation of cxplosives.
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In spaphack testing, a static force is applied to the structure causing
an iattinl dispracement. ‘the force is suddenly released and the structure
underpoes free vibration with the initial displacement as the initial con-
dition. This method has been successfully used to test large exhaust stacks,

[10] heavy cquipment including steam generators,|1i] and piping systems,[12)

A method of applying the force and a method of quick release are required

for snaphack testing.  Winches, cables, cranes or hydrauwlic rams can he used
to apply the force; high speed hydravlic valves, unlatching mechanisms or
framgibie links (which fail at o known force) can be used to release the
force.

The level of response in snapback testing is dependent on the initinl
displacement.  Fov individual component testing the level of response attain-
able is limited only hy available force application. Therefore, the snap-
back method is particularly useful for component tests. However, the snap-
hack method would not be practical to use for testing of a full-scale struc-

ture such as a reactor containment vessel.

In practice, it is sometimes difficult to isolate modes of vibration of
interest because the method tends to excite more than one mode at a time.
Pre-analysis and experience as well as repeated tests with force application
at different locations may he necessary for effective isclation of individual

modes,

Impulse toadings with rubber mallets, hammers, or "manual excitation”
are often sufficient to excite the fundamental modes of vibration of mechan-
ical equipment and small buildings. A single person running with quick
starts and quick stops can, in a 20-story building, produce response preater

than the ambicnt vibration level.

Two impulsive loading methods which can generate higher responscs than
rubber mallets or manual cxcitation are mechanical pulse gencrators and
chemical rockets, Mechanical pulse gencrators produce force profiles by

drawing metal bars with variable cross sections through a cutting tool.
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The roree nrofile or wave form is depundent on cross section of the drawn
aetal har.

A sehuratic diagram ol a mechanical pulse senerator s <heen helow.
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1he foree time history is dependent on three variables:
{1} the relative velocity of the cutting tool and the
drawn bar;

12) the speeific cutting energy (which, af high speeds,
is dependent only on the type of material and the
cutting angle); and,

{3) the cross sectional profile of the bar.

Laboratory pulse generators have been used to generate force wave forms
comparable to theoretical predictions[1] and have heen used to test a
ot 1 edeetrical panel . |2} Farthguake testing of the pune bwies pot done
bt pather shock loading duc to nuclear attacks were simulated.

There is not, however, extensive cxperience with mechanical puise gen-
erators either in the laberatoery or in the field. This lach of experience
is one drawhack on the use of the methed for practical seismic testing of
full-scale structures. Other possible difficulties in using the methed
include:

{1} the large cost of generator fahrication and
placement;
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(0 the Tarpe pover requirenents; and,

(50 the large and localized reaétion loads transmit
to the structurce.

v IR

ted

Chemici]l rockets produce forces by the high velocity cjection of chenical

mitter.  fhe chenical rocket is attached to the structure and the reaction

to cjection tranapitted to the structure,

Ihe types of propellanty include hydropen and oxypen as well as varioy.

solid propeliants,  farpe thrusts of $0,000 1b and 0.5 se
able Tov single rockets. Larper durations of 200 sec are
Tower thrists of approximately 5,000 1h,  Rockets can be
Lo prodvce Jarger total thrust. Typitn] performance para

helow, |1

Maximum  Thrust to Specific

‘
S EE T ZAEmE s SEItTEEE P EETTT

¢ duration are attuin-
possible but with
attached in parallel

meters are piven

Muid

Specitic
lmpulse Temp, Weight furation  Power working
_(see) ') __Rhatio . (hp/1D)
200 to 180 4,500 to 1077 to  Seconds 0.1 to lly and 0,
7,400 106 o fou 1,000 o other fucl
hpurs and oxidisers

Chemical vockets arc inexpensive and have been used
tower tests, [3] liowever, there is a lack of reperted rec
chemical rockets for structural tcstlhg cither in the lab
field. 'This Jack of cxperience ]imit$ the practical use
Other difficulties in using the wethod include:

(11 delay in the ignition of the rotuts or lack of

tgnition in multiple installations due to burnt
wires;

(21 iwah local reaction forces transmitted to the s
ture; ‘

(3) smoke;
{(4) cxpensive preparation; and,

{5) possible explosive safety hazards.

M-

- e 1] o

in the past in
ent experience with i
oratory or in the

of the method.

truc-
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Severthele  rochets may he eaed in testing of contionment <, The iR
bt B ann Gddal vihrators, snaphack, and Wuried eapiesives will
alvo e veclet te sipulate atrerett dmpact. [12] Fisore 401 11 lostrates

the recker wnit to be weed and it Soree/time properties, Taelve suel

wit o el e wecd and Cired cinultanecas v,

Voo o Bured b losives
ne o teod whicn b roerae for b b level feste o qalt seale strue-
Cares and egnpeent s barped evpioave Charees, By procer plhicenent,
P cpaeane o tisiag o the chiy e 0t ds poeible to ovare the
Pt ol aapl atade, freciensy cantoat, and duration over ranges typical

ot o tieend e prend motions. The Circt apslication of this pethod to o

PERES TN

iant was done g [l cbe barico Ferg lower Plant,
bootid o ear!y werk four critical uue tions were addressed:
Iy b blast testing feasible from an ceonomic point of
view”
b CGea it be dene safely?
i3) Can carthquake-1ike ground motions he produced?

(1} Can it be extended to large full-scale structures?

the enrly sork indicated that the answers to all of these wuestions
wie oo, Costs were found to he comparable to or less than forced vibration
tests. And buricd explosives are capable of producing very high levels of
response,

Safety was achieved by proper spacing and burial of the charges to pre-
vent cratering and cjection of debris. by using multiple delayed charges,
it wus possible to enhance low frequency ground motion and vxtend the dura-
tion of ground motion. IDuraticns of scveral scconds, cquivalent to the high
Tevel portions of recorded carthyuakes, can be achicved. The method can be
applied 1o full-scale structures and was used at tests of a large nuclear

power plant in Oak Ridge Natiomal laboratory in 1970.{¢] During the
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FIGURE 4.1: ROCKLT I1ORCUSE TS 1R
CONTAIRMENT TESTS
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Oar Kidge tests, ap to one ton of dymamite was used at distances of 2150 to
300 £+ from the containment building,

A review of delense literature on explosive effects indicated that
aeceptable correlations with experimental data existed and could he applicd
to scismic teeting,|7,8] Test accelerations were proportional to the factor
HI/S, where Wois the charge weight. Other findings of this literature
revies were:

(1i the depth of charge burial required and crater size

required for specificd sround wotion could be pre-
dicted satisfactorily:

{2y the ground response i< strongly dependent on sai

propertics, with wet or dump soils causing greater
response;

{3) the effect of distance and denth can be nodeled by

scaling laws; and,

(i) the condition of the soil (disturbed vs. undisiurbed)

15 important.

Besides the detfense literature, two other gencral catcpgories of informa-
tion cxist, The {irst category included numerous measurcements of the effects
of quarry blasts on structures jn the vicinity, These are not generally
useful since they report peak response values hut contain no information

about frequency content, duration, or soil propertics.

The second category includes underground nuclear weapon tests. While
these tests are extensively instrumented and amalyzed, most of the data are
not useful because it is for large charges, deeply buried and located far
from the measuring cquipment. Extension of the data to conventional explo-

sives of interest to seismic simulation does not appeuar to he fruitful.

A more recent revicw of the literature has been provided by Higgins
and his associates,[Y] In addition to reviewing the older Fiterature, they
have cxamined nower work and have investigated the actus] mechanisms by

which explosive energy is coupled into and propagated throngh the soil.




Work has heen carvied out in three new promising arcas using explosives:

{1) creating specificed yround speetra for testing founda-
tions with massive cquipment items;

(2) creating specified (scaled) high level ground motions
for testing up to one-tenth scale nuclear power plant
containment buildines;P15) und,

(3} using explosives to perform hipgh level tests of a
German nuclear power plant. [)2]
Lxplosives have also heen used to test other structures, including
reactor piping system, model buildings, and veinforced carth retainin,
walls. [15]

Seismic simulation tests using buried explosive charges is o prova,
viable technique, Structures vam be excited to peak Jevels of resporse rang-
ing- from 107" ¢ to 16" ¢, depending on the ¢harge size and range.  Test vari-
ables can he controlled within certain limits and predictive methods are
available.  The main safety considerations are avolding wnderpround piping
tocations and placing charges to avoid cjection ol soil und debris, Toper-
icnce indicates it is often possible to excite one structure in the midst
of several others, but safety, insurance, and "political™ problems may arise
i other critical structurcs are within 2 few hundred yards of the testod

structure.

Important to the success of the tests is proper selcetion and placement
of instruments through knowledpe of soil condirions, proper sclection ond
handling of explosives, uand a earcfully thought-out and controlled test pro-
gram,

In concluding, it should be pointed out that, more than any other test
method, usc of buried explosive charpes resembles actual carthquakes. ‘The
encrgy is transmitted through the soil te the foundation. Seil-structure
intcraction effccts are present, All systems are cxcited (buildings and
cquipment), Nonlinear effects and damping can be studicd by gradually

increasing the charge size. At the same time, information on soils can be

ohtained.
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4.4

Sinusoidal Testing

The steady-state sinusoidal forced vibration test uses one or more
strictural vibrators placed at appropriate points on a structure. The
response of the structure is measured at points of interest with necelero-
meters vr other trapsducers, while the frequency of the vihrators is varied
in increments over the desired frequency range, At cach incremental fre-
quency the vibrators are held ot a constant frequeney long enough for afl
transivnt effects to decay so that only the steady-state response of the
stricture is recorded.

1er forced vibration tests scveral different types of vibratjon gen-
crators are availlable. For eccentric mass vibrators the force iy produced
hy rotating eccentric imisses or "haskets” shout an axis. The foree is
changed by adding weights to the baskets, or otherwise altering the eccen-
tric masz,  The force is also varied by chunging the rotation freyuency.

The force gencrated by an ccceptric mass vibrator is given by:

F{t) = srm"sin.t

where

mrois the cecentricity; and,

« Is the rotational frequency,
lor u given "mr" value, the force varies as the square of the frequency.
The maximum force from a vibrator is limited in order to prevent excessive
stress in the vibrutors or excessive power requirements, Fable 3.1 lists
the performance and specifications of several typical cceentric mass vibra-
tors. Note that vibrators can use two counter rotating arms to producc uni-
¢ircctiona] forcing or a single arm for omnidirectional [rotating vector)
forcing,  Figure 1,2 illustrates the nature of a lavue cecentric mass
vihratar,

The vibrators are dviven by motor-controller systems.  The control svs-

tem i usually o sobid-state desipn which §s temperature stabifized and

-30-
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TABLE i1

DYPICAL TUCTNTRIU MASS VIBRATORS

Max, Force Min. Preg. Upper Limit Mass ot Input
for Max. Frequency Vikbration Fower

Designation (Newtons)* Force Qizd RS AbkwWy
MK-11
ANCO 40,000 100 100 0.1 10 1.5
MK-12
ANCO 40,000 R ioe (L BIU 1.3
MK-13
ANCO 40,000 4] jady] 0.0 HRIY 1.5
MK-14
ANCO 20,000 1.5 10 7000 ol 1.5 h
MK-15
ANCO
{2 Synchronized Units) 1,000,000 2.5 30 1,000, 0 3,000 BRI
EER1-CIT
(4 Synchronized Units) ap, aoo 2.5 10 360.0 3,000 12.0
USSR W-2 S0, DO 5. 3 1,507.0 ~_ =00 0.0
USSR W-3 2,000,000 5.5 10 4,000 15,000 1000
Japan CRIEPI
{3 Synchronized Units) 4,000,001 10.0 20 1.500.00 20, 000 1o .0

*4.5 Newtons v 1,0 1bf







capable of maintaining the vibrator frequency within 0.1 percent of the
desired value, An additional capability is an automatic sweep of select
frequency ranges.

Lincar hydraulic, reciprocal hydraulic, and clectro-dynamic actuators
also cxist. Hydraulic systems arc not as portable as cccentric mass vibra-
tors but, along with clectro-dynamic units, can supply other than sinusoidal
forcing. FElectro-dynamic units are typically of much smaller capacity than
other types of vibrators, but are the most easily synchromized for multiple
shaker applications. llydraulic and elcctro-dynamic shakers operate by
pushing on a reuction mass or a "strong wall." Thesc vibrators are also
more cusily used to produce sinc beat or fast sweep forcing. Typical units
arc described in Table 4.2, Eccentric mass vihrators typically require less
input cnergy than linear hydraulic units as the "flywhcel” effect of the

former reduces the peak power required for conmtrol.

As a guide to detailed sinuseidal testing, to verify that no signifi-
cant ranpe of frequencies has been overlooked, und to establish the correct
attenuator scttings for each recording channel, the first step in a test is
to make u “sweep" of the entire frequency range attainable with a given
sctup. (uring the sweep the frequency of vibration is gradually but con-
tinuously varied and the response is continuously recorded at some slow
recording speed. The envelope of the resulting record corresponds to the
desired response curve. The subsequent detailed testing is thon concentrated

in those frequency ranges which are of most interest.

Experience indicates that, in order to define lightly damped peaks, it
is necessary to obtain at least five points within the bandwidth (2fu ) of
the peak. For 1 percent damping this requires a frequency step size of 0.4
percent, well within the capability of typical vibrators.

Sinusoidal vibrators, especially eccentric mass units, have heen used
in numerous muciear power plant containment and conventional building tests.
The techniques are well proven out and are capable of excitation levels up
to 1.0 g on containment structures. Smaller units have also been used
extensively in testing of cquipment and components.

—,
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Maxioan
Force

FIEUTRIOCN

Maximum

AN HY e e

Frean,
oy
Force

- 5 - (
Desicnation™ (Newtons) l =y
1 H
Sandia Hydraulicv 56,000 } 2
{Linear Tnertial Mass) !
|
. - t
Zonics Hydranlic ES-302-1 9,000 20
{Lincar Inertial Mass) ]
|
Zonics Hydraulic 1306 (Actuutor 90,000 Al [
apainst strong wall) ,
. i
Boeing Hydraui.c 300,000 - i
(Linear Inerti.l Mass) i
1
|
Acoustic Power Systems 133 | 0 |
Electrodynamic (Either i With strone
inertial mass or strong ' willl 1
wall, *8 cm stroke)
Prodera Elcctrodynanmic 2,000 0 i
{(Either inertial mass or With strong
strong wall, *1.5 cm stroke) wirll |
*Manufacturers listed are typical of several in the market.
**Indicates upper limit at tull force. Many vibrators can be used at

at Teduced force.

LTRE VPO

Limit
Frogqueney™ >

L) R

Uasag
Wi

5N

200
(tiseful teo
500)

10
{Ulxeful
300)

to

20
(il=eut
20Mm

to

higher freguencies,

b o e e e _
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ot

Vibrator '

thad :
LTSNS I
]
5,800 3
318
1
35
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Surmary

Methads for transient response testing and for steady-state testing
include seapbacks, mechanical pulse generation, rocket promilsicn, buricd
explonives and anusoidal vivreators. The applications of und the merity

and dravbacks of these techniquer have been discussed.

Onc or more of these methods will be used during o scismic test of
a nuclear power viant. Bhich methods will be used depends in part on the
specific voals of the test olan, anticipated structural response, cost,
safety considerations, vane o application and plant configuration and site
conditian,

A vating of cach method for 11 test parameters is provided in Table 3.3,
It has heen assumed that a containment ~trncture weighing 30 x 10% 1o with
10 pereent damping s to be tested. The ratines are a result of AMG's
considerable experience is hoth laboratory wand field testing using many of
the methods, extensive literature search and discussions with other orcaniia-
tions,

A method capable of high response levels and which i ficld proven is
needed for practical scismic testing of nuclear power plant reactor contain-
ments, 1t Qs obvious from Tuble 4.3 as well as previous discussions sum-
marizing past testing that sinusoidal testing and huricd cxplosives are the
most suitable, being both priactical and cconomical. Mechanical pulse gen-

erators and rockets show promise but, as yet, arc not proven for ficeld uvse.
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ALoRARD D LEVTLS 6f RERPONSE

Introduction

e cafer peauirenent for dvnumic testing of a noclear plant i«

stea. svioreapd; response agplitudes which micht damipe or otheredse dapair
the dreen ahidity of the »abjeet plant most be avoided. One me proceed
throuch 1 oseries of steps of increasing rizor to demonstrate the aceept -
ability 17 the phunned loading condition:, using arguments ranging from
creviosoevpersence and engineering judgment to dJetatled pre-test dynamic
galy o o I establishing Toad acceptability one might consider:
1. the pecimen condition during testing (e.g., internal
pressure of piping systems)s

o Jeads the spectmen saw in construction for reason-
ahility arguments (o.q, per-on cCadiesg on G, piping
Lines to install supports, loads sn transparting
equipment Lo o site)s

(30 #heplificed hand culeulations to show that anticipated
test response would be far Tess than that asseciated
with an Operating Busis Earthquakes (OBE);

(1) detailed dynamic evaluations using computer models
and subscyuent loads assessment according to such
stundards as the ASME Boiler and Pressore Vessel
Code: and,

{3} monitoring during tests

The completion of steps (1) through (3) arc sufficient and cost cffcc-
tive provided that low level response data arc acceptable.  Tor cases where
moderate to high level response is sought, it is nceessavy to complete
step (1) und to implement suitable monitoring methods (step 5) to check

response amplitudes during testing,

“That level of cartiiquake excitation during which the plant is expected to
heop operating; an event which might occur several times in a plant's life-
time (with typical estimates being 5 to 20 occurrences).
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pid amnlitude tost data are dedrable beenie v Charectors T
that are wnplitode sensitive are inportant in assecin. nower plapt curth-
quaie cesponst, Current analy ois procedures do ot coplioit . freat ach
inpertant nonticest behavior oo the snceeq ol dangin e 00 inntien
thitt s been obeerved ana fupetion of Incrced aeditade Brouinn
ter , sroactores, and inosoil-cirscrure ontersction [ hetend, caera
tive proceduree? are red which over-o tipate oy temhoaordc re i,

Fogh amy) itude testing oo achicable by available tet netaad ) e
diaee to the systen, both drterally and in terms of Hieenabiliv, o0

avoided. Where high Tevel tostin: of o piant i planned, 0"

hav heen to Liwit the subject cester ta feveln which wondd Tead tuocorn
Alresses bes than thase associnted witho the postulated OBEL lodin o the

eosponent i that plant,

Plapts pmler constenet o and owed o aneed s o .
pener nlant - have been toded to dates e e bt w0 '
durine the tests, A shutdown plant may be in cither o kot op "col I condy -
tion, The condition of the plant will deternine, in part, paosibiv o3
inputs, Beeause culd plants typically have fewer losding conditione shar
hot plants, 1t is anticipated that the test loudines can e laraer 10y con
plants,  An eperating plant would al=o pose a severe rudiation axd therral
environment on the test crew and equipment.  There is Titthe reason to
beliceve that the "hot' or Meold™ or operating/not operating condition would
sipgnificantly effect tests on the containment structure, Internal eouij -
nent such as piping with gaps and snubbers might be ef feeted, but with due
experimental consideration the "hot" condition can he closcly simulated

without operating the plant.

“Conscrvative procedures assume a ma-imum of 2 nereent of critical dampin,
in piping system analysi<. This comparcs to the 8 tu 10 percent eritical
damping measured in ANCO tests. Similarly, soil-structuarc interaction is
conservatively treated using lincar analysis methods.
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Fooantainpent ctructures, testoamplitedes bave typically been

ted toanplitudes uch Tess than those that wonld be associated with

Co e ket O This b nevessare to cliningte weriou concern for

) . iy . : . -1 1
Cate s T caieeerts e response Teweds vorvime froso (000 to fu7 g
Lo b s anaadat Yorcad st and Bosicd cantdesive charpes.
. oty o sdmeen b S roien oot b ount il recently,

Seep ot oo Hieatat o o ontainment re ol ooin o te.te rather than

e oern Y overdrivin, the stracture and Heoaetern. e, only when

S e dechniene orowben Phe lar et cibenters vad e

P ovoner thowrth o stpactare over-Driving necessury,
wetoome wishes tooachivve the Mighest conta ment reoponse possible

wanw tent with plant Tieensability, res eno Jhould he limited to o {raction

ol the contaiment OB resporicie, That Bs, floor response spectra asso-
cratod with o the toating amust he less than the OBL spectra; otrersise, it

oo mary o dewonstrate that the OBF spectrit are very vonservative” and

circit readatory approval such that the slanned testing amplitudes will

v e cubscguent adverse inpact.,
die following equipment definitions are used in subsequent discussion:
§ i i

Category |- safety velated structures, systems, and eyuip-
sent designed to withstand the effects of the Safe Shutdown
farthquake [8SE) and remain functional (same as NRC Regulutory
tuide 1,20 Seismic Catepory 1)

Category |1 - structures, svstems, and equipment necessary

and including the Operating Basis Larthquake (GBE); the OBL

s typically one-half of the SSE's peak ground acceleration.

Uategory J11 - all items not in 1 or IT above; these items
should Dbe designed such that their failure will net impair
the functioning of Category | and 11 cquipment.

“Tor oxample, using test data to show that containment plus soil-structure
damping values are significantly higher thun uscd in the orininal desipn
analysis. This is frequently the case and would reduce floar response
spectra sigificantly, say 20 percent, although such reductions change
with frequeney,

-51-


http://ili.it
http://eii.it

the Araction of OBF reon e cciected for Sost e Bondd B afant
pecitie, Plant ot with dow OBL Tevel . (e, 10 perornt g dee
zera period eecterationg wondd presumably tolerate luposr fractions of
ABE e tation witboeut concern tor Cotopnry T equiprent than o ite it

P OBL cabee o This b ot lated for the tellosing rew oy 008

tion, traecoartaton, el crcotian/inatatlation bl wn tate Lot

e arein wi b oeenern ] peqarre ot i e ent fg wet e
cartioaabe coertatioeg e tenduin an ] dead oo Qo e ol
i the eartht vavitr el e bd tranportation and Lo et

el Pead 4 weveral 0 e clileen oy et wonld e
Frvoent Yor o qostatain et araction Doy L ol e oty
OB doadng ot Tow ORE ites without andue copvern for fate ore 1o

ment,

since NBE wite motions of dod oo he capetod to et e
sent Yoo response spectra with peaks of perhaps oo o ar e a0 o
period weceleration (WAY of pevhape 005 2 or sore, P sould Ceer e 0
to tolerate test response speetra Ut woenld cerrespond to Seeirontsl ol
response speetrn with at Toast Dol ZPAL Thin oob - Disdt oo repre en
a practical bound on the capability of rost correntls oo conbic <ime sid,
test cquipment to excite contaipnent structeres of ol ot the sallest

plants,

Sole that during sinusoidal tests a preater conservatise mn-t e 1ol
than during explosive or other fmpulsive tests.  This occurs breause e
waph Cication above base motion in o sinusoidal test is proporticmal 1o
g, Q= 120, wheve £ is the fraction of critical damping of the equipnent.
However, for carthquake-1ike quasi-randor motion, the magnilrcation reluticn
is somewhere berween vV and 9.12] This indicates an additional conservative

1/4

. S . . - /1.
facror of about 7. For 3 pereent cquipment damping, Q = 16,7 und 9 i<
about 2.0, This would suggest that ZPA containment wmotion of ahout 045 ¢
is acceptable for sinusoida) motion if 0.] p is aceeptabie for “earthquak:"-

like motion.
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e d s Dimit ol containment tloor pesponse <pectra 2RA should pro-

ol sarers for cateory M vaniprents Untepory Boand Toeguipment

are deened to tolerate repeated OBL Toadings by oregulation since the
vt b b oxpected to remain operations! for events up to and includ-

s the Do Untepory Toequipment s the most rigorous dyiimic desien

preei Ten T et onerforr it safety fonction during and after the SSk.

taeniy e Uoshere the ahove conorvative Timit will pot be aceept-
abie e achievine the vaxdman recpoen o e ihile on o the containment build-
peore o arable to depanstrate hivh oencrey dicsapation, figher leve < will
Vet ahyent e setection of Clase 1L components.  Since the

Dnaray cegirerent for Cluss 1T eaudprient is only that it not Fail in

cach o eanner s oo effeet Catopury Dand T1 svstems, the possible danage
Cro ting i+ of 1ittle safety concern. Father, the issue may e the cost
of rersirs Bl repair dssac, however, should net be over-cemphasized sinee
pry dazmace Teoanlitely at higher than the 0.1 o 2PN level, and (2} identifi-
cation of najor Category 1T items ond post-test FTunction verification
honld provide cost-efTective means of demonstrating continued Category 11

fanct i,

The reason damare 1s considered unlikely until well in excess of the
Bty osoectra IPA imit is that the preceeding discussions focused only on
horizontul test response; vertical motion hus not been considered in either
testing or in actual capacity of the Class [IT cquipment, This is hecause
high eutput (>100,000 1b) test equipment is typically desipned for horizontal
cxcitution; vertical excitation in the 100,000 1b class is difficult in the

frequency range of interest,

The fabrication/transportation/ete. louds on eyuipment obviousiy will
have simultancous horizontal and vertical components, while typical horizental

testing does not contain major vertical components,
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fest Tonds onointernal equizment may be applicd directly or indirectiy,
Indhireet Joad application testing by driving the containnent building and
ceasuring the internal systems' vesponse should present no safety/
functionaiity/Iicensing issees Tor contaiament responce Jevels less than
the SEL condition. The safety assedsment of Catepory 1 oand 11 interin)
i prent (pipine, notors, oteop during Jireet driving reauires rore stten-
tion than i< wwuad Tor contaisment drivisy since it i+ quite possitle to
divect drive wwal] dianeter piping wysten beyond the ASYE Code al fowkai]e
with the application of several thoosand pounds of Toree inoa cupbact te t,
fiah response veners foic mabes cquinment studicer necessary to inure toler

abie svatem cespunse levels,

Appendix A Hists and cateporizes the mjor picees of equipeent in o
typieal PR nuclear power plant that mar have to he revicwed to establish

allowable test levels,

Piping Systems

In the past, tests have typically focused on the containment or on
mijor piping systems {primary, secondary, emergency, ete.}, safety related
cquipment {e,p., diesel generators), control pancls, and other equipment.
Piping systems and their associated equipment (steam gencrators, pumps,
vilves, supports and restraints) have also reccived major attention, lLov
level testing (Joads of, suv, several hundred pounds) has not presented
sufety concerns for piping systems larger than several inches in diameter.
Lurger amplitudes {say, 1,000 Ib and up) have received carcful analysis by
the applicable portions of appropriate codes, including for recently desiencd
piping systems, the ASME Boiler and Pressure Vessel Code. These evaluations
have consisted of the following steps:

(1) development of a lincar clastic finite element moded

of the piping system;

(2) calculation of response to the planned dynamic test
series loads;

-54-



— it [ B

[p——— g

satenlation of response to the planned dvnamic test
series joads;

*1; vambination of the resulting loads in accordance
with ASMHE Code equations pertinent to the particular
vetem {ASME Class T oor Class 113 and,

> determination of the maximum allowable forcing from

vveral such load cases.

Suchear power plant piping systens should be restricted to dynamic
test toad- jess than these requited to produce the maximum allowable stress
fotpe. i tupsities) under the OBE joading in the system including existing
pressare, thernat, oravity and other apnropriate loads. Class 11 svstems
have  tree- limits which are derated to treat fatipue. Testing Class |
soatems ot hich amolitudes requites explicit treatment of fatigue, Depres-
sarizatre of sestems during testing allows sipnificant increases in test
respoe e Titade sinee "pressure stress' is opoutinely S0 opercent of the

stre o bt inomany piping systems of interest.

It 0w expeeted that the piping system gs well as the containment vessel
will ot suffer adverse effects iF the test response is limited to the low
vafue of 10 percent of the predicted OBE responsc. lowever, because of the
safety function of the primary coolant piping system and because separtate
pipiny tests at higher levels may he performed, additional analysis for and

wonityring of acceptable test response levels may be required.

New piping systems are designed according to Section ITI, Division 1,
Suhsections N3, NC and N of the ASME Code. The limits set by the Code on
piping response provide upper bounds on allowable test response levels, Only
Ciuss | {Subscction NB) and Class 2 (Subsection NC) pipes as defined by the
ASML. Code ure discussed in detail herein. The limits for existing pijing
which may have been designed using earlier codes, including Section & of the
American Standards Institute, :re calculated in a similar manner as above,
but may result in substantially lower allowed test levels as older piping
cystems were usually designed to less stringent design standards. We assume
that any future test would usc the current design metheds to justify test
levels.

Appendix B elahorates on piping stress calculations and monitoring

techniques using strain gauges,
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HER

Soattalcr nie evaloet bt of nnciear pomer plant o roauires

Sotri oochnch can trassduces recerd, aad anadvoe ctraan g redatn

Locnocr o lecnt s and aceelerste s Hhe variets of mee arenent preo

.

Pare o, abde ol Te trated byoteo n trnentatior hiodk s,

coerss tues of gecelervaeter are aitabde, o lading strain-

e L it Jectroe, piewore Botroe, md force hadance, i dace-

cror pualls o dve wontidbe ar oon aovar e resictor, or g
detterentyal trapefor o VT

coaephrfiee- s fiiers,

oot dena) eonditionsn e
Ple, ot el Yarrier amapleioer s are st often mied with strain

Ptriicn sune Yoree transduceors,

1o aoralce aveelerometers, and

rec sl o avceltroncters apd other transdneors are waally proce sed
ooy teneras ilters are usefal for eliminating noise, the cffeet of

sle o et ation other than those under <tudy, aed for baseline correction.

Viear o raer, which adds or subtracts signals inoa predeternined manner,

ot enhancing the response of one mode abtve ciliers.

r e The con-

N oned ontpts may be 1M tupe recorded, analyzed on-line, or digitized

vit- tine s he tape recorded signals nay be reproduced and analy zed after

the tost ng.

Many cophisticated devices are used to provess the vibration dara.
neneral perpose sinple-channel speetrum analyzers compute PSD on Fourier
‘Two-channe] analyzers compute ordimny and ¢ross spectra,

transtormers,
The resultine spectra

tran.ter function, and other statistical measures.
ané tran-fer functions may be compared individually with amalytic results,
ur digitized for more extensive computer comparisons,

I addition to gpeneral purpone analyzers, several companics have pro-

duced winicomputer-hased systems for eacitation, dta acqaisition, duty
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reduction, and data analy<is. Many of these companics are concerned with

ground vibration testing of aerospace structures. Their systems typically
drive maltiple clectrodynamic vibrators and process up to several hundred
response monitering channels.  The minicomputer can be programmed to perform
correlation, calibration, filtering, curve {itting, pararcter identification,
force approprintion, spectral analysis, orthogonality checks, transfer func-

tion computation, graphics, and veport ceneration. Several companies have

compercial vitems available with simitar capicities.[10]
Inss ruent 1t ion Regui vements.

For ali instrumentation, the freauency range of inter-st is usually
hetween (.5 and 3000 1z, with gost structural modes of intorest below

10.0 Bz Hhe acceleration Jevels to be weasured range fron D.00] to 1,0 g.

Strain Jocels range from 1 to 1,000 v jn./in,

Mare specific requirements are associated with two objectives: first
to insure the structural safety of the facility during testing and sccond,
to describe the dvnapic response with measured guantities suitable for com-

narison with analyses and for use in parumeter identification.

The ohjective of structural safety monitoring is to indicate and/or
prevent strain or acceleration level exceedences at critical locations,

For this purpose, threshold sensing instrumentation systems may be utilized

instead of centinuous recording and analysis. The Fixed systems specified

in ANST MB.5-1974 1] for carthquake response monitoring are suitable, in
principle, for safety monitoring during vibratien testing, Note that exist-

ing systems are attractive cost-wise, However, their use is not encouraged

except as hach-up beeause of limited coverage and non-uniformities in

instruments and locations. In addition, the thresholds may be higher than
desired for testing at vibration levels below OBE levels,

The in<trument performance parameters which must be reconciled with

test objectives are frequency response, thresheld Jevel, dymamic ranmge, and
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chost, . dnoadditean, oe, e od ipstallation, re s let,, and oot
arc ot sderations jnoan traenmt selection, Pinaliy, the total nurber of
deired serourerent s may be aade simultaseous Iy or by moving tragsducer . and
.

prepeatyn, test eonditions, CTherefare, inctrumentatjon cost - meee be traderd

of £ v b terting conty,

Rjn}p ny theArt

aoerinciple of aperation of data acguisition and anadysie coniprent

are diaa od e Look and special o tadies {20 The o referen o gy

turt dras npo s sumeron, publications coyering special operationsl o et

and errar onrces. Instead of revieste and abstractine these rederonee

e ection sl e Himited to identifyiv: the impaetant charactory 100

of compererat by avai Jable component= .

Avariery of transducers, applifiers, and reeonling

instrument s are suitahle.  Many such units have Leen developed romarids
for other than seismic spplications, but are useful hecause their perforran
matches measurement requirenents,  Of these devices, acceleramcters, ampii-

fiers, ~peetrim analyzers, ond modal analysis syetems are discus<ed herein,

0.5.1 Aceeleropeters

Aveclerometers all function in essentinlly the same manner.  [he rela-

tive motion between the test object and an inertial mass within the aceeleru- {
meters is sensed with an electrical pick-off device, The type of pick-off :
device identifics the type of accelerometers. Four different types of suit- ;

able accelerometers are as follows:
e wire strain gouge;
¢ servo or force balance;
®» piczoelectric, self-amplificd; and,

o piczoclectric, non-amplified,

-62- :



B

i

I

I

.

[

o

i

i

j

.

!

‘t
a
3

e e amd serve pcs ancerporate 00 erstical damping

Cobou taapproximtedy o operceat of the natural frequency,

Presagie e tenes beve Jittle inherent damping and are used to approximately
7 ping bl )

Joseroert o the nataral fresuencs. Note that serve-type dceelerometers are

iowiich the relative motion hetween case and inertial

l i Yiee

TR Crat o approaduate restering foree applied through o coil,

The restor 0 carrent proportionad to ﬁht applicd acccleration.  The speci-
Fioati 1 o0 reative Larwteristics of candidate models of all four types of

aeceler otor e ore ented 10 Table 601, Tmportant features to consider

Selection are high sensitivity. low output imnedance, low

S Doreter
ST e noitivily, aad orupgedness.

Vroarirery
. 2

T b cediue te high sain amplificers are listed in Table 0.2, fmpor-

tant featare  tor vibration response measuremett are Tow pass filtering and

W oorfer almetnent

.35 Gereral lurpose Spectrum dnalyzers

The characteristics of 17 gencral purpose spectrum analyzers are listed
in Table 0.3 The units arce all capable of working in real time with no
Toss, of data.  The two-chanue]l units are decidedly more useful because they
can compute the response at a point which is duc only to an input signal.
Thir effcetively improves the siynal-to-noisc ratio,

Othereise, the most important features arc cost, case of operation, and

identification of ranges and calibrations,

6.5,1 Computerized Moda] Analysis Systems

Fable 6.4 summarizes several commercial and institutional computerized
vibration und modal amalysis systems, These systems can digitize and docu-
In this capa-

The modal

mert data fr-gutu and greatly reduce subsequent data handling,

city they heve already proven themselves in many vibration tests.
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T ey
[ Cotrnotan patably acrospace ctructiures, Wt hine not heen

Db e nuc ey power plante. Inoany case the bee  F woch

: o ey aesidered o cottaivent or cortanent test uro-

otreertatyonoty Cer Lrrers
vhen analesior veritied byocvperizentation, care must be cvercised

©onarotmat o the evperipental resuls are pore accurate than e analythos)

oLt ceoapder ta establish that thre b the ca oo, hoth experimental and
- Caracies nast e oestimated. PR cae beoat teast as diffreult
S anady booor experinent,  bortanately, ome dyvnamic pirreters

Vo more aceurately (or oarecioobs gy determined byosnabveis apd some
cencrent e outlined n Table 6.0, which precents AN s opinjen on
the v ot

peorinentad crror s ot aoserious concern for those cases where
recaenab Booaecaracies can produce resnlts which are much more dccnrate than
Aty inutrumentation errors, for example, have o sigrificont effect op
sode chape and Tregueney response fupction determination, but not so much

ai effect on resopant frequencies,

Frrors sl o wiy be broadly classed as being cither bias crrors or ran-
lur, errors (see lipure 6.2). Bias crrors arc thosc which have a constunt
i arstematic effect on measurement. Rundom crrors ave those which can
mnse variations in data than can only be predicted on the busis of wrob-
sbility. Thus, the instantancous voltage of o data signal which includes

”a iy
¢ paticonus nuise will have a random error tending cither to increase or
decrease the voltage.  Lach of the boxes in Figure 6.2 has to he considered

wbop oamdvzing the errors in any given Test progran,

The measurements tahen in a typical test program consist largely of
aceelerations and displacements measured with transducers, These trans-

ducers are calibrated on g regular basis to an accuracy of about “§ pereent

-09-~
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freference signal error 1 opercent, calibration read error 2 percent, daily
drift 2 opervent, and snplities Jinearity % percent). Combined with an addi-
tional . percent transducer placepent error and 8 2 nercent duta read error,
this dndisate. that acceleration and displacenent values are accnrate to
about 10 perzent. Relative errors using the same trapsducer in the sane
loeation, bowever, apc sEaller, poe, ) sheat 7 pereent,

ihe o dats are then processed cither b band or other in-trisents ta
produce craohical results, the error added in this process i variable and
diffiendt ta specify et iy oprabably on the order of S pereent. ffor the

sk of W cussior, this eoealled Uploltin, error')

Sote that the errors involved here are random and would tend to caneel
somewhat and reduce the overdd] uteertainty, s, the errors quoted are
for wor.t cive situations. Most data are sore casily interpreted and proh-
ably involve errurs ahout onc-third of those wuored above,

Graphical data are used to ostimate parameters such as vesonant fre-
quencivs and dampings.  Note that in most casces these estimates are unad-
fected by the transducer ervar {12 percent) as dimenasionless techniques
are u.ed to obtain the estimates. Also the "plotting” error docs not neces-
~arly affeer the estimate in o proportional way.

In fact, with good experimental practice the dominant source of crror
in vstimates of frequeney and damping comes from nonlincar structural
response,  Consider that "resonant frequency,' "(viscous) Jamping,™ "log
decrement,* and "hal f-power bandwidth™ are lincsr concepts being wsed to
describe somewhat nonlinear structures. Thus, at the same level of response
sinusoidal excitation will vicld different parameter estimatces than transicnt
excitation and the log decrement method will yield different values than
the half-power handwidth methods. Further, applying these Tincur concepts
to the nonlinear duta requires some interpretation which causes estimates
obtained by different cngincers to differ somewhat (about *1 percent for

frequency, and #10 percent for damping).



L] [ ] — — vemp— (R a—— . ——— T

e indivates that Meguivalent" resonant treguencies CHLovary
S omercent and Mequivalent™ dampings 1 020 percert for the

roopan e eve], aethod of testen, and duta reduction. Dther testing

ad ook e Jdata analveis methods cap increase these variations <ipnifi-
cant s Teets are separate trom the wery real and considerable
chanege ot e in those parameters when cacitation or response levels
are bt

It ntation randow ervors and oaperirental variability contribute
teoipher nt naecnracies i both sodab and froanence recponse tyne parame.er
Plentedi o om procedare e T80 Tortunat el madaloanalyvs procedure:

st e peet arthwoeonad ity vheeking Voatures whidh perrdt veritication of

ALty ot the revalte, Similariv, freonency vesponse conpatiations
! 5y i ) I ]

have  tatr tuoal errors which decren o Cith gnerensine pecord leneth.

I sy, uving state-of -the-art methodolopy, the only instruseatation
cocppar which are considered serious cnough to degrade the results are
incorrect s errors. These include transducer frequency response and
crlibrator crror,  However, the most important source of error is human mis-
tabe. in trancducer orientation and amplificer gain settings. The use of
an experienced test team, cheek lists, and digital data logging helps to

redace this nroblem,

-73-

N



. ot . ,

i »o—

~31

10,

REFERERNCES !

Dochling .0, Mrasupeman: Dysbasz: Applieation and lepinr ) toGraw-Hill
Buob Comprany, Ine., New York, 1960.

Neonhert, W.E.P,, fwefrement Peansducers, Oxtord University Press, lLondon,
1903,

ANCO N18.1-1073, "Larthquake Instrumentation Criteria for Suclcar Power
Plant.."

Rent o, Pt "Fealuation and Utilization of Airplane Flight Loads Data,
vt 11 bata Acquic ition Eyuipment Performance and Accuracy,” AFFDL-TR-
R0, iuct 11, Meacurement Apalysis Corporation Project No. 1367, Task
No. 136716, May 968, '

londat , 0.4, Perisol, A, "Random Tta:  Analysis and Measuremeat Pro-
cedures, ' dohin Wiley & Sons, inc., 1971,

Gersch, b, "On the Achicvable Accuriacy of Structural Systen Parameter
Estimates,” o Sound and Vibpation, 34013, 1974, pp 63-79,

Selmer, L.l., "Modal Acceptability and Purity Rario,” Technical Paper
Series, Acrospace Meeting Town & Country, San D.ego, 27-30 November 1978,

Chen, 4.C., Wada, B.K., "Criteria for Analysis Test Correlation of Struc- {
tural Dynamic Systems," .. Apnl. Mech. 471, June 1975.

Bendat, J.S., "System Identification from Multiple Input/Output hata,"
A Cmpedd d Vibration, Vol. 49, No. 3, 1976, p. 203,

Ibinez, I, "Review of Analytical and fxperimental Techniques for Improved
Structural fynamic Models,’ Welding Rescarch Cauncil Bulletin 249, June 1979,

=75



DATA VRES] VTN AND PARANITTR )
IENTEi T0AT 108 g

S 1 Introductiom
cetive of the testing it It B9t provide respouse data,
These duts =t be faben and processed in o manner as to be readily used for

purpoes gl test review, <afety evaluation, and parameter identification,

KR Seroenee e stes that, veeferablby, the Jdate are taken -

in divita! forz; UM tape jecorders may serve as a1 temporary storage medium,

Farly in the test peried or during early steps of the post-analysis, the

Jata mit e oconverted to enginecring anits, haseline corrected, filtered,
amd docarented, Ay processing done must be clearly indicated.  Eventually
ab) data shwould be put into digital form and 10-20 pereent of the data pre-
sented sraphically. The data should be set up in standardized fixed field
fprmat Files inoa upiversally accepted digital format and medium (e.g.,

ASCT macnetic tapes).

it emm—] em—

.5 Purancter Identification

Some paramcter identification can be performed “w-gffu.  Acrospace
testing bos long used multiple shukers to "tune" pure modal response and,
I therefrre, identify modal properties on a mode-hy-mode basis. Usc of multiple
forces to test a containment would he difficult; hence, this method is not
appropriaste for nuclear power plants (except, pe haps, for compenentsi. Other
ooty parameter jdentification techniques depend on rapidly processing data
ehtained from single point excitation. These techniques have never been used
in containnent studies and their applicability and relevince is not estih-

f1shed.  Sost likely only preliminary simpic parameter identification need

be performed in the field, Subsequent parameter jdentification on the

acquired duta base would be vonducted in the post-analysis,

I

[ . 1 . wad
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rarameter identification techniques have been reviewed by Ihinez, (1]
There cxist  many methods, simple and complex, proven and wnproven, - ith
preater or lesser applicability to nucletr power plant containments and com-
ponents.  These techniques can be divided into two groups: /1) those tech-
niques (eigenparameter tdentification) which can be used to estimate resonant
frequencies, damping, and mode shapes trom experimental datn, and (2) thosc
techniques (model modification] which cun be used to modify the mass and

stiffnes propertic. of structural models piven the experimental cstimates,

Ligenparametey Identitication

Eigenparamcter identification techniyues typically use o lincar com-
bination of single-digree-of-freedom vesponse curves to Tit the data, {1
The paramcters such as resonant frequencies and damping arce varied to reduce
the difference between data and theory and to find the "best" paramcters, An
alternate approdch is to do a onc-step cvaluation of the best parameters
wsing computer codes such as the PARET code developed at Lawrence Livermore
Laboratories. [2] These techniques can also be categorized by their operation
oh duty in the time domain or {requency domain (Fouricr transform or sinu-
soidal data), Certain methods have been deveoioped for handling nonlincar
mode) parameter identification, [1] bur these have not been extensively used

in practice.

Yode] Modification and Bayesian Techniques

Once the analyst estimates the cigenparameters, he or she may ash "how
shotild 1 change my model to more closely reproduce the experimental data?”
This can be carried out by simple heuristic "trial and error” mothodi.yr by
more sopiisticated mathematical technigues. Of the latter techniques, the

Bavesian identification is particularly powerful.|l]

The objective of Bayesian Parameter Identification (BPD) is to find a C
set of optimal model patamcters which simultancouslty winimizes the differ-

ence between measurcd and predicted response and hetween initial {2 priori)

-78-
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parazeter  and final optimal parameters.  This Jdependence on wr ; #ler! para-
peter o Ginates is justified on two grounas, First, experivental data often
do not aionely define the mdel parameters and additional constraints are
required Geockoone aomnigque set, Seeond, i1 is asaumed that the analyst's
el b ce of rodel parameters is oa reasonable one based on hig or her
juderwent ) crevions result o, and preliminazy data.  Consequentiy, it is rea-
sonable roointroduce addirional constraings by choosing the set of optimal
puramercrs that differs inosome least way fvom the initial estimates. These
miniour oriteria are lenst sguare in pature und are weighted to allow the
more eortars lita and wore vertain initial parameters to control the optimal
parmeter s lection to a arcater oxtent than the Tess certain Jata and the

less certung initbay pardarcters,

co-of -frecdom osciltator.  [he

Connder the eaample of o sinalo-deg
sila] et heooe timatod ite mass ot L0 kg with an uncertainty of 10030 kel
e stil Ve has been estimated at 1O NS © 0005 /ML The nredicted
resummt Ureatieney is 1.0 radian/sccond, but ts measured at (09 radian/
second with eaperimental error of #0.22 radion/second. What is the hest
eotimate of moss and stiffness based upon these dats?® Clearly the problem
1w undetermined. A stiffness of 0.8) and mass 1.00 is a solution, A stiff-
ness of b.ooomd mass 1.23 is g solution, For that matter a stiffacss of
1000 and o miss of 123.0 is a solution. The latter case is unreasonable
based on the analyst's cstimates. No cases account for the possible error

in the data,

The B technique seeks to introduce uniguencss and account for

eitimote erroy and data crror by minimizing the wean square error

whore:

(h - ko)y fm - mo)? (g - WP1?

Pl k) et 4 ey e
o0 2 w? P
L ‘m "

-f0.




o B R :-mmmrrw—"— ey

where
W= 4 oprtord mans ostimate;
y O EE AT N T T s B
! L optimal val e of s
P‘u optimal vafue of stiffness, :
L aasured value s5ioresonant fﬁuyuﬂry;
%, optimal value of resopunt frenuency carresponding
o w anid Yn; ‘
,uncertainty fno (rlan stiflness ostimate;
4, wneertiinty in o¢orel el e estinate; and,
i, uncertainty in measured resonant frequency,

The model parameters, N und ko’ arc refated to the neasured paragieters, w

through the relation:

i
Loy
% - ko)2 (m - mo)z‘ (\/mo )

Bl k) 3 e 4 e e e
0o ' v
a? o? , G’

& m W

Therefore,

This crror function can be minimized cither by setting jts partinl deriva-
tives with respect to m and kn to zeva and solving the resulting nonlincar

cquations, or by numerical techniques. * In either case the solution is:

A Friori or Optimal
___Parameter Measured Valoe Value W Differcnce
3 Mass 1.0 1 0.32 | 1.030 3.0
$tiffucss 1.00 + 0.55 © 0,895 1.0
i Resomant Frequency  0.90 % 6,22 0.932 3.0
- ‘
80~
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a Uhappy ouediun! hae been tound--changing the tifthess more

the rosonant fre-

s e itnonneertadnty o wiee preatort oand ratehd

et oo thon the averinge of the wede! parmseter Cansen wae its ouneer-

wr b vat hoogeneralioew e ot e taber e

ety Rinearsation of the riteria unct b sields o parti-

G
ot o aboorthe
et Lhntutieation met bo carryed ent L the e L ks
gl b e presentation of s ac kel ar b arcer teag s form data

trore e e tinate ol oresonamt ping and the plot.

.

Yo vreld ooroueh estinate of

Pin. e er e chape ot resnant freourte e

abeqent crgenparmeter et iioation shoshd use Jeoetpean square
trpe o dal fittine routines or one  tep rostines shonld they prove suitable

preal dava fthe Teustemean sguare techniques have been proven out in

doviriety of casef, The objective of this staje - to estimate resonint
frogaencics, damping, and mode shapes.
The final step of the identification should von “stoof Bayesian rdenti-

tehoor importimt structural paraneters and soidl properties. The Binesian

techntuue can also work with nonlinear pode! propertics.
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arencie of the contarieent rather than at the
roorint fresuencies of the equipment. he
Pt e dircienlt Cf not impossible to control,
® ML ocquipment Toexcited; it is not possible to
olate and test just one component,
It s not pegtonable *o tost equipment by containment cxcitation i1 the
Ao deetive s the equipment tests.  birect excitation of the cguipment
o e and dess expensive. 18 the contalnment is being tested in its
ose, richt, however, a rearonshle amount of cquipment testing can be "pigeyvback.”
he techniques used for testing equipment divectly are very similar to
tha~¢ used for containment testing. These have been reviewed in detail in
[ reference |1]. Testing of a complex picee ¢f cquipment or piping system can
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‘ ”DI\.MPL‘NG CASE STUDY #2

o

JAMP NG I‘Ilhﬂl.v ON PRESSURE VESSEL SYSTEMS

|
@
 Curfently the duping valoes allowed to he used in
ihe dyeanic analysis of mueledr pover plants are speci-
ficd by nRC Regulatory Guide 1,601 as shown below. Values
are in peicentage of rrutxth duaping. The Safle Shut-
down Farthganhe (,UI] Bs penerally taken as the larpest
that ‘crnld coneeivably pvnur at the site, while the
Cperating Base Furthyuake, waally hall the 558, is 1sten
#5 the carthquake 1i¥ely to oceur during the operating
life of the plant, The plant “ust continue 1o vperete
without desage after (he GEE and hut down safely (al-
though pooaihly downged) after the SSE,

i -
Oprating Bugly
! Paithepiba o % Sufn Sela Shutren
Siwrture of Com,orent i Shatdemn Fartlginke Eattliyueky
. |
Fauepinent sod Yerge-dhaameter piging systens
pipe lneter yc.sl:r.l-.:mnln. R S 2 1
Sur Al aeler piping & Vems, dia, m cqinl
mm.uml”‘m. ...A................ ] 2
Welied sir sl SUOctures Loy iveencainaen . 2 4
Bolted el dructluies L, Lonainae. wivee 4 7
Prestpe ed conciele SITBctires | oaeeienene 2 5
Honforced convrele structoned oo 4 7
i ‘

| The r\p|riuru:a] udta Un pressure vessel systoms
indicate thats the |\xn1A1UJ) values are so..cwhat low,

“he table below swmarizes nany of the caperirental
Gaaping studies discussed in the text and indicates that
the nilowahle OBE values are caoual or excceded cven at
loy response Ievels (<0ﬂ10 g). As cxpcrimental data
sigpest  that domping increases at higher response levels,
it noutd appear that reyulatory values ure low Ly a
facior of 50 te 100 percent.
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10.0

Introduction

BUDGET AND SCIEDULE FOR TESTING
OF A TYPICAL PIANT ]

The planning of a vibration test on a nuclear power plant consists of
the following three tasks: (1) a pre-test analysis; (2) a test plan based
on both the stated objectives and the results of the pre-test analysis; and
(3} a post-test analysis. Tach of these tasks is discussed in the following
sections. The test object is $ typical PWR and the test objective is to
determine the dominant horizonfal modes of vibration in both directions and
the dynamic properties of sclected internal equipment.

Pre-Test Analysis

The pre-test analysis involves the delincation of an a priori analytical
model of the reactor containment building (RCE). The fundamental purpose
of developing an a prior: modei is to assist ip preparation of a detailed
test plan. The analysis would}aid in determining: (1) the optimum focation
and the required force output gf the structural vibrators necessary to
excite the lowest RCB vibratioﬁal modes; (2) the required sensitivity of
the transducers used to Tecord ‘the dynamic response of the structure; and
(3) the optimum location and némber of transducers necessary to detect and

map the modes of interest.

To accomplish these tasks, it is necessary to predict the expected
dynamic behavior of the structdre (the natural frequencies, mode shapes,
damping ratios, and time and ffequency response) via some analytical scheme.
The analytical approach requires the development of a finite element model
of the structure. The structure would be defined as an assemblage of beam
and/or shell elements. The soil medium would be represented as either a
continuous medium using two- o¥ threc-dimensional solid elements or as
single compliance functions using linear springs to account for soil-

structure interaction effects.
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It is desirable to una]}ZQ the RCB as a lincar model, The nonlinear
response of the soil medium can be mathematically linearized knmowing the
input force levels and range of expected response. Gaps, banging and other
geametric effects arc noalincar phenomena and difficylt to linearize, but
are found not to have significant effects on the global modes of vibration
of containment structures. Thc advartages of using a Iinear analytical
model are that cigenparameters (frequencies and modes) cxist and arc casy
to caleulate. Also, system responsc is predictable viz modal superposition.
The eipenparameters can then be directly compared to test results, This
containment model is not a complete onec as it is intended to yicld only an

anpr vimate idea of the dymamic properties of the structure.

If it is determined that significant material and/o. gecometric non-
linearities exist in the structure invalidating linear analysis, then a non-
linear analysis of the structure would be undertaken, The computational time
for nonlinear response analysis is typically an order of magnitude greater

than the time required for linear response analysis.

The tests are to be don@ on cxisting power plants. Therefore, it is
possible that dynamic modeling and analysis was done in the seismic design
phase of the plant. The rcs&lts of these analyses would be useful in the
formulation of or substitution for the pre-test analysis models. This

would greatly reduce the expenditures required to accomplish the a priort

analysis.
|

If it is determined that the pre-test analysis could be accomplished
via linear techniques, the following steps are necessary to accomplish the

analysis:

(1) gathering infornation on the composition and design
of the RCB;

(2) computer modeling of the structurc;
{3) cipenvalue extraction; and,
(4) dynamic response unalysis to postulated test conditions.
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10.3

The most suitahle methods fo excite the containment structure are:
(1) harmonic forcing via an ecccentric mass vibrator;

and,

{2) pround motion generatéd by buried explosive charges.
lor this reason the dynamic simulations performed with the model of the con-
tainment xill be of Sfreguency response for harmonic forcing and time history
response {or explosively generated ground motion.

These two metheds of testing are well established and are the only ones
seiected for use in defining the test plan. There arc other methods which
could be used but they have not ‘been used to any practical extent to test
nuclear poser plant containments.

“he discussion of the pre-test analysis of reactor contaipment buildings
applies generally to the analysis of containment internals (i.e., heat

exchangers, pumps, and piping systems). The modeling, pessible cigenpara-

meter analysis (linear system), .and response calculations (Tinear or nonlinear

system) will need to be done. The main difference with the analysis of the
internals is the method by which they are excited. There are two approaches
to cxciting the internals:
(1) indirect loading in wﬁich the loading is applied
to the containment; and,
{(2) direct loading in which the loading is applied to
the internals.
In developing a test plan which /includes intornal testing, it will be neces-
sary to determine if exciting the containment will cause sufficient response
of the internals, In some cases it may be necessary to directly ioad the

internuls and it will be necessary to predict the Ievels of response.
Test Plan

The test plan would contain detailed information of the proposed tests

on a test-by-test basis and a specific schedule of events. A detailed test

; -103-
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plan, based on calculations pcrformcd in the pre-test analysis, would contzin

the following information:

s Stated objective of the test.
e Specification of the tcst specimen.

¢ lorce type and location of force application.*
For cxample, for tests requiring structural
vibrators, the shaker location and type would
be specified. For explosive testimg, the loca-

tion and depth of the charge would be specified.
|
e Relative magnitude and direction of applied force

referenced to some: global coordinate system.

¢ Required excitation levels for the particular
test. For structural vibrators using rotating
cccentric mass shakers, the following information
would be specified:

-- vibrator type

-- vibrator eccentricity

-- maximum input force at upper frequency
-- frequency range

For explosive tests, the following information
would be required:

-- charge size |

-- peak free-field acceleration anticipated or
allowed ‘

-- frequency range

-- distance of specimen from shot holc

Schematic drawings, specifying the type and loca-

tion of transducers and also details for mounting

and orientation of the instruments.

i @ The exact nature of the test environment would be
specified, TFor example, if a piping system is
being tested the pressure and temperature would

: be specified, and its water comtent, and support
system verified.

o The required test results must be clearly stated
including:

-~ identified resonant frequencies
-- estimated damping values

#Care must be used in placing %tructural vibrators so that the applicd
‘ loading will excite modes of interest {scc Figure 10.1).
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FIGURE 10.1: PLACEMENT OF STRUCTURAL VIBRATORS

Mode Undeformed Structure

AN

Placing a vibrator here will excite the three modes <hown.
It will do this cqually for the three modes.

Placing a vibrator here will excite the first and third
modes, but not the second The third mode may not be highly
oxcited,

Placing 2 vibrator here lel oxcite the first and second
modes, but not the third, The second mode may not be highly
excited.
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-- identificd mode shapes
-- frequency Tesponse; data
-- achieved response levels
-- time history data

¢ The format for the presentation and organization
of acquired data would need to be specified
including:

-~ tabulation of natu&al frequencies
-- tubulation of modal damping values
-- digital computer tape of responsc

-- plots of responsc

-- Tourier transform of transient response
-- mode shape plots
-- movies
-- photos
|

The test plan specification hould be computerized and stored in the
digital computer used to acquire data during testing. The computer would
output the test specification previously defined prior to conducting each
test. The exact details for comducting the test would be given in the com-
puter listing. An example of such a specification is illustrated in Figure
10.2.

A period of time would be rehuired for equipment preparation and ship-
ment.  Shipping and travel arrangéments to the facility would be made.
Arrangements would also be made fbr rigidly attaching the structural vibra-
tors to the superstructurc of thciRCB, scheduling for manual laber, and

electrical power supply requirements on the platform.

Time would be required for s&tup and checkout of the structural vibra-
tors, control systems, instrumcntﬁtion and data acquisition systems at the
test site. In accordance with the specifications of the test plan, an
ambient survey of the dynamics of the structure will be conducted. The data
acquired via the ambient survey are desired for comparison with the data
acquired via the forced vibration tests.

In conducting the forced vibration tests the first step would be a
series of exploratory low-level tests using the structural vibrators,
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* ANCD ENGINEERS.
TEET SFECIFICATION

EXFERIMENT #VAZ 1

TEST #1 RLN- #1 DATE: 1171777

REVISION #2 .

PERSON RESPONZIELE FOR TEST:
N]kLIﬁN E. GLNDY

FURFOSEOF TEET: . '
TEANS/ROCE MOLES, XX DIRECTION

SPECIMENS TO BE IMSTRUMENTEL:
CORTATRMENT (RIGED :
RECIRCULATING FIFING LOOF (URLY
FEACTOR PRETSURE VETSEL (RDEY.

LUCATICN OF APFLIED FORCE:
HOR COMTAINMENT (RGE)

FORCE DIFECTION AND RELATIVE MSONITUDE:
XY, IWTESMEDIATE LEVEL ‘

DETATLS FOR SHALER TEST:
hL 15
][“ATHR FCCENTRICITY =

BRFLIED FORCE AT MAYIMHM HFaFHTINh FRENU“NIY = 100

LHuLF BOUND OF FREGUENCY RANGE
UPFER EOUND OF FRECUENCY RANU?

non

TYPES OF TEST FESULTS REDUIRED:
IDENTIFY RESONANT FRECUENCIES
THENTIFY CEMEIHG VALUES
TREMTIFY MODE THARES 1
AHFLITUDE GHD FHRSE DATA |

UETA ACTUTLITION AWND FECORDING TTrVEfUIEF LOCAT IONE:

CONTAIRMENT (RGED

CH. # 1 RGE 1A X

CH # 2 FNE 14 2

CH & = RiEE 15 X

LH ¢ & RGEZ 1m0 T
CH 4 RDE 27T
T & FisE I

CH 4 T RGE ¥

Uh, # & RGE Y
CH$ ¥ RGE

CH.o# 10 RGE 3
CHo % 11 FOE 3
¢ RiGE
13 RGE ¢
14  RGE
1% RGE 77
1o RGE
17 RGE
1% RGE
1*  RGE
20 RGE
24 REE 201

2r
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FIGIRE 10.2 (continued) - s
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In the case of HlﬂHSOldd] vibration, t&csc ”succps” would he done at
various force levels over particular f#cqucncy ranges in scveral different
‘djrcctlons The exact force lcvels frcqucncy ranges and dircetions would
be predetermined in the test- p]annlng bhasc of the project. From the data
acquired, an improved understanding of the fundamental dynamic characteris-

tics of the structure would be gained.

4
c A series of detailed sinusoidal sweeps would be done, following the ‘
exploratory sinusoidal sweeps.  This test series would focus on acquiring

“detailed duta on the identified resonance frequencies, In particulur, data

would be tuken with sufficient resoluticn in frequency steps necessary to oy

accurately ldentlf- the natural frcquc cy and to taleulate critical damping

coefficicnts 1or pdrlxcular modes.  Ind p1rt1cu]ar this requires a [requency
step size 105u than onc- {ourth of thc‘&nal]"st resonant peak bandwidth,

Phuse information for various channcls\WOuld be monitored to guantify modal

deformations, =

) A scries of tests also would be anductod for the mode shapes of
i . |
interest. This would be accompliﬁhed by holding the structural vibrators

. S
at the natural frequencies and moving @ triaxial array{) of transducers

over the structure. The response Ilevels and phases at various locations on
I

‘the structure are comparcd to a statiopary array of rcference transducers.

[ P - ,

From this “response shape”;défa, which will be dominantly cuntrolled by the

particular moge of interest, the mede shapes can be determined.

For explosive testing, much of tﬁq previous discussion on forced vibra-
tion testing, i.c., shipping, schcduliﬁg for labor, setup and checkout of
instrumentation and dégu ué&uisitipn systems, and conducting of tests, applic .
For cach explosive test, it will be pecessary to place the Tequited explosive
charge(s). Additional accelerometers (in addition to containment instruments) “ i

will be pldced in the ground surroundiﬁg the containment.

If the containment internals arc to beo tested, it will be necessary to

utilize the subject cquipment. . 1t may'be desirable to include in the test

plan an ambient survey of the internals. These data are useful in determining
i |
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how much of the respense is duc to hatmonic forcing or explosive Joading and

how much i duc to amhient excitation.

Post-Test Anulysis

The nnn]yticui mode] and test data would be comparcd and interpreted
to: (1) verify the validity of the analytical model; and (2) update the
parameters used to define the analytical wodel to obtein improved correlation

hetween the analysis results and the tost results. This task involves:

(17 detailed analysis of the test data;

(2) assessment of reliability of test data;

{(3) asscssment of uncertainties in model paramcters; and,

{4} tuning of model paraméters using parameter identifi-

cation.

The detailed data anulysoslinc}udv‘ {1) the generation of steady-state
response ampl i tude versus \fibrzltéor excitation Ffrequency plots (as illustrated
in Figure 10.3) Yor varjous accelerometer locations for forced vibration
tests; (2) time history plots of accelerometer data (explosive, injtiul dis-
placement transient response, oﬁ other transient loading tests); or
(3) Fourier trancforms of various time historics. These analyces yield
resonance frequencies and damping values for various vibrator pesitions/
force levels, for various cxploqive charge locations and sizes and for
various snaphack forces. The mede shapes as jllustrated in Figure 10.3
would be determined from the transfer function of the acceleration responscs

{amplitude and phase) at various locations and with given applied forcing.

The reduced test data will be compared with the analytical model of the
structure to refine the structural stiffness, mass, and damping parameters.
For this purposc the Bayesian identification technique discussed in Sec-

tion 7.5 would he uscd.
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Schedul ing and Budget

The time and costs required to perform a test depend on the objectives
and scope of the test. ‘The scope may vary from a simplc ambient survey with
one or two instruments and a portable spectrum analyzer to a large test
program using both sinusoidal vibrators and transient excitation, 100
trunsducers, and an on-site computerized vibration analysis system, The
ambient survey could yield a rough confirmation of the first few resonant
frequencies and would cost a few thousand dollars. The large test program
would answer questions regarding the dymamics of the plant and its internals
and the validity of their modeling and would cost over a million dollars.
The simple test may reouire a few days for preparation, execution and
reporting,  The comprehensive tests may involve more than one year of pre-
and post-test work, and many weeks of testing. Many possibilities cxist
hetween these two extremes,

For budgeting and scheduling it is assumed that the containment struc-
ture of a typical PWR nuclear power plant is to be tested using both sinu-
soidal vibrators and blast excitation. The desired data are resonant fre-
quencics, damping ratios, and mode shapes of the containment structure in
the frequency range of 0-10 Hz. Nonlimear trends betscen 107 to 107! ¢
acceleration response are also to be documented. This test program approaches

the upper 1imit of the above-mentioned extremes.

Two sclected internal components are also to be studied, These are
chosen to he a loop of the primary coolant system and the polar crame. (Ve
have found that scheduling and costs arc relatively insensitive to soil
conditions and the type of reactor tested; that is, whether the plant is a
PhR or a BWR.) Pre-test plamning includes finite clement models (of mod-
crate complexity) of the containment and the two components. Testing of the
components includes cxcitation by containment motion, but cmphasizes snapback
and sinusoidal forces applicd directly to the components. Approximately 50
acceleration transducers and 50 strain gauges are monitored with an on-site

computerized vibration analysis system. The post-test analysis includes

-113-




Fulb digit ] data documentation, praphicai data presentation, and parameter
identilication to estimate theoretical model validity,
The time and cost invelved in doing the pre-test analyses, testing und
- .l . . .
pest-test analyscs for the typical PWR containment structure and two internal

structures are cutlined in Tables 10.1 through 10.3. The total manpower

cffort plus additiona) direct costs needed to perform these tasks 1s approxi-

mately 7,000 hours plus $200,000, ‘The tasks described in this example make
the test very detailed, invelving a fair amount of oreparation, testing and
data reduction. ‘Thesc numbers are estim.tes only and could casily vary by

50 percent depending on the speeific requirements of the project.
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TABLL J0,1:  PRE-TEST ANALYSTS OF EXAMPLE PWR SYSTEM
[Approximately five clapsed months would
he required to perform this analysis)

1. Finite clement mode! of containment buildirg (includes
cigenvalue analysis).

2. lxcite containment model for hurmunic and explosive
Toading; determine response {i.c., acceleration, stress,

I [

Finite element mode! of a loop of primary coolant loop
{includes cigenvalue anplysis).

wa

4. fFxeite coolant loop model for containment motion, and
harmonic and snapback loading; determine response.

f

{ 5. Finite clement model of polar cranc (includes cigen-
? value analysis}.

!

i 6. lixcite polar crane medel for centainment notion, and

hari  ic and snapback leading; determine response.

7. Costs for pre-test:  Manhours = 1,500~
Ditect Costs = $20,000%%

;gbecified separiately from direct costs.

*#Mainly computer costs,
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1. Byquipaent checkont and apping,

2. Per.oanel aar trieoel,

GooSctup ot test o poten (ol acecieroseter | oroute
clectriend cable s, sty of compurer -yt -, placeraest

of ~train caupe, etel:

Ao Prefiminary 1osr o oyerify inteprity of te U oayster,

u

Detailed Foreed vibration tests (FVT) of contninment
bus Iding,

6. Detailed explosive tests of containment.
7. lbetailed FVT of a loop of primery coolant  ysiem,

8. Dbetailed snapback tests (SET) of primary coolam
system.

0. Detailed FVEF of polar crane.
10, Dbetailed SBT of polar cranc.
11, Equipment rental.

12, Personnel per diem,

13, Costs for testing: Manhours =.1,000
. Direct Costs = §100,n00¢

fMainly equipment rental, but also shipping, travel and per diem,
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Design Clasg

— e rsene e v " A T S e———
AT M’”M!l‘lwﬂﬂﬂﬂﬂﬂmHFN'F'HNHT—"W"”'“"“"*“HHF,

SEISMIC CLASSIFICATION OF STRUCTURES, SYSTEMS,
COMPONENTS AND THEIR CAPABILITY .

Design Class I

.

Design Class II

e A'J:-;',{" an

Design Class 111

APPLICABILITY

SE1SMIC
DISICN
REQUIREMENTS

SEISMIC
CAPABTLITY

Plant features important to
safcty, including plant
features required to assure -
(1} the integrity of the,
reactor coolant prezsure,
boundary,
to shut down Lhe zeactor-and
maintain it in a safc shut-
down condition. (3) The
capability to prevent or
mitigate the cunscquence of
accidents which could result
in potential off-site ex~
posures comparable to the
buideline exposures of

10 ¥R 100.

Plant features required to
meet REC GNC-2 and proposed
Appendix A to 10 CFR 100.
Plant features designed to
withstand effects of Double
Design Earthguake (DDE)

Containment building B
designed to acceleration
level 0.65 G, Refer to
Tables 1,2, and Figure
1,2,
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{2) The capability

Plant features impor-
tant to rcactor opera-
tion, but not essen-
tial to reactor
gsafety.

Plant features not
required to meet

AEC GDC-2 and pre-
posed Appendix A to
10 CFR 100. Plant
features not designed
to stand cifects of
DDE.

Seismic design level
of non-safety related

systems is not included

in the reactor safety
report .
ation level of cur-

rent reactor project is

0.2 G,

The acceler~

Plant featuresg
not related ta

reactor or saflcty




SEISMIC CL?\.'JSH-'ICH']‘ION OF CONTATHMENT

STRUCTURE AND THIVEIHAL EQUIPMANTS

TR o gy

i CONTAINMENT STRUCTURE  CONTAINMRNT TNTERNAL DESIGN
i AND INIERNAL SYSTEMS 3CO;‘*‘li?’OI-IEN’I‘S CLASS
[ . 1. Containment sontdinment structure 1
: Structure cont:dirment liner b
i contdimment penetrations and
} air locks I
" containment piping rupture
restraints I
containment interior concrete 1
containment penetration
flued heads 1
reactor cavity liner iI
2. Pacilities contajnment structure po' r crane I
missile shield over Conlrol 1
Rod Drive Muchanism (CRDM)
reactor vessel internal support 11
stands
( 3. Reactor coolant reactér vessel support structure I
: system and equip- steam:generator supports I
ment supporis steam generator hydraulic
supﬁort struts I
reactor coclant pump supports I
reactor coolant piping restraints I
pressurizer support I
reactor vessel I
vessel head 1ifting device 1
reactor vessel upper internals I
reactor vessel lower internals I
steam generator, primary and
secondary tube I
reactor coelant pump I
pressurizer I
! RID bypass manifold I
) vessel insulation II
/ pregsurizer heaters II
j pressutizer relief tank 1I
; all system piping to the
! presgurizer relief tank I
all drain lines of the system II

i
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CONTAINMENT STRUCTURE
AND INTERNAL SYSTEMS

CONTAINMENT INTERNAL
COMPONENT

A

DESIGN
CLASS

Reactor coolant
system and equipment
supports (continued)

4. Containment
HVAC

5. Reacter incore
flux mapping
associated items

6. Control Rod
Drive mechanisms
(CRDM)

7. Fuel and rod con-
trol cluster
asscmblies

Fuel transfer
system

reactor vessel

vessel head 1ifting device

reactor vessel upper irternals

reactor vessel lower internals

steam gedcrator, primary and
secondary tube

reactor coolant pump

pressurizer

RID bypass manifold

vessel insulation

pressurizer heaters

pressurizer relief tank

all system piping to the
pressurizer relief tank

all drain lines of the system

containment fan cooling system

containment purge valves and
plenams.

plant exhaust vent

forced draft shutter damper

containment fan cooling system
annular ring

CRDM venktilation system

Incore instrument room air
conditioning system

Iodine removal system

containment refueling water

surface system

instrument conduit .nd couplings
seal table and parts
flux thimble tubing

full length CRDM pressure housings
part length CRDM pressure housings
CRDM seismic superintendent

fuel assemblies

full length rod inlernal cluster
assenblies

part length rod control
cluster assemblies

fuel transfer tube and flange

reactor internal lifting rig

reactor vessel head lifting rig

fuel inspection fixture

refueling machine ©

reactor cayity manipulator crane
-125-
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CONTAINMENT :STRUCTURE CONTAINMENT INTERNAL DESIGN
AND INTERNMAL SYSTEMS ] COMPONENT CLASS
9. Channel volume excess Jetdo T heat exchanger-
control system tube side" \ I
{cvesy regenerative heat exchanger-
‘ tube side - I
oxcess letdown heat exchanger-
shell side ! II
. ‘ regencrative heat cxchanger-
1 shell side 11
: all drain linds and vent
: limes of the yslﬂv II
10. Safety injection safety injcctioﬁ accumulator tanks I
‘ system (SIS) §I$ test lineg ' 11
; SIS vent lines 11
‘ i §IS accumulator interconnection
” lines II
1. Residual heat containment emergency sump I
" removal system i
: |
12. Nuclear steam all pipes and'%alves inside
: supply system the containuent I
(NSSS) sampllng
system
13. Containment spray six rings of spray nozzles I
4 system
. |
14. Nuclear service containment ca&ity cooling ceil I
cooling water ‘containment cooler 1
system containment building auxiliary
air cooling Foil I
5 I
15. Liquid radwaste reactor coolant draink tank IT
system reactor coolan? drain: tank pump II
e reactor coolant drain tank heat
exchanger I1
v all pipes and valves connect
| to the RCDT ! 11
& contalnment structure Sump pump II
“reactor cavxty‘sump pump II
\
16. Post accident electric hydrogen recombiner I
hydrogen removal | -
system ‘ B
i "
Compressed aix all pipes and balves inside the
‘ containment | b

system




CONTATNMENT STRUCTURE CON’I‘MENI-&]‘:NT INTERNAL DESIGN
END INTERNAL SYSTEMS COMPORENT CLASS
18. Fire protection all pipes and valves inside

system the containment I
19. Fain fcedwater pipes;from steam generator to

system the main feedwater isolation

valves , 1

20. Main gteam pipes}from steam generator to .

system I

the main steam isolaticn valves

|
i
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I\EI’IENDIX B

NOTES ON PIPING STRESS CALCULATIONS
AND MONTTORING




Class 1 Piping Systems

Two limits on structural respunse ﬂuring Level A Service Limits (Normal
Operating Conditions) are imposed on Cléss 1 pipes by the Code. The first limit,
given by Lg, (10) of Subsection NB-3653 (denoted NB-10 herein), assures shakedown
and clastic action after the first few load cycles. The second Iimit, given by
Eq. (11) of Subsection NB-3653 (denoted NB-11 herein), assures that fatipgue failure

does not occur,

Shakedown occurs if the primary plus secondary stress intensity 5, is less
than or cqual to 3.0 Sm where Sm is an dllowable stress intensity; that is,
P D ‘

D
S = <24 2M 4+

LEC et G M 7(] ] Bulaty | + Cof ple T, - gl €308, (¥-10)

In Bq. (NB- ]0), the first term on the lcft side of the inequality is the range of
primary mLmbrnnc stress intensity due to the range of operating pressure P , the
second term is the range of primary bcnd:ng stress intensity due to the range of
resultant moment M, and the last two terms are secondary stress intensities due
to the range of thermal loads. C], Cz’ and C3 are secondary stress intensity
factors, I is the outside diameter of the pipe, t is the wall thickness and I is

the moment of inertia. Other terms are defined in Subsection NB-3653.

The range of allowable resultant moment during testing is obtained by solving

Eq. (NB-10) for M this pives:

P D
2V |, @ o0
M, ‘51 3.0 8, - ¢ = ‘(TGT talaT)| - CiE o T, - o T, (a)

where the resultant moment is:
= M 4 R
v M (b
and Mx and B& are the hending moments in the planc of the pipe cross section and

M, is the torsional moment.

The allowable value of ; is dependent on the plant operating conditions at
the time of testing because the range of pressure and thermal loads is dependent

on plant operating conditions.
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Fatigue fuilure does not occur Jf the peak stress intensity range S does

not canse accumulated damage cxcccd1ng Miner's rule. Sp is given by Eqg. [NB 11);

that is,
PD D
- o . 0 1
5 = KGC K C, = My 4 rulm |+ KCatplo T o BTyl

j S b BTN v B S S BT € V)
(NB-11)

1 ,
g Ealﬂ111

where Kl' Ky and Ky are local stress indices.

The alternating stress imtensity S71t is one-half of S, and is used to deter-

mine the allowable number of lead cycles. Fg. (NB-11) can be solved for an allow-

able value of Mi such that the additional test lead cycles do not vielate the
|

fatigue limit.

Class 2 Piping Systems

Limits are imposed on the structural response of Class 2 pipes subject to

sustained loads and occasional loads, Occasional loads include carthquake loads.

By Eq. {9) of Subscction NC (denoted NC-9 herein), the ocyncional stress

jmmmhysmlﬂdebelwsthm LQS]waeShisﬂw}mﬂcmmeﬂalanombk

stress at the design temperature; that is,

m, Mo+ M
SoL =gt 0T (I sy (NC-9)

i

where MA is the resultant moment due to weipht and other sustained Toads, 3 B is
the resultant moment duc to occasional loads including {(hut met limited to) earth-

quake loads, Z is the section modulus and i is the stress intensification factor

(0,75 1 > 1.0).

The allowable Tesultant moment during testing is obtained by solving Eq. (NC-9)

for My; this gives:
PDO
{1.2 S Zl—t:). - Ml\ (©)

Mg < 7 75

(=132



Monitoring

Monitoring of the structural Tesﬁonsc of piping systems to satisfy the safety
criterion can be accomplished by strafn gauging to determine stresses and resul-
tant moments at the hot spots, The résultunt moments can be comparcd to the
allowable moments given by Fq. (a) orjﬁq. (¢) and the testing terminated when
the allowable values, or a fraction oﬁ the allowable values, are exceeded., Alter-
natively, the stresses can he monitor?d and the testing terminated when the Tresca

yield criterion or the van Mises yvield criterion (or fractions thercof) is cxceeded.

The locations of hot spots are obtained from the stress analysis. Tf the
hot spots cannot be monitored because lof surrounding equipment or high radiation

levels,then the strains from other locations can be linearly scaled,

The following method has been usgd by ANCO personnel to monitor strains and
resultant moments during smapback testing of Class 2 pipes at Indian Point 2. At
selected locations on the pipe, a strqin rosctte was mounted as well as an addi-
tional lincar gauge along the longitu41nal axis of the pipe, The output from
this pauge pattern was the longitudind] strain at two lecations X and 5%y and
the shear strain Yy This output isjthc minimum output necessary to calculate

the resultant moment which is:

1 e e Y2
Moo= 2 Ty @
1ob/2 \/uxl vexy ¢ (335)

where £ is the elastic modulus of the pipe material and v is Poisson's ratio.




