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1.0 AHSTIUCi 

This study reviews experimental techniques, instrumentation require­
ments, safety considerations, and benefits of performing vihration tests 
on nuclear power plant containments and interna] components. The emphasis 
is on testing to improve seismic structural models. Techniques for identi­
fication 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 plan, schedule and Midget are pre­
sented for a typical I'M! nuclear power plant. 
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i) iixi-;i:irnvi! S U M M A R Y 

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 dynamic 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 and have provided 
valuable information on design adequacy, have demonstrated higher damping 
than allowed by regulatory standards, 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 (SONCS) 
were first conducted in 1969, following preliminary tests on several proto­
type and research reactor facilities. These tests concentrated on the 
containment structure and the primary coolant loop. The importance of soil-
siruturc interaction was demonstrated as well as the presence of high damping 
(M8 percent) in the lower modes of vibration even at low (10~3 g) accel­
eration response. The studies on the coolant loops led to improved mathe­
matical 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 equipment and piping systems. These data were help­
ful in establishing the adequacy of the plant in view oT increased seismic 
design requirements (0.4 g to 0.75 g). Earlier vibration tests on other 
containments (such as SONGS) and the demonstrated high values of damping 
were used to justify higher values of damping (7 percent) av Diablo Canyon. 
An extended research program sponsored by the Federal Republic of Germany 
at the IIDR nuclear plant near Frankfurt is providing information on the 
moderate-to-high level response of containment structures (10"3 to 10 g) 
and piping systems (10"' to 10 1 g). Damping of S 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 
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EPRI, have been conducted to scaled accelerations of 0.3 g using buried 
explosives and eccentric mass shakers. The results indicate very high values 
of damping (10 to 20 percent) and the importance of nonlinear soil-structure 
interaction. Other test programs support these observations and are dis­
cussed in the report. 

A variety of testing methods are available for exciting containment 
structures to any reasonably desired levels of response (10"1 to 10° g). 
The most promising and field proven;arc eccentric mass sinusoidal vibrators 
(with forces up to 10 6 lb) aiu the use of buried explosives (using up ro 
several tons of explosives). Linear hydraulic actuators, impulsive shear 
rams, and rockets are also potentially useful, but have not beer, as fully 
proven out. Equipment can bo tested by the above methods and also with 
snapback techniques, electromechanical vibrators, and the base motion caused 
by exciting the containment itself. If only equipment is to be tested, 
direct excitation of the equipment is preferable to containment excitation. 
Instrumentation for such testing is readily available. Data gathering, 
accuracy, and presentation arc greatly enhanced by recent developments in 
computerized vibration analysis systems and portable real-time spectrum 
analyzers. The exact choice of '/esring method depends on the M>ccifH- plain 
tested, soil conditions, surrounding buildings, goals of the project and 
other factors. 

A more severe restriction than attainable levels of response in testing 
is the allowable level of response. Test programs on operational facilities 
must avoid amplitudes which could produce adverse regulatory effects (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 example, load to reductions in predicted seismic response by 
factors of 1.2 to greater than 2 (IS percent to 50 percent less response), 
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 response level. 



. • ) , . . , • / ! • • 

V! /' 

These reductions have been the product of nonlinearitics as well as conserva­
tive design criteria applied to even low level response. 

Herein it is argued that concern for equipment is a more restrictive 
test response requirement than concern foT containment structures. In 
plants designed for low seismic amis;, the authors feci that containment 
responses on The order of 50 lo 100 pjercent of that to he generated by the 
prcdk.xl Operating Basis Earthquake jlOBI;) motion* arc acceptable during 
testing, I'lan̂ s designed for higher'seismic inputs may he more strictly 
limited to a smaller fraction of their OB!-, due to concern for seismic Class 111 
equipment. In any case the allowable levels of rcsiinnse appear to be greater 
than those required to demonstrate the validity of models and provide riighcr 
dampim: estimates. 

A test program will typically involve measurement of damping values, 
resonant frequencies, and mode shapes. The variations in those properties 
with level of response is useful to the understanding of nonlinear properties. 
Parameter identification techniques can be used in the field or after the 
test to estimate these dynamic properties from response data. Other tech­
niques, such as liayesian identification, arc useful to modify models or 
parameters of models (such as soil properties) in order to more closely 
match the identified system dynamic properties, Thcs n techniques have been 
fully demonstrated on a variety of structures including those from the aero­
space industry as well as nuclear power plant structures a:.d equipment. 

Testing costs will vary considerably depending on the scope and goals 
of the test. Simple tests to estimate a few resonant frequencies and damp­
ings on ail uncomplicated piece of equipment can be carried out for less than 
five thousand dollars. Extensive research efforts involving both theoretical 
and experimental investigation on a containment and its internal equipment 
can cost well over a million dollars. Generally, the test pugram can be 
scoped such that the economic benefit of reduced down-time is several times 
the cost of testing, A procedure for test planning, budgeting, and scheduling 
and an example test arc presented later in this study. 

*0BE free-field maximum accelerations are typically 0.1 g - 0,2 g at most 
U.S. sites. 
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Introduction 

Vibration tests have been conducttjd at nuclear reactor facilities in 
the United States and overseas since 1965, Those tests have been based on 
measuring either fl] the response to ambient vibrations, or f2) the response 
to forced vibrations caused cither by mechanical vibrators, buried explosive 
charges, initial displacements ("snapbqck tests") or, in a limited number 
of cases, actual earthquakes. 

The principal objective of these tests has been to verify seismic 
design calculations. Motivations for testing arc: 

(1) to gain insight into the dynamic response of systems 
which are difficult to analyse; 

(2) to study nonlinear vibrations!; 

("1 to conduct "proof-tests" of certain components or 
structures; 

(il) to measure specific dynamic parameters, e.g., cigen-
frcqucncics, mode shapes' and idamping ratios; 

(S) to improve computer models and modeling assumptions; 
and, , 

(h) 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 organizations are reviewed, test results 
summarized and recommendations for future 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 qualifications of ANCO to do seismic test­
ing of nuclear power plants is presented. References and a bibliography of 
relevant literature is included at the end of this section. 

-7-



Previous Seismic Tests of Nuclear Power Plants 

3.2.1 Soi1-Structure Interaction 
and Equipment Testing 

An important aspect of seismic design is to determine the effect of 
foundations and the effect of soil-foundation interaction on structural 
resnonsc. The importance of this effect for massive structures such as 
nuclear power plants has been known for some time. However, it can also 
be an important factor in determining the response of heavy equipment 
installed on foundations. This was demonstrated during the explosive proof 
testing of a circuit breaker which weighed on the order of 15 metric tons. 
124]* The circuit breaker was installed on a concrete pad havins gross 
.liir.ension- of approximately 10 meters long by 3 meters w Jo by I meter 
thick. The response of the circuit breaker, its foundat.m slab, and the 
free-fieJi. soil was measured during <i series of tests where explosives 
buried in the ground were used to create high intensity gruund motion. 
These tests indicated that the free-field response was greater than the 
response measured on the circuit breaker foundation slab. 

Although the data are limited, some experimental tests related to soil-
structure interaction have been done using both models and reduced scale 
structures. Typical of these is the work reported by Richart |25| where 
foundations of various sizes and geometries were subjected to forced vibra­
tion tests. 

The. physical significance of soil-structure interaction has been 
observed in both experimental tests and in actual recorded earthquakes. 
Duke and o'bers [27] have reviewed seismograph records obtained during 
actual earthquakes and inferred the extent and significance of the soil-
structure interaction. Such interaction effects have heen observed in tests 



on full-scale nuclear power plants. In addition, strong interactions have 
nee:: observed on heavy equipment and their foundations when subjected to 
stroni; j;rounil motions produced by buried explosives. 

Soil complianec effects on the earthquake response of nuclear power 
containment structures and internal equipment arc a significant aspect of 
nuclear facilit;. design. An analytical and experimental research program 
|.'(j| to investigare n, -ilinear soil-structure interaction effects on nuclea 
power plants has been initiated by the f.lcctrk I'oww Research Institute 
lld'HI). 

The primary motivations for this HI'HI research program are: 

(1) Current methods for incorporating soil-structure inter­
action in seismic design appear to be conservative. 
Preliminary studies indicate that t!fi! realistic incor­
poration of soil nonlinear characteristics can reduce 
in-structuro response spectra by factors of two or more 
below conventional lineaT predictions.[28| 

(2) Realistic nonlinear methods for treating the nonlinear 
characteristics of soils may permit the derivation of 
more realistic site response spectra than those result­
ing from current regulatory procedures. It is antici­
pated that lower design spectra will result for n specific 
site input. 

(3) Studies of wave propagation and scattering in an elastic 
media indicate that these phenomena can reduce in-
structure response 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: 



(,'i) to demonstrate, by experiment arid analysis, 
the significance of non1incur soil-structure 
interaction effects on the seismic response 
of nuclear power systems; 

(b) \{/ obtain hit;Vi soil strain dynamic soil-
structure interaction data for structures and 
embedments typical of nuclear containment 
structures; 

ft) to develop fundamentally correct soil consti­
tutive formulations for incorporating soil 
nonlinear effects in predictive technique-'; 

(u) to demonstrate the capability of predicting 
the sajii/nt features of high strain soil-
structUTO interaction; 

(e) to evaluate existing methods for determining 
the high strain properties of soils ^n-nitu; 
and, 

(f) to develop an experimentally validated proce­
dure for incorporating nonlinear soi1-structure 
interaction in the seismic design of nuclear 
power facilitics. 

The realistic treatment of nonlinear soil characteristics may suppress 
in-structurc response spectra by factors of two or more, depending upon soil 
and stmcturv characteristics. Reductions in equipment loading are of signi­
ficance not only to future facilities but also (and perhaps of even greater 
importance) for existing nuclear power plants subject to new seismic design 
criteria. An experimentally validated method for demonst/ating the seismic 
design margins existing for any given installation (arising frem nonlinear 
interaction effects) could be decisive in the minimising downtime losses and 
construction costs involved in a retrofit to increased seismic criteria. 

Tests have been conducted with reinforced concrete models as large as 
one-tenth the siie of a full-scale nuclear power plant containment building. 
f26J The models were subjected to a simulated earthquake produced by detonat­
ing up to 70,000 kg of buried explosives. The results indicate that nonlinear 
soil response is very important at higher levels of response (>0.1 g). 
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Soi1-structure interaction has also been recognized as an important 
issue in overseas work. In Japan two experimental investigations were car­
ried out in one project,[11] One was a full-scale test using the JPWi Plant 
and the other wr.s model tests, Forced vibration tests using horizontal 
excitation for each model were carried out by means of an ex 'tcr installed 
on the roof slab (before and after backfill] to study the effect due to 
the backfill taking place around th n raodo! structure. The exciter was an 
eccentric mass shaker of the variable rotation speed type. 

Three different soil conditions were selected. It was expected that 
different frequency vibrations for the throe cases might happen as a result 
of the forced vibration test. However, no essential difference in frequency 
was evident. 

furthermore, the nuclear reactor enclosure of the .JI'DR has been instru­
mented with seismometers to measure vibrations of the structure and the 
ground durini; natural earthquakes. Results of measurements and calculations 
indicated .,i;it the response of the structure was considerably influenced 
by the earthquake response of the surface layer. 'ITie dominant frequency 
of the soil-structure system was observed to be 4,5 II:. 

The importance of understanding and correctly modeling soil-structure 
interaction phenomena is underscored by the critical nature of equipment 
safety. The reactor containment building filters and amplifies the ground 
motion caused by earthquakes, It is this motion which is thv exciting force 
for equipment installed within the containment building. It is extremely 
important in equipment tests that the support and connections to the contain­
ment building and to other equipment bo adequately modeled. During a test­
ing program to determine the seismic response of electrical distribution 
equipment, forced vibration tests were performed on a large capacitor rack, 
further tests were performed to determine the sensitivity of the measurements 
to minor changes in supports and field installation methods. The mounting 
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holts on 1 ho capacitor r.u'k were IOO.SCIK-J si ight ly--nj'I1 roxim:ur-1> ono-ijuarter 
turn. This slight perturbation to the supports of flic capacitor rack drama­
tically shifted the eigenfroquencies and modified the damping values and 
relative amplitudes of the modes.[24] 

The difficulty in anticipating the effect of such chances, as well as 
more subtle changes such as aging, corrosion, modifications by field or 
maintenance personnel, makes it obvious that prediction of seismic response 
by purely analytical means can be subject to large errors. 

When massive equipment is installed in a heavy structure, the possi­
bility of interactions between equipment and the structure exist, forced 
vibration of a containment miilding and of two steam generators indicated 
that the excitation of one steam °:ncrator caused a coupled response to 
occur in the second steam generator, although they were physically separated 
by a distance exceeding 100 ft.|3,7,24] The only coupling was through the 
building and through the inter;onnccting piping of the primary coolant luop. 
IVhcn the building was excited, each steam generator responded and energy 
was transferred buck and forth between the two large (i-SO metric tons) steam 
generators. 

Vibration tests have been conducted both on individual components and 
on full-scale reactor structures. l.'xpcricJice with actual earthquakes has 
been limited. To date, no commercial nuclear power plant has experienced 
the forces caused by a nearby major earthquake, except for the Humboldt Bay 
IMant which experienced a short duration 0.25 g eartrujuaVe without damage. |2!>) 

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 arc so few that no significant conclusions can be drawn. An 
example taken from one power plant will servo to illustrate the point.)24] 
The measured accelerations on a steam generator were found to be much higher 
than were predicted by an analysis using a dynamic model which had been con­
structed from experimental data. Upon review, it was found that both the 
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model (which was bused on lincaT theory) and the testing (which had hcen 
done at low levels) failed to take into account the effect of "seismic- stops' 
which caused impacts when the steam generator movement exceeded the gap 
clearance. These impacts resulted in high acceleration levels in the steam 
generator vessel which were recorded by the seismic instrumentation, 

3.1.2 MiC.Q Case Studies 

Some examples of specific t-jsts performed by ANCO will now be given. 
These case studies illustrate the methods, objectives, and benefits result­
ing fivia various types of seismic testing of nuclear power plant containment 

buildings and equipment. 

Case Study No. 1: Containment Building Tests at IIDR, Kahl, Federal Republic 
of^eraany 

\ series nf ambient, forced vibration, snapbaek, and low-level explosive 
tests were performed on the lleissdampfreaktor (1IDR), a decommissioned nuclear 
power plant facility located in the federal Republic of (iermany. [2,10] These 
tests were used to determine the dynamic characteristics and response of the 
reactor containment structure and several piping systems under simulated 
eismie excitation. The primary concern was the identification of the criti­

cal cigcnfrcqucncics, modal deformations, and damping values of each struc­
tural system tested. 

The 111)1! is a nuclear power plant with a containment structure consisting 
of a cylindrical 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 separate over much of their height, A two-dimensional finite clement 
model, a three-dimensional lumped mass model, and an axisymmetric shell model 
were prepared prior to testing. Soil-structure interaction effects were 
included. A unique feature of these models was that the response ef the 
structure to eccentric mass shakers at various locations was predicted prior 
to forced vibration tests. 



Sinusoidal vibrators, snapbacl; and buried explosive charges were used 
to excite the structure and several interna] piping systems so as to esti­
mate dynamic properties. The first mode of the containment was founci at 
1.3 II: with about 5 percent damping at 10" 3 g. The primary objectives jf 
the lov.-lercl blast tests (<10 kg explosives) tests wore: (1) to obtain 
additional dynamic soil data at the I1DK site under conditions of increased 
strain; (2) to obtain basic data which could he used to predict the response 
of I Mil when subjected to higher level explosive tests; (5) to determine if 
higher level tests are feasible and useful for dynamic analysis of the ll!)R 
site; and M ) to obtiiin 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 boiling water uactor power plant. 

It appears, based on the low-level tests, that high-level tests can be 
carried out safely and would yield important information concerning the non­
linear behavior of structures and the modeling of structures, piping, and 
equipment during strong ground motion seismic events. These additional 
tests along with higher level sinusoidal tests are currently planned for 
October 1979, and will be earned out by ANCO. 

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

l-'orced vibration tcsts|6,8,17-20] were conducted at the San Onofrc 
Nuclear Generating Station (SONGS). Tests were made on the reactor building 
and the primary coolant system during a refueling outage. Dynamic properties 
were identified and used to modify an analytical model. 

The analytical model was used to study the response of San Onofre to 
earthquakes. The results indicated that additional seismic restraints on 
the primary coolant loop were desirable, and these were subsequently installed. 
The results also clearly indicated the significance of soil-structure inter­
action. The first mode of the containment was found at about 5,0 II: with 
IS percent damping at 10" 3 g. 
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These tests were particularly important because they were the first 
forced vibiut'on tests on a large nuclear power plant and because San Onofre 
was one of the first nuclear power plants to be constructed in a high seismic 
:onc. 

Case Stud)- No. 3: Equipment Tests at Diablo Canyon, San Luis Obispo, 
~ California 

Vibration tests of equipment at the Diablo Canyon Nuclear Power Plant 
near .San Luis Obispo, California, were performed at the request of the 
utility, Pacific (las and Electric Company. [50] The objective of thesj test:' 
was to determine the dynamic properties of the equipment, Using these data 
and comparing them to theoretical models allowed improvements in these models 
and a more confident evaluation of the seismic capacity of the equipment. 
Extensive on-site dynamic testing of piping systems and safety related 
equipment was used to obt;n- t-xpcri»ientally validated dynamic models for 
extreme loads design assessment. These tests were part of a general review 
of the plant design. The review was occasioned by the need to re-examine 
the design of the plant in light of new seisnic design criuria. fr.-siiu 

testing proved to be an economical, rapid, and valuable adjunct to engi­
neering analysis. In most cases damping at allowable test excitation levels 
(•"0.5 g) exceeded regulatory allowed values. 

Case Study Xo, /l: Ir.-Situ Testing of Equipment at Humboldt Gay, llmnboldt 
Bay, California 

The seismic design of safety related structures, systems, and con-
ponents at the Pacific Gas and Electric Company Humboldt Hay Power Plant 
Unit 3 was re-cviiluatcd using present day methods of seismic analysis in 
response to n Nuclear Regulatory Commission (N'HCl request. I1.'] Significant 
changes have occurred in the methods of seismic analysis of nuclear power 
plants since the original design of the Humboldt Plant. Previously, static 
analysis ivas used. However, dynamic analysis is now used for all safety 
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re la l i\l :.t rui'turcs, .systems, and components; structural amplification is 
included in defining input motions for equipment and piping located in struc­
tures. Allowable stresses have changed and alternative acceptance criteria 
are now used in certain instances. Also, more detailed sci sinolog; cal inves­
tigations have been conducted at the plant site and a more rigorous seismic 
design input has been defined. 

Evaluation of the seismic design of the pUnt and design of certain 
modifications jas undertaken to provide the additional margin of safety 
required by present day methods of seisuic analysis. 

At the Humboldt Bay Plant the use of in-situ testing proved to be a 
rapid and economical means of obtaining a wealth of data that was useful 
in giving direction to, speeding up, and giving confidence to analyses that 
were required to he performed for the seismic evaluation. On-site dynamic 
testing of over 40 structures and different pieces of equipment was done to 
obtain experimentally 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 analytical models and 
to identify problem areas. 

Case Study No. 5: KKI' Piping Tests, Federal Republic of (icntiany 

Forced vibration testing was performed on one of the three sections of 
piping comprising a major portion of the "Lagerdruckwasscrsauglcitung" (IDS) 
piping system at Kcrnkraftivcrk Nord bei Phillippsbur; (KKP'l, a PIVR nuclear 
power plant. Federal Republic of Germany.[55] Testing was performed at 
the request of Tcclinischer Uberwachungs-Verein (TUV) Baden e.V., Mannheim, 
which is the licensing authority for this nuclear plant. 

The purpose of this experimeital study was twofold: (1) to provide a 
benchmark case for comparison with the results predicted by linear-elastic 

1 
! 

I 
[ 

I 
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finite element techniques; and (21 to qualify, and perhaps quantify, general­
isations that may be 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 evidence exists to support their integrity under postulated 
seismic activity. Therefore, conservative modeling and conservative assump­
tions to limit the sum of operational and postulated accident-induced stresses 
have been imposed upon designers. 

The piping system at KKP was excited by snapback techniques to about 
0.5 ;; and the response measured and analyzed to yield estimates of resonant 
frequencies, mode shapes, and damping. The theoretically predicted first 
mode resonant frequency was 25 percent less than the measured value even 
after the "as built" conditions were incorporated into the theoretical model. 
The error was largely due to the actual system being stiffer than predicted. 
Damping in the lower six modes was higher than anticipated (as much as 
'.) percent rather 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 
IDS pipe, increased damping and increased stiffness, tend to reduce earthquake 
response. 

Case Study No, b: Cooling Tower Tests at Rancho Scco, Sacramento, California 

A 425 ft concrete hyperbolic cooling tower was tested by mci.Storing 
vibration response to ambient excitation.[1] Hie objective of the testing 
uas to identify resonant frequencies, damping, and mode shapes significant 
to the seismic and wind excited response of the tower. The tower, const-acted 
by Research Cottrell, is the east cooling tower for the Rancho Soco Nuclear 
Power I'I ant. 

Testing consisted of placing accelcrometers at various points on the 
tower and analyzing the time responses with a real time spectrum analyzer. 



I 
I 

Avi'iMi'c1 ' [n-i-1. r;i were taken over lime peri (ids ranging I'rots. lour t>, l o i t . I 

minutes and f i l l I range frequency from l) to 2.5 l lz. He-.pon.a-s M M - on t in • 

order o f I f ) " ' g. ,_ I 

Tlu- response of the lower consists of ovaling .md breathing response :. 

i;i-11 a, bending :md shearing response. I.ucb mode of viht-it iun •nvolv-d ••• I 

comhinat ion of these responses. flic tower was found tn In- very s t i f f 'o:; 

pared to .in office hui lding of the same height. The first resonant freqiics- • 1 

nf the touiT v.a ; 2. If. II; compared to ;i typical building M2r> ft highi i-.iti • 

a first r< sonant frequency of 0.1 II.:. The tower damping '.-.as dcterain-d '• 

lie .' per- int . This danping is comparable of office hui kling darn in; at tin [ 

same 11•' • • 1 of response. Il.ata from tes ts on similar large vnncrele struc­

tures SII,;••est thai the damping would increase at higher levels of re'pon.e 1 

to ahont .'.-1(1 percent at 1 g. This trend could be further verified using 

forced viiirafion techniques but has not been done. 

Siiiniiiyry of Test Results 

hxperience v.Mi a wide variety of vibration tes ts at many nuclear ; •>•••< r 

plants leads to the following conclusions: 

• such tes ts can be done conveniently and quick! \ ; 

t they are economical ;.nd safe; 

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

• they give insight into parameters which cannot he 
calculated, such as damping.[4,231 

Confirming seismic t e s t s of nuclear power plants in areas of high 

seismic .activity would increase the r e l i a b i l i t y and accuracy of the struc­

tural analysis methods and would, therefore, lead to increased confidence 

in seismic analysis and design. The test resul ts and the enhanced analysis 

capability would (1) help to heighten public confidence in and acceptance 

of nuclear power; (2) allow more economical designs; and 131 reduce the time 

required during the licensing review, 
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lu il.ite confirming seismic tests have been carried out on more than 
tunny nuciear facilities world wide. Examples of all major systems and 
equipment have been tested without problems. The systems tested and the 
test p'tl.Dils are summarized in Table 3.1. Based on the results of these 
tests it c m be concluded that vibration testing of power plants is useful 
and feasible. 

Severn! items require additional research and should receive considera­
tion in future test programs. These research items include: (1] high 
level t< !:, (.">) seismic instrumentation for nuclear power plants, and 
I Si contingency actions to be taken following an earthquake. 

Perhaps of greatest importance is the need to conduct high level tests. 
The forcing levels used in testing should approach those of strong motion 
earthquake--:. Methods arc 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 no.ilinear 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. ILu'cver, tests have been performed in w.iich the stiffness 
increased for some types of equipment and decreased for others. In virtual 1; 
all cases, damping increases as the level of excitation increases.[4] These 
effects should bo studied at power plant sites where high level testing is 
feasible. 

Seismic instrumentation in power plants requires review to determine 
if current instruments are adequate to provide data which can be compared 
to the plant seismic design following an earthquake. In the event cf a 
moderate earthquake with no visible damage to the plant, it would be desir­
able to return the plant to operation as soon as possible. Procedures to do 
this efficiently while still protecting public safety are required and 
currently being considered. [31,32] 

-19-

http://il.it


I "•Jill. T . I : f'I'f Vl')l!'; i ' ' i ' U ' l ' r . ' M I . I1 :MS Oi- MK'i.LAi! 
I"l1,',I,I' i'l.AM VIl'lK/ilJi 'l . ' ; A',!' I . ' JNINI/ .T 

i U i : T e s t M e t i . w i ' 

Cuiitii i n w i i l I'ui li! inj.;s 
f i t l i l ' l , Sphere SV 
Steel iiii'l '.mi', n 11', cyl inder sv,b 
Cori ret e , i ) l ii,-lcr sv,a 
J-] 11t ri < ;j] j.i in-1 i ,:1 iijiii, | St 

I'ric.iiry Crx-lanl I,'.ops 
Piping sv,b 
Steam j;eiier;ilor (j\nb) ; sv,b,sl) 
Stc,'ini i'.enenilor (unler) ' sv 
Steam i;eiici-;i1or (sndiuiiO b 
Pump;; sv,b 
I'le'.Mii'izi'V sv 

Reactor Vessels 
Pn-ssiiri/til Kilter reactor sv 
Hoi 1 iiij1, ua ler r eac to r n 
Gas-cooled reactor sv,b 
Reactor core j sv,b 
Renetor fuel element s t 

Auxiliavy equipment 
Circui t breakers \ sv 
Transformer sv 
Timevf.ency i l icse ls sv 

i l-'irc protect ion equipment s t 
Control panels j sv , s t 
l,i<;h1nini; a r r e s t e r sv,sb 
Capacitor banks 5VjSi) 
Cable t rays sv , s t 
Cool in}; Towers a 

*'l'cst laetlioils: sv = s t ruc tura l v ib ra to r 
st = slinkc t ab le 
b = explosive b las t s 
sb = "snapback" t e s t s 
a = ambient 

NO'l'li: Hcferences to these t e s t s are given in references 
1151, |2 '1 | , and | .vl | . 



1 Qua I j j ' i cat ions of ANCO l:nniimcrs, Inc. 

ANCO Lni;ineers, Inc. (formerly Applied Nucleonics Company) has con­

siderable experience in vibration test ing and analysis of nuclear power 

plants and this work comprises ;i lnrj>c portion of the horld experience. A 

select ion of tes ts performed by \NC0 is given in Table S.J. ANCO has also 

performed state-of- the-art studies in the seismic anahs i s of nuclear power 

s lants , 13()| in the underground!ng of nuclear power plants , [.i,i| and in para­

meter identification methods for s t ructures . [>1| Ke are currently involved 

in several major field vibration t e s t s , including the hij;h level containment 

ar.d pipin.i! system tes t s at the ItDU Reactor near I ranH'lirt, Inderal Republic 

if Cermany, and t i e piping system at Indian Point Unit I near New Vurfc City. 

'>',;:" lias just completed extensive it.-nii'< seismic re-evaloat ion tes t s at 

the Diablo Canyon Nuclear I'owcr Plant . ANCO has also performed purely 

theoretical structural analysis on more than ten nuclear power plant struc­

tures . 
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I M-.I.I. . . . ' : M U C H |i VCH) I \ | ' l I ( | I . M : I . IN Yll'lll 'IHI \ l , 
HY.WIH.S AMI I.WIIINIIAKI; l ;N(, l \ l ! M ' , i . 
H)H Slli:i.i;.\H fAC I I.I f IKS 

1 

' l i t ie/Cl ient ln-si i-ilit.ion 

l.iiiil inuar 1 arli.iiiiak' Induced 
'"'u 1- ''tnn.-ti.iX' interact ion of 
Nnch'ir I'owr i ' laiHs/Plectric 
i'm-.i-r research Inst i lu te 

Technical manngenriil re..pra:.ilii 1 i t ) fur 
inulti-year analytical .and • •...pwir. at.-i! 
research p r o l a n to evaluate •••i.-.i.ifi ance 
of non] inear inii.-r.i"t ;on and to dev-lup 
experimentally v:i! iiialcd methodologies 
Tor incorporating annl inoar ini'-ract ion 
in the seismic do.i.'n of nut* 1 t-.ir p.'.%--r 
p lants . Prnnary function is to rulv IIILX-
the s la te-of- the-ar t of cisiric di--. i.i;n 
of nuclear power p la ins . RospoiiMlil-
i l i c s include pro;.i.'IT: i\ci.M.;;;,e!id:it ion:-., 
technical direct inn, i adept adent click­
ing and inonitoring, and 'e lected paral lel 
invest igat ions; en ta i l s i'aiia!;e':".'iit ,,;" 
seven contract in." on'aiii..:it i 'ws. ''tie 
experinintal phase of t ins re- 1 .arch 
involved ''simulated e n tiupial e'' ev Ca­
tion of five buried and • -abeddi u i .u:-
crete nuclear cont :i i inac-nt st n a t u r e 
models. 

iarthouake Safety P.v.'ilnation 
and Dynamic Testing of Emergency 
Core Cooling System Piping, 
KomfcniftuerJ; Phi 11 ippsburg/ 
'!< chilischcr ilberi'.achunps Verein-
Pnicn, Federal Republic of 
•'-. rr-aav 

Prepare dynamic models of containment 
s tn ic ture and soil to determine; SOO .'IWe 
nucleaT power plant scisnic response 
incorporating so i l - s t ruc tu re interact ion; 
develop piping system dynair.ic models for 
safety evaluation; conduct vibration 
tes t ing on s i t e to validate and modify 
dynamic rodcls ; per fori;, piping and 
einiipmcnt earthquake response calcula­
t ions and assess safetv. 

Piablo Canyon hyiiamic Test ill}1 

.siicl Analysis of l'i|iiipMeiit and 
''iping System/Pacific Has and 
! Ice t r i e Company 

Perform extensive on-si te dynanic test ing 
of piping system:, and saiety related 
equipment to obtain experimentally va l i ­
dated dynamic models for extreme loads 
design assessment, respons ib i l i t i es 
included determination of eigenparameters; 
nonlinear response studies; data anal­
y s i s ; and model ident i f ica t ion . 
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TAlil.l 3.2 (cont'd) 

Title/Client Dcscript ion 

ixpcrir.entnl r.valuation of 
Cable Trays and Plectrical 
Conduit/Bcchtel Power Corpora-
t ion 

Rt'tiyn rind construct biaxial hydrauli-
cally driven shake tabic S meters by 
12 meters in size to evaluate the dynamic 
properties and failure modes of various 
system designs. Table capacity of 5 tons 
at 2 g achieved for simulating floor 
response time histories in nuclear power 
plants. Program purpose was evaluation 
of design parameter influence on scisaic 
capacity arid establishment of simplified 
and cix.iiumic designs. 

:.ei.ii:iic 'qualification of Pquip-
ix-iit and Si nicturcs, Humboldt 
i.ay .'.'sclc'ir Generating .Station/ 
r.rciiicT 1'cv.er Corporation 

Parthquakc Safety Pvaluation of 
i'rir'.ary and Taergency Cooling 
Pipiiij; and P.quipmcnt, flcraein-
su'iaftkcrnkraftwcrk I/Tcchnischer 
I>l>crw:ic1njnys Verein-Stuttjiart, 
Fc jeral Republic of Germany 

Sei^nic Assessment of Underground 
ami [iciTicd Vuclcar Power Plants/ 
Aerospace Corporation 

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

Dynamic analysis of structures, equip­
ment, and primary and emergency cooling 
systems for an 800 MKo PWR. Seismic 
safety evaluation 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
ter is t ics . 
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T i t l e / C l i e n t 

Dynamic Analysis and Teslint; 
of .Nuclear I'otver Plant Piping 
Systcms/Illcctric Power 
liesorach Inst i tute 

Description 

Dynamic analysis and testing of five pipinj; 
systems rani;inc, in diameter from 15 cm 
(6 inches) to 75 en) (30 inches) and includ­
ing primary, secondary, and auxiliary sys­
tems at a nuclear power plant. Punosc: to 
examine nonlinear effect:; at moderate re­
sponse; to establish a lar^e damping data 
base on a ranyc of piping :• ir.es; to develop 
benchmarks for computer code verification; 
to assess the importance of nonlinear effects 
in the design of pipinj: for loads arisin:, 
from seismU , waterhamner and other dyn.'.iik 
loads. 

Seismic and Tornado Analysis of 
Slamlby fool inc. lowers, C.r.-ind 
(iulf Nuclear I'mvcr Station/ 
Ceramic Cool inj; 'lower Company 

Dynamic Testing; and Seismic 
Analysis of Containment Build-
iiii',, and Primary Coolant Loop 
filling and Equipment, San 
Onofrc Nuclear Ceneratin); 
station/Southern California 
f Jison Company 

Dynamic analyses of structures, pipinj; sys­
tems and mechanical equipment comprising 
ultimate heat sink eoolinj! towers for Grand 
Gulf Nuclear Power Station. 

Perform vibration test inj1 on structures and 
all three primary coolant loops. Predict 
response of system tn Safe Shutdown Larth-
quakc. Comp.irc dynamic response to low 
level seismic excitation to theoretical 
predictions. 

Dynamic Test inj; of Primary 
Coolant Loop hquipment, Kancho 
Scco Nuclear Generatins 
Station/licchtel Power Cor-
ne-ration 

Perform ambient level vibration test inn of 
piping and equipment Identify major source 
of operating condition vibratory excitation 
of system. 

State-uf-tlie-Art Assessment 
of the Seismic Posij;n of 
Nuclear Power Plants/ 
ilectrk Power Research 
Institute 

Evaluate current and near-term methods; 
review available dynamic response data perti­
nent to soi1-structure interaction, contain­
ment structure dynamics and equipment dyna­
mics. Identify research areas with poten­
tially significant impact on nuclear power 
plant seismic dcsijjn, 
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(I sumM'-i 1,1 II.STIM; Minions 

1 Introduction 

Many testing methods evolved in recent years would be sufficient to 
excite a line3car containment structure so that the dynamic characteristics 
of the structure could be identified. [151 bach ir.cthod relies upon monitor­
ing and analyzing the response of the test structure to a known or idealized 
forcing fmiction. These forcing functions arise from fl) natural events 
such as aril ient vibrations due to local traffic, wind and distant seismic 
i-u-nts; ,i:sl i'2| applied loads such as impulses, sinusoidal varying loads 
,I:H! t'.'iinlo'.l .riplied loads. This broad spectrum of forcing functions may 
In- cute.'uri ..'-d into 1'nree groups, those which are transient in nature, 
randoi; iji ' uiirc, and steady-state i'. :i,':ture. 

'Ihe measurement of resonant frequencies, mode shapes and damping ratios 
is the primary goal oi' most testing regardless of the testing technique used. 
Most test ini', is carried out with some initial estimates oT the structural 
response and of the dynamic characteristics. These estimates may come cither 
from a sophisticated computer analysis or from experience and previous tcst-
ing. The anticipated response will play a role in the decision as to what 
test inn method will be used. 

In the following sections the current methods of transient r'\-"-nsc 
testing, blast testing, and steady-state sinusoidal response testing will 
he reviewed. The methods will be examined in a theoretical sense and a 
practical sense with a discussion of both the nvrits and drawbacks of each. 

Ambient testing will not be further discussed as it< use is not warranted 
for soil-structure interaction (except as it presents a lower bound to 
damping estimates). Arbicnt method? can be useful, however, for equipment 
Usting and for structural modes not involving sot'.-structure interaction 
or other nonlinear phenomena. 

Transient Testing 

Several methods can be used to cause transient response of structures. 
These include response to earthquakes or other ambient excitation, snap-
backs, impulsive loading* ;md nearby detonation of explosives. 
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In ;napback testing, a static force is applied to the structure, causing 
an initial displacement. The force is suddenly released and the structure 
undergoes free vibration with the initial displacement as the initial con­
dition. This method has been successfully used to test large exhaust stacks, 
[Idj heavy equipment including steam generators,|11] and piping systems.[12] 

A method of applying the force and a method of quick release are require 
for snapback testing. Winches, cables, cranes or hydraulic rams can be used 
ti. apply the force; high speed hydraulic valves, unlatching mechanisms or 
frangible links (which fail at a known force) can be used to release the 
force. 

The level of response in snapback testing is dependent on the initial 
displacement, l-'or individual component testing the level of response attain­
able is limited only by available force application. Therefore, the snap-
back method is particularly useful for component tests. However, the snap-
back 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. 
I'rc-analysis and experience as well as repeated tests with force application 
at different locations may be necessary for effective isolation of individual 
modes. 

Impulse loadings 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 greater 
+han the ambient vibration level, 

Two impulsive loading methods which can generate higher responses than 
rubber mallets or manual excitation are mechanical pulse generators and 
chemical rockets. Mechanical pulse generators produce force profiles by 
drawing metal bars with variable cross sections through a cutting tool. 
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The force Profile or i,;ive form is dependent on cross section of the drawn 

.iietul bar. 

A t̂-hL-i-.:il ic diagram uf a mechanical pulse ccneratur is -h^n bchuv. 
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11H liiicc time history is dependent on three variables: 

fl) the relative velocity of the cutting tool and the 
drawn bar; 

I-] the specific cutting energy (which, at high speeds, 
is dependent only on the type of material and the 
cutting angle); and, 

(.l) the cross sectional profile of the baT. 

Laboratory pulse generators have been used to generate force wave forms 
conpar.'iiilc to theoretical predictions[1) and have been used ro test a 
iMi,in»ii lli HceVrieal panel. |3l l-arthi|Uaki- ivlini-. nf the p.iiti I ua-- not done 
'nit rather shock loading due to nuclear attacks were simulated. 

There is not, however, extensive experience with mechanical pulse i;cn-
enitors either in the laboratory or in the field. This lack of experience 
is one drawback on the use of the method for practical seismic testing of 
full-scale structures. Other possible difficulties in using the method 
include: 

fl) the large cost of generator fabrication and 
placement; 



,B!'W*|i,|ipilli. Hiq 

f,!| lite- I.-• r-j'i- power re.pii rem nt s; and, 

(Si llie large and localised reaction loads transmitted 
to the s t ructure . 

Cliei'iical rockets produce force., by the high velocity ejection of chc-:a:t_.il 

mutter. I'he clienical rocket is attached to the structure and the reaction 

to ejection tran knitted to the s tructure. 

'Hie types of propel lnnt s include, hydrogen and oxygen a-; well as variou-. 

solid propel 1 ants . Large thrust;, of !.(j,fJf)() lb and 0.5 sec duration are a t ta in 

able for single rockets. Larger durations of 20 sec are possible hut with 

lower ll inists of approximately 5,110(1 !b. Rockets can lie attached in parallel 

to prodive larger total thrus t . Typical performance parameters are j'.iven 

below. |-11 

Specific Maximum Thrust to Specific Typical 
Impulse Temp. Weight nitration Power forking 

_(_s_e_cj___ Q'J Ratio . (hp/lb) J I " ! 1 ' . 

200 to 180 4,51)0 to lu" ? to Seconds 0.1 to II, and OT 
7,800 IDC to few 1,000 or other fuel 

hours and oxidiscrs 

Chemical rockets are inexpensive'and huve been used in the past in 
tower tests.[3] However, there is a lack of reported recent experience with 
chemical rockets for structural testing cither in the laboratory or in the 
field. This lack of experience limits the practical use of the method. 
Other difficulties in using the method include: 

(I] delay in the ignition of the rcr'uts or lack of 
ignition in multiple installations due to burnt 
wires; 

(2) .s.gh local reaction forces transmitted to the struc­
ture; 

(3) smoke; 
(4) expensive preparation; and, 
(5) possible explosive safety hazards. 
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'.i-vi.Tt!n-U rnci.ct'- !:;ay he used in t e s t i n g of c u t ,"> i ni:ivn*.-.. The ill'H 

•,i- ;• •., .!',.' •,;;., . . idal v i b r a t o r s , snap-hack, and bur ied c v p l o s i v c w i l l 

;i I --.' u- tr >'oclct ; c M n u l a ' c a i r c r a f t impact. 1 1 - | f igure -1.1 i l l u s t r a t e s 

lh< i-" .•(.'.•! ii-iit ii. lie lined and it.- force , ' l i ra ' pn iper t ie-,. IIM 1 \>- such 

in,it v i l l '~i. ic-id and f i red •'mail tanci \ r U , 

I:-I • : I'.i.i-;. J I \± Kis ive-

n,e i-nli.-id nhicii has ru*: i ••"• i lor h ' !i I <_'\ •.-1 t r . i - - ,.: m i l ..call- s t r u c -

i i r i " mi i-ailp'.eiit is bur ied e*pii>-iVr . r.. i ;:•<•-•. liy p r u v r p]'ici-roont , 

i , . . 'p.'ii' :ii-. , nul t i : \ i : ig .'I' tin- chai i. , it is jio'.'-ihl'. ' o vary tin-

i-'i,r... ••:. J; ; .in ampl i tude , f rei.in-iicy cunt i a t , and i!urati-->n over ranges t y p i c a l 

:•( i- .i •: iiTi.il.. i-i-m/ii! f;«)tioa-. 'Ihv f'n -i . ipplii atio.'i (•'.' t h i s ciethod to a 

:::.::•:•: :'•'••'•: plant was done in \'M ':• •' ":<• i n r i c o l-cr:.i I'owor P l a n t . |">| 

', t in eai'lv work four c r i t i c a l oia : 1 inn1- t-.erc addressed : 

•I) I-- h l a s t t e s t i n g f e a s i b l e from an economic point of 
vii'u'.' 

'..'1 ('. a i t he dune safely'. ' 

i.i) (an cnrthquake-1 ike ground motions be produced? 
M | Gin it be extended to large full-scale structures? 

I lie early v.mi indicated that the answers to all of these question? 
M.I • .-..-. Costs were found to he comparable to or less than forced vibration 
ti"-t'>. And buried explosives are capable of producing very high levels of 
response. 

Safety uas achieved by proper spacing and burial of the charges to pre­
vent eratcring and ejection of debris, liy using multiple delayed charges, 
it wis possible to enhance low frequency ground motion and extend the dura­
tion of ground motion. Durations of several seconds, equivalent to the high 
level portions of recorded earthquakes, can be achieved. The method can be 
applied to full-scale structures and was used at tests of a large nuclear 
power plant in Oak Ridge National Laboratory in l!)70.[u| During the 
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Oak !-:iii;.;e tests up to one ton of dynamite was used at distances of 250 to 
300 ft from the containment building, 

A review of defense literature on explosive effects indicated that 
acceptable correlations with experimental data existed and could he applied 
to seismic testing. |7,S] Test accelerations were proportional to the factor 
IV , .IKI'I' IV is the charge weight. Other findings of this literature 
review r.'crc: 

(ll the depth of charge burial required and crater sir.e 
required for specified ground inotion could be pre­
dicted s.it ipfactori ly: 

(.'i the ground response is strongly dependent on soil 
properties, hith wet or damp soils causing greater 
re s [ion se; 

(3) the effect of distance and depth can he modelcil 1;>" 
sealing laws; and, 

f!) the condition of the soil (disturbed vs. undisturbed) 
is important. 

Besides the defense literature, two other general categories of informa­
tion exist. The first category included numerous measurements of the effects 
of quarry blasts on structures in the vicinity. These arc not generally 
useful since they report peak response values hut contain no information 
about frequency content, duration, or soil properties. 

The second category includes underground nuclear weapon tests. While 
these tests are extensively instrumented nnd analyzed, most of the data arc 
not useful because it is for large charges', deeply buried and located far 
from the measuring equipment. Extension of the data to conventional explo­
sives of interest to seismic simulation docs not appear to be fruitful. 

A more recent review of the literature has been provided by lliggir.s 
and his associates.|U| In addition to reviewing the older literature, they 
have examined newer work and have investigated the actual nechanisras by 
which explosive energy is coupled into and propagated through the soil. 



Work has been carried out in throe nun promising .-irons using explosives: 

fl) creating specified "round spectra for testing founda-
1 ions with massive equipment items; 

(2) creating specified (scaled) high level ground unit ions 
for testing up to one-tenth scale nuclear power plant 
containment hwldings;[l:>| and, 

(3) using explosives to i^rfo™ hij;li level tests of a 
Herman nuclear power plant,[)j| 

f.xplosives have also hcen used to test othcT structures, including 
reactor piping system, model buildings, ynd reinforced earth retnbiin,. 
Kalls.[lS| 

Seismic simulation tests using buried explosive charges is a pniv-.u, 
viable tccliiii(|ue, Structures can be excited to peak levels of response rang-
inji" ' r o n i '" '' 1'. t 0 "'''' !i. depending on the charge size and r:m;;e. Test vari­
ables can be controlled within certain limits and predictive methods arc 
available. The main safety considerations are avoiding underground piping 
locations and placing charges to avoid ejection of soil and debris, l.'per-
ience indicates it is often possible to excite one structure in the midst 
of several others, hut safety, insurance, and "political" problems may arise 
if other critical structures are within a few hundred yards of the tested 
structure. 

Important to the success of the tests is proper selection and placement 
of instruments through knowledge of soil conditions, proper selection and 
handling of explosives, and a carefully thought-out and controlled tc*t uro­
gram. 

In concluding, it should be pointed out that, more than any other test 
method, use of buried explosive charges resembles actual earthquakes. The 
energy is transmitted through the soil to the foundation. Soil-structure 
interaction effects are present. All systems are excited (buildings and 
equipment). Nonlinear effects and damping can be studied by gradually 
increasing the charge size. At the same time, information on soils can he 
obtained. 
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I 
I -I.-I Sinusoidal Test ill}: 

"Ilie steady-state .sinusoidal forced vibration test uses one or more 
J structural vibrators placed at appropriate points on a structure. The 

response of the structure is measured at points of interest i-.ith acccloro-
1 meters or other transducers, while the frequency of the vibrators is varied 

in increments over the desired frequency range. At each incremental fre-
1 ijiieney the vibrators are held at a constant frequency long enough for all 

transient effects to decay so that only the steady-state response of the 
st ructnre is recorded. 

lit' forced vibration tests several different types of vibration gen­
erators are available. I'or eccentric mass vibrators the force is produced 
in- rotating eccentric masses or "baskets-" about an a.xis. The force is 
chanced by adding weights to the baskets, or otherwise altering the eccen­
tric mas;;, The force is also varied by chunking the rotation frequency. 

The force Renerated by an eccentric mass vibrator is given by: 

l :ft) - nirui'sinut 

where 

::ir is the eccentricity; and, 
•,. is the rotational frequency, 

lor a 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 vibrators or excessive power requirements, fable 4.1 l is ts 
the performance and specifications of several typical eccentric mass vibra­
tors, .'vote that vibrators can use two counter rotating arms to produce uni­
directional forcing or a single arm for omnidiroctional (rotating vector! 
fore inn, figure 1.2 illustrates the nature of a large eccentric mass 
vibrator. 

The vibrators are driven by motor-controller sysiems. The control sys-
1eiv. is usually a solid-state design which is temperature stabili:ed and 
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"IAB1.I- 1.1: n i ' i a i . UVi'NIKll/ MASS VIBRATORS 

Max. I'ovcc Min. I'req. Upper Limit MJS.-= of Input 
for Mas. Frequency I 'ccontvic i t y Vib ra t ion Poucr 

Designat ion (Xchtons)* Force Q\z} LLsZlL 1 LbiLl . . j J ? 2 i \ _ 

MK-11 
ANCO 4 0 , 1 ) 0 0 100 100 0 . 1 10 1 .5 

MK-12 
ANCO 4 0 , 0 0 0 - '0 100 0 . 5 4 0 1 .5 

MIC-13 
ANCO 4 0 , 0 0 0 (j 2 0 5 0 . 0 ' .50 1 .5 

MIC-14 
ANCO 1 0 , 0 0 0 1 . 5 10 5 " 0 . 0 4 0 0 1 .5 

MK- 15 
ANCO 
(2 Synchronized Units") 1 ,000,000 2.5 50 4,000.0 S.OUO "5.0 

EHR1-CIT 

(4 Synclvronized Units) 00,000 2.5 10 560.0 

USSR K-2 SOD,000 5.- S l,."i.'".0 

USSR U-3 2,(100, 00O 3.5 10 4,010.0 

Japan CRIF.PI 
(5 Synchronized Units)4,000,000 10.0 20 1.500.00 ^20,000 100.0 

5 , 0 0 0 12 . I1 

~ , " 0 0 5 i ' . 0 

I 5 . 0 0 0 1 0 0 . 0 

*4.5 Ncutons ^ 1 . 0 lbf 
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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. 

Linear hydraulic, reciprocal hydraulic, and electro-dynamic actuators 
also exist. Hydraulic systems arc not as portable as eccentric mass vibra­
tors but, along with electro-dynamic units, can supply other than sinusoidal 
forcing. Electro-dynamic units are typically of much smaller capacity than 
other types of vibrators, but are the most easily synchronized for multiple 
shaker applications. Hydraulic and electro-dynamic shakers operate by 
pushing cm a reaction mass or a "strong wall." iTiese vibrators are also 
more easily used to produce sine beat or fast sweep forcing. Typical units 
arc described in Tabic 4,2, Eccentric mass vibrators typically require less 
input energy than linear hydraulic units as the "flywheel" effect of the 
former reduces the peak power required for control. 

As a guide to detailed sinusoidal testing, to verify that no signifi­
cant range of frequencies has been overlooked, and to establish the correct 
attenuator settings for each recording channel, the first step in a test is 
to make a "sweep" of the entire frequency range attainable with a given 
setup. During the sweep the frequency of vibration is gradually hut 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 then 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 (2gwn) 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 been used 
in numerous nuclear 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 equipment and components. 

-42-



1 M'.l I n i ' U A l I l i f l U H ' M AM' I I M \ ; \ : i l H - \ 1 1!U \ lOi'-: 

Pesignati on* 

Sandia Hydraulie 
(Lincai- Tncrtial Mass) 

Zonics Hydraulic HS-502-1 
(Linear Inertial Mass) 

ionics Hydraulic 1300 (Actuator 
against strong i.all) 

Boeing HydrauJic 
(Linear Inert i.»l Mass) 

Acoustic Power Systems 
Electrodynamic (hither 
inertia! mass or strong 
wall, +8 cm stroke) 

Prodera r.lectrodynaimc 
(Either inertial mass or 
strong nail, ±1.5 cm stroke) 

M A S i.mur.1 
Force 

(Noutons) 

50,000 

9 ,000 

90,000 

300,000 

.1*11 :\i- i rr^i . 
f o r 

Maximum force (HO 

JO 

Kith stroni". 
iva 11 

Ki t El s t rone 
u a l l 

'.'["PC I" I . Y n i l 
r re i juenc v* * 

Cll = ) 

SO 

200 
(Useful t o 

5 00) 

10 
(Useful t o 

S00) 

JO 
. 'ful t o 
:oo i 

I l l s - o I 
V i h r . i t o r 

LkO_... 

s . son 

sis 

50 .000 

isr, 

..„._L.__ 
• M a n u f a c t u r e r s l i s t e d a r e t y p i c a l 

* * I n d i c a t e s u p p e r l i m i t a t f u l l l o r 
a t r e d u c e d f o r c e . 

of s e v e r a l in t i le m a r k e t . 
c e . Many v i h r a t o r s can he used a t h i g h e r f r e q u c n 

P O U L ' I -

_(k_K_l_ 

<^4 

1 . " 5 
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Summary 

Methods for transient response tost hip, and for steady-state test ing 

include Mi.'iphacK, nechanicaJ pulse i;enerur.ion, racket propulsion, buried 

explosive and .innsoidal v i ' n t o r . . The applications of and the flieri's 

and drav.bacis of these technique: have been discussed. 

One (jr more of these methods will he used during a seismic test of 

a nuclear power ni.in1 . I'.liich methods will he used depends in part on the 

specific I'.oals of the test plan, anticipated structural response, tos t , 

safety considerations, IM .c fr application and plant configuration and s i te 

c i i m l i t i < u i . 

A l i t ins', of each method for 11 tes t parameters is provided in Table '1.5. 

It has been assumed that a containment .tructure woij'jiini; "ill x 10'' lb r.'ilii 

in percent dnmpin;.'. is to be tested. The ratings arc a result of 'O.CO's 

considerable experience is both laboratory and field tcstin;: usim; many of 

the methods, extensive l i te ru turc search and discussions with other oryini .a-

t ions. 

A method capable of high response levels and which is field proven is 

needed for practical seismic test ing of nuclear power plant reactor contain­

ments. It is obvious from Table '1,3 as well as previous discussions sum-

inari"inj: past test ing that sinusoidal tes t ing and huricd explosives are the 

most suitable, being both practical and economical. Mechanical pulse gen­

erators and rockets show promise but, as yet , arc not proven for field use. 
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AIMVAWi MAILS (ii HI •M1ISHI. 

Int roduct i_on 

",'•;•. '-:ilVl- requirement I'or ilvnajiiic test in;: ><i a nuclear v-1 ru'it i c 

.-tea. :.: :o!'«'../i'd; irspun.M.- amplitudes which mii;h1 dnsayc nr iHiierwi-'.c impair 

tin i Ken al'i l i t ; til' the • .dneet plant mi-.i he avoided. One may proceed 

tl.i ui'ii •! sei-i'-; > >l' steps of increa.in;: ri.:;"r in demonstrate the accept -

a i i i l i n f th.e planneil loading conditions, usini; arguments ranging from 

:."•'.:••: experience and engineering judgment to detailed pre-test dynamic 

i.-ialy ' . In eslalil isliiiij1, load acccptahi 1 itry one might consider: 

1. t!,c pecimen condition during test ing le .g , , interna] 
pressure of pipit)j.'. systems); 

. , lead1; the specimen saw hi con..t ruction for reason -
alii l i t ; arguments (c . j ! . , per-' h I noi lie.; un t. I'l, pipini: 
line-. Ui instal l supports, loads m transporting 
equipment to a s i t e ) ; 

iSl simplified hand calculations to show that anticipated 
test response would be far less tl an that associated 
Kith an Operating Basis Harthqunke' (')kl-;); 

(!) detailed dynamic evaluations using computer models 
and subsequent loads assessment according to such 
standards as the ASMIi Boiler and Pressure Vessel 
Code; and, 

I J ) monitoring during tes ts 

The completion of steps (1) through (3) arc sufficient and cost effec­

tive provided that low level response data arc acceptable, for cases where 

moderate to hiyh level response is sought, it is necessary to complete 

.step II) and to implement suitable monitoring methods (step 5) to check 

response amplitudes during test ing, 

'That level oT earthquake excitation during which the plant is expected to 
keep operating; an event which might occur several times in a p lan t ' s l i fe -
rime (with typical estimates being 5 to 20 occurrences). 
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i!i,-li .i!ii;i| i t n J c t e s t data are ih.- . i rable bccav.c r' :/,:..' ha rac t i M ' 11 

thai are a;:,pl i tudo s e n s i t i v e arc important in av .er - i::,-. power plant i-art-i-

(Miaic r e s p o n s e Current anal;. , i s p rocedures do not cvpl i, it 1.. t r e a t .i.-j: 

i : ,portanl no:ilii:i-a] v -hav io r a. the i m i''-a' <-:! dar;pii, ' ' V - r , , ' .li i'>a:i',T, . 

tha t l i i- boon olia-rved as a luiM'tioii n!' i n t n a s - d 'i ;:j -11' ode if: pipi t , 

ten. , , r rm l uri". , and in -oi ! • ,i n c i are i n t e r a c ' ion. | I I I ) .s tead, i• .r.• •• r ':i 

t i l ' , - p rocedures ' a rc ir-ed wln-h ovei'-e ! i r a t e :y t en l;.:iar.i; '.<• ;• m .• . 

Iliph ampli tude t i-st i i i j ; is aclin , 'able liy ava i l a l i l c te- 1 ! / -1 : is ! - ; i-c-.--,- , 

ilauin-.'c to the system, licit li l i t e r a l l y and in t e rm; of ! icon alii 11'-. .-. * '• 

avoided. Vdu-i'e high leu-1 ti ; t in,-, of a plant i , p lanned, M.I.-'-'- -.;-:-; >:•. '•. 

ha-, heen to limil the subject s y . t e r to l e v ! : , which -.--•• u]• 1 lead ':. i.-.i.-.s'.-n • 

- . t r r - . e s less 1han those a s s o c i a t e d i-.itl; the p o s t u l a t e d OUI. lvolir.-- !' :' thai 

component in t h a t p l a n t . 

I'lanl ; nailer con -t rw. t ion mil n-i::.i . i >r•--•! e. : •' -.- : : ' I :. .: 

InM-i' p lan t - have been t i ,1 oil to il.W'-. ,;,. .• ; |.n,; : ,: .- • ..\ - • , • • 

iliirin" the t e s t s . A .shutdown p lan t may be in e i t h e r ,. "ho t" o r "coi !" ci.nii:-

t i o n . The cond i t ion of the p lant wi l l de lon . i ine , in p a r t , pa >ihic :• : 

i npu t s . I'ecause cold p l a n t s t y p i c a l l y have fewer loadini ' . muli t ion- , ; o i r 

hot p l a n t s , it is a n t i c i p a t e d tha t the t e s t loadiiii,- can a- !.ir;-.-r l- i t o n ! 

p l a n t s . An o p e r a t i n g p l an t would a l s o pose a severe raili.it ifiii and tln-r.-a I 

environment on the t o s t crow and equipment. There is l i t t l e reason to 

b e l i e v e t h a t the "ho t " or "co ld" or operat ing/not o p e r a t i n g cond i t ion wool.; 

s i g n i f i c a n t l y e f f ec t t e s t s on the containment s t r u c t u r e . In te rna l e a i i ; -

ii.ent such as p ip ing wi th gaps and snubbcrs might he e f f e c t e d , but with doe 

experimental c o n s i d e r a t i o n the "ho t" c o n d i t i o n can be c l o s e l y s imulated 

without operating the plant. 

'Conse rva t ive p rocedures assume a ma•imum of 1 percent of c r i t i c a l damping 
in p ip ing system a n a l y s i ' - . This compares t o the 8 to II1 percent c r i t i c a l 
damping measured in AN'CO t e s t s . S imi l a r ly , s o i l - s t r u c t . i r c i n t e r a c t i o n i s 
c o n s e r v a t i v e l y t r e a t e d us ing l i n e a r a n a l y s i s methods. 
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i •: . , . : .• i •,; - ; viictiin-! and Intern. i l !q_uh'-vi't 

;• i.irit.tinitent '1 ruciui ' i s, t e s t amplitude:- have t y p k a l l y 11<_•<.• i: 

re : :-• ̂ : i-J to ;n;ipl it udc* ;;mch I c •: s thiin those th;it would h a s s o c i a t e d with 

, ; •• • ' I a n ; ' " I I . This i , ncccssn iv "<> el i t . inali ' " r i . > i r concern for 

i . i t ! . >;• f i l l .uir-t'.or.i . iVal. r e . p u n ; c I c . c l ' . '."•[ !"> i ri;- fiwr. I" ' o i l l 1 c 

,.:•, ;. : ;>h . .• in ' , ii'.n .n'u'j.i! I'iii'inl - . : i ' i >'. in .iiiil l ' i r i i -1 i v p l i " ; i v e c h a r g e s , 

i i i .•;:;-;.* , , r i : ' : i ; ! y "! '•-• i iiie n i !a 1 • i' r i ' i ' .r; • i.aipiii i:t li.'i,, u n t i l r e c e n t l y , 

;.. .-I : v i.i',' :. i i;\i! ;i1 i"i, :•;. •;:! a i n::n'ti' re-pun i- in i i .[• r a t h e r th;m 

i: . . " . I ' l ' i i ;'..,; cvi •!' ilrivi:;, 1. '':• •.{: ,:ev;:'i irui i t ' n : -e tn .1 •-. Only wlie" 

..',!.. • •; i'i '.',• lei'i.i'iii.iii ' .>r t.l'cti 'i :ir,;. the l:ii '..••• t •. i I' I'iit (•:'• a v a i l a b l e 

i • : . II i. unci rti v. i; h s t ruc t "i.'e "Vi r - J n c in.- in-, c s s a r y . 

'.•.-.• i. iik wi'iln". to .'lulli eve the h ighes t cMi'-r ."lent n v p o n s o p o s s i b l e 

._-.I.-J , ;•. ::t will: i'laiit I icensiihi 1 i t ; , re-., oi. .*• dioulil he l imi ted t o a f r a c t i o n 

>•:' tl.i : ' int:iiii ' i! n".' ' OBI. ivspon -.e. 'Iliiit i s , f loor response spec t r a a s s o -

. : : i t i d v.itil the '•' . t i i i j : must he l ess than tla Olll- s p e c t n i ; o t h e r w i s e , i t 

i . ; . e . " ' i i ry in deii.iinst m t e ili.it the OR: s p e d r;i a rc very c o n s e r v a t i v e ' and 

e i i . i t .'e'.'.iilatory approval such tha t the planned t e s t i n g ampl i tudes w i l l 

!:.•••.< ti'i . iitiseiiiient adverse it.'.pact. 

ilie follow inn e<iuipr.ient de f in i t i ons , a rc used in subsequent d i s c u s - i o n : 

t i a t c y m - I - s a f e t y r e l a t e d s t r u c t u r e s , sys tems, and equ ip­
ment dc-s'ijjnfd t o w i th s t and the e f f e c t s of the Safe Shutdown 
l.arthquakc I SSI:) and remain funct ional [same as NRC Regula tory 
liiiidc l,2!i Seismic Category I ) . 

i:atej;oiy II - s t r u c t u i e s , svstoms, iincl equipment neces sa ry 
t ' fpower p l an t cont inued o p e r a t i o n f'o 11 oivirifi ea r thquakes up t o 
ami incLudiiii'. the Opera t ing Basis Iiarthquakc fOBIi); the OBL' 
Is typ JC.-J] ly one -ha l f of t h e KSFI's peak ground a c c e l e r a t i o n . 

(.itcjjory I I I - a l l i tems not in I or 11 above; t he se items 
s"liou"nTbc"d(.si»iu-d such that t h e i r f a i l u r e w i l l not impair 
the funct ion inn of Category I and II equipment. 

*'forVx~anfpTe,~u"sYni!" t e s t data t o show t h a t cunta inment p lus sm 1-st t u e t u r e 
danpiiiR values a r e s i i ' . n i f i can t ly hii'Tier than usu l in the o r i g i n a l des ign 
a n a l y s i s . This i s f requen t ly the case and would reduce f loor response 
spec t r a s i g n i f i c a n t l y , say lid p e r c e n t , a l though such r e d u c t i o n s change 
with f requency. 
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i In t r a i t i m i o f '(1(1 r'".;>on • • i I ' - i t ' d l o r i ' a t in ; ' >: m i d :>'• p f i : . t 

; <-i i I i> . I ' lant i l ' - . h i t h 1'A'. Olil. l e v e l . ( - . ; ; . , 10 p ' T \ ' i ; l ;; or I - - . . , 

:'.(•!••] pe r i od a c e l e n t i on) would presumably t o l e r a t e l a r i . - r f r.'if' i " f r : " I 

'(111 ••/' i t a t i • ji j v. i l l ' i i i t c n i k ' T i , l o r C;.ti ;;ory I I I eipi ipi ' . ' ' ! : ' t i i . , i i i '<- •.::• 

I :• r •• • r ' l l i l . . - . i l ' i ' •. Ih i . : on , f i l i a t e d I " : t ' . ' I ' l l o v i n . v: ,o; \'r v\ 

l i o n , ' ;vi:. .por l al i o n , i i r l ' r< ' ! I '.ri/ i ie.t a I l-ii ion I .a •! o '• t a t i ! " i d 

lc ! :: . i v • i 7 J . •.-. i i : •-•-•.'• :••• I ; _ ;• ' | .n v • •'. p ,T, ; ! I. .:.! I i ' • • --:" '•? ' ••• : ' ! . ' : : . I ; •.. 

• •I r l !ii,...il • ••:cit .-. t i ' i i : . . i ••-;.; • - oa:..!. i i . ; ; . - . i l l lead "i U, ••! n-.-'r i i ,: i . 

i i ; th( ' - a i ' t i i ' - . . c i v i t - i : :•• i-il f . ' • !•! ; t r.ur por t ai i i .n ami -,•••[ ,i • •:••-•. • \ .•:• 

• i i : ' l i l I ' ad i • . i - V T i l .' . l!i.i , la a ••!; i M " i ! ' - : . . a ' a:1.'".' .-.uuM 

I ' i i ' i i i . l ' o r ju.,1 i f ; I I . i •. I a i ! I ' a a l : r u t ion ' .a / n; ; . * t , r • :••-:" » 11 * I i 

Dili 1.1,i,lin;: at 1'iw <>M . i 11 •, w i l l i o i i t ui,due concern fu r ' . ; ' • ory 111 •..•<•• 

mi'lit . 

l i ne i ')li[ • • i l e m.it ion a o f ( I . I ;. can lie c . \ |v f d to K i u a l ••::'.'•.•. 

mciii f l o o r re .ponse spec t ra w i i h pea ls u i ' perhapa "..• -: u f : : ; M " I I I -.: i .• -

p e r i iid a c c e l e r a t i o n ( T A ! o f pei'l iap: : l ' . - ; '<, or w i r e , i t , .ould . eer r > •: , I 

t o t o l e r a t e l e s t response spec t ra I ;.; 11 v o i d i urre: pond to ae: ; /oi-t a! :', •: 

response sped ra wi th at l(a-;t K.l i; Zi'A. Thi • i:.l • l i : : i t i ! ;o re; P ••:; 

a p rac t ica l hound on the capab i l i t y of laost current ' ; , a . 11 i.'ihSi -• i :m- '• i il.i 

tesi equipment to exc i te conta indent s t ructures of a l i '•::; rlie -•',sliest • 

p lants. 

Note that Jur inu sinusoidal tes ts a greater conservatism i:;ii,-! he : .•- ! 

than during explosive or other impulsive t es t s . This occur-. because lie. 

mi'.iii I'icat ion above base motion in a sinusoidal test is propoi'1 i.-ua! to 

'<', Q = 1/2P., where P. is the f r ac t i on of c r i t i c a l dampinj; of the equipr.icnt. 

However, for earthquake-1 ike quasi-random motion, the ir.aj;ni I'icat ion r e l a t ' u r 

i s somewhere between /Q and <}.\2\ This indicates an add i t iona l conservative 

fac tor of about <] . for .i percent equipment damp inc., Q = 1(>." and i) is 

about 2.0. Tli is would suggest that ZCA containment not ion o f about ll.d." ;; 

is acceptable for s inusoidal motion i f U.l t, is acceptable for "ear thquak;"-

1 ike motion. 
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, ' • " , l , l ir i i t mi Mint .'liiuiK'ilt l l m i r response '-•prct I'.I -T-\ ••hould p ro -

-...!.- . H I : : : .- i :"- :'•.•:' l a U - n r v Ml ciiuipi-.en' . f a tc i 'o ry I ami I equipment 

.in- i!e-: :.i-d to t o l e r a t e r epea ted Wil. loadings hy r e g u l a t i o n s i n c e the 

: ; i::' I' i ! :' :.-. -,.M".'C*cd to renin in iiper.it ion;11 for events up to ami incli id-

ii.- '•'.- '•! . I 'a leyoiy I equipment i n s tin ::mst r iyi iruus dyiianie d e s i r n 

i---...i ri ••• •.: a:iii :v.r ' oerfoiT. i ' , : sa fe ty f.aictinii diirim; and a f t e r the SSi.. 

I .I - :.a;. • M - ! '.-.here t i e a!">v< i r \ a l i v e lii'iil w i l l not lie a c c p t -

a'i!'- :•!•• .-n-liirvi'!.' the i,;ixi;n,ii;i re 'poii • :" • • - i 1 J 11- mi the Mint a iniiicnt 1'iiik!-

i!i.- : • i rnlil'- !i- d' i.-'in-l r a t e hi-, ;i .-m ivy d i s s i p a t i o n . J'iijhcr love s w i J J 

'• -i : , -din- ' i tn so::ic p r o t e c t i o n of <. 1.is• • I l l component--. Since the 

: n.i: :.' : • -pii re ient fur M a s ; III eu'iip:;eii! is only that it not f a i l in 

.,,.:: -i ...saer as t i . i-fiVc; I ' au p/.iry I aad | | sys tem-, the p o s s i b l e donate 

I'm::. tin.:' i'- of l i t t l e sa fe ty '.-oneer;.. I ' a ther , the i s; in- may bo t i e cost 

;.f p - s a i r . ' i i i i- r e p a i r i s s i u , liohvver, should not he over-emphasized s ince 

i l , .la::.a.i- i •= i n i l i l e l y at hij:lier than the II.1 ;' ~J'\ l e v e l , and (J) i d e n t i f i -

i .itii.il of :-,;ijiir Category III items and p o s t - t e s t function v e r i f i c a t i o n 

•••liiiiild provide c o s t - e f f e c t i v e means of demonstrat ino cont inued Category III 

fund ion. 

'Ilif reason damage is cons idered u n l i k c l v u n t i l well in excess of the 

II. ! j ' s pec t r a ZI'A l imi t is tha t the proceeding d i s c u s s i o n s focused only on 

hor i zon ta l t e s t r e sponse ; v e r t i c a l motion has not been cons idered in e i t h e r 

t e s i u i j : i<r in ac tua l c apac i t y of the Class I I I equipment. This is because 

hi;;h output (>]()(),nun lb) t e s t equipment i s t y p i c a l l y designed for h o r i z o n t a l 

e x c i t a t i o n ; v e r t i c a l e x c i t a t i o n in the 100,000 lh c l a s s i s d i f f i c u l t in t h e 

frequency range of i n t e r e s t . 

The f a b r i c a t i o n / t r a n s p o r t a t i o n / e t c . loads on equipment obviously w i l l 

have s imultaneous h o r i z o n t a l and v e r t i c a l components, while t y p i c a l h o r i z o n t a l 

t e s t hie, does not con ta in major v e r t i c a l components. 
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'lest I .ads on iniern.'il t-t|uirur.L-nt may bo applied di rect ly or indirect ly . 

Indirect lu.jd application tes'.in;; by driving the containment buildin; 1 and 

rra soring lh(- intern;il sysU-ms1 response should present no safety/ 

I'niii't ioiKii i t y/1 io-rr.ini1. iss.jes for conta innent resporre levels less than 

the "111. condition. The safety a v,essriienl of Category i and I! inter;.a! 

c< 111 i j •!!.• lit foipini 1, not or'"., f i t . ) doriir.; d 'rect driving r ' -uii irc core -;tt«:i-

t ion than i •; usual for i'ontai:i;:,ri:t driving since it is quite possible tn 

direct drive ",i:".'j|] ciiamcUr piping '.ysto;!! beyond tin A.V-lf. Code a I !w."iM e 

with Ihe a|.'p! K'.al ion of S"Ver.il ! linos,nu! pounds of i'oro- in a ."..•lapbaci '<• t . 

Ilii'.h response genera' ioi. ii;if <-s e.pii pment .tudie: n'-ccrviry To ;a aire ;.,liv­

able -ysteui response levels. 

Appendix A list- , and categorizes the r.ajor piece, of equipment in a 

typical I'lVI! nuclear power plant that ir.ay have to he reviewed to establish 

allouablc test levels, 

;,. .i PijiMig Systems 

In the past, t e s t s have typically focused on the containment or on 

major piping systems (primary, secondary, emergency, e t c . ) , safety related 

equipment ( c ,g , , dicsel generators), control panels, and other equipment. 

Piping systems and the i r associated equipment (steam generators, pumps, 

valves, supports and res t r a in t s ) have also received major a t ten t ion . Low 

level testing, (loads of, My, several hundred pounds) has not presented 

safety concerns, for piping systems larger than several inches in diameter. 

Larger amplitudes (say, ],(K)0 lb and up) have received careful analysis by 

the applicable portion? of appropriate codes, including for recently designed 

piping systems, the ASMF; Boiler and Pressure Vessel Code. These evaluations 

have consisted of the following steps: 

(1) development of a linear c las t i c f in i t e element model 
of the piping system; 

\1) calculation of response to the planned dynamic test 
series loads; 
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•. :ilc!il;ttii'ii of response to the planned dynamic test 
••erics i:jad' ; 

''.; inmhimition of the resulting lands in accordance 
with ASM!; Code equations pertinent to the particular 
ystem (YSMI Class 1 or Class 11); and, 

.I'-terp.inat ion of the maximum allowable forcing froa 
everal such load cases. 

'.lu-'rir power plant piping systems should he restricted to dynamic 
test luiid- less than those required to produce the nui xi aiiira allowable stress 
'••tiv-L i" tinsit ics) under the OKI. loading in the system includin;; existing 
p n - s - w , ! hernial, gravity and other appropriate loads. Class il systems 
have tiv--- limits which are derated to treat fatigue. Testing Clasp I 
••.-ten-, -ir Ugh amplitudes requires explicit treatment of fatigue. Depros-
1.;i-iz.111 >: iif systems dunni; lestinj; aliens significant increases in test 
r^spoa-.e •r;liiuiie since "pressure stress" is routinely 50 percent of the 
•-trc •• lr.it in nany piping systems of interest. 

it i-- expected that the piping system as well as the containment vessel 
hill not suffer adverse effects if the test response is limited to the low 
value of in percent of the predicted OBE response. However, becrmse of the 
safety function of the primary coolant piping system and because separate 
pi:iin.'. tests at higher levels may be performed, additional analysis for and 
munit >ring of acceptable test response levels way be required. 

Mew piping systems are designed according to Section III, Division 1, 
Subsections Nil, XV. and NP of the ASME Code. The limits set by the Code on 
piping response provide upper bounds on allowable test response levels. Only 
Ciass I (Subsection MB) and Class 2 (Subsection NC) pipes as defined by the 
ASMI. Code arc discussed in detail herein. The limits for existing piping 
which may have been designed using earlier codes, including Section 8 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 
systems were usually designed to less stringent design standards. We assume 
that any future test would use the current design methods to justify test 
levels. 

Appendix I! elaborates on piping stress calculations and monitoring 
techniques using strain gauges, 
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I 
I 
I ;\ '/ii-uin 

',' : , . r i , ' . i l i i ; \ i i '-v n 111.. t i • t n ! ;MI." i i-.;!" p-.iucr pi.Hi*, i c p i i r i ' s 

,: : i-, • • • .• •:> , i . i . h i in t r . i i . s d i i c o , I'' 'V'IM'.1 , iiid .: :i; t} y:; t • - t r . i i : . . r c l - i t i c i 

!, : i. ' • • • . v l i - i i l . . and a c c - l - r i i r n . Ihi- i . i i i e ! - , o f rce.i-Mviir!!' pr- -

,•• !,,!••• .. ' ' i l ' l ' . i l l u ; r a t e d !>> : '•• I I . 1 i i . u - i . t a t i o i i M < U ii I •!•.!•., 

i :.' •; rt- ' , ' .'•! >. t>pe- - " f a c c e l e r >-.:i i i r . i r e a i i t a l ' l c , i i . . l u d i n , - s t r a i n -

!•..•'• ' ; . . . , . u 1 - v ' r . i , p i c . i ' K : n . i , nut t u n c li:i I :i!ii c . I'i •: 1 : n r -

• • " '•:•.' i u.i l I . i v i vc ,< s i i . l i :i -ii'" ' 'ii a v a i i . if 1-- re -, i • i ' r . u r ;i 

; ; : .' , r i .• • . I I I i • • l< 'ii t i.' I t ran-.-fi .r : . :' 11.\", I I . 

\ , ;• . ' (i* i 'Ti . i l . " m l i ! i o n i i . ••!•' i i .pi i I ' i r r ., a m p l i f i e r - , f i l t e r - , 

' I . , , :• i s i i . d ' ! . . ; :IT r i '•'• amp] ! ' , . '• : . a i r ..:••' n f t c i i u-.ed h i l l : s t r:i i r, 

!', . ' • • :i v a u . T , u \ < - U r o m e t e r - , a i d - - t r a i n 'una- f o r c e t r n n s i h i v - t - i . 

IVr ; | , , : . . - a CCe I e ro 'K t e r . - 'IHtl Ot lu ' I ' t r,'i:i sdl I.' I i' '-'• a r e tIMI.'llIy p|-(n 'c S'.-d 

• • i i .••; ! •: : i - f •. _ I i 1 Tti-s are useful fur el iminat inp noise, the effect of 

•'lr 'I' vi' ."Miini .jllier than those under --tudy, and for basel i;,e correction 

.ili'.ii' "!>.'-r, hliich adds nr subtracts signals in a predetermined manner, 

: :••;. I,.! in eiihancinj: the response of one mode uk-/ie r.'.hers. 'Ihe con-

lit i HI'ii t .i it j nit M iron he l-M tape recorded, analyzed on-line, or digit ized 

mi-: in. . "J lie- tape recorded signals iwiy be reproduced and analyzed a f te r 

the t c t inp.. 

Many ophisticuted devices are used to process the vibration data, 

'ieneral |ierpose sinjtlc-channel spectrum analyzers compute I'SH on Fourier 

t ran-.formers. Two-channel analyzers compute ordinary and cross spectra, 

t ran , te r function, and other s t a t i s t i ca l measures. The resulting spectra 

and 1 ran,for functions nay be compared individually i>ith analytic r e su l t s , 

ur digitized for more extensive computer comparisons. 

It. addition to general purpose analyzer--, several companies have pro­

duced i.:inicoiiipiitcr-|ia-.ed systems for e.\cita1 inn, d, ta .icipii si t ion , data 
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reduction, ;md data analysis. Many of these companies are concerned iiith 
ground vibration testing of aerospace structures. Their systems t>T>ic<il Iy 
drive multiple clcctrodynamic vibrators and process up to several hundred 
response inonitoring channels. The minicomputer can be programmed to perform 
correl.it i..:.. calibration, filtering, curve fitting, parameter identification, 
force .-iiipr^priritjon, spectral analysis, orthogonality checks, transfer func­
tion cninpiitat ion, graphics, and report generation. Several companies have 
comraerc i a 1 yitetus available with similar capacities. [ 10] 

ln_stni:i.eii!:i' ij>n Kewiijyijents 

lor all instrumentation, the frequency range of inter-st is usually 
between n.r> and 30.0 II:, with most structural modes of interest below 
10.0 fl.:. I he acceleration levels to be measured range fron O.Oi)) to 1.0 g. 
Strain U v\< range from 1 to 1,000 v in./in. 

Mure specific requirements are associated with two objectives; first 
to insure the structural safety of the facility during testing and second, 
to describe the dynamic response with measured quantities suitable for com­
parison with analyses and for use in parameter identification. 

The objective of structural safety monitoring is to indicate and/or 
prevent strain or acceleration level cxcecdcnces at critical locations, 
for this purpose, threshold sensing instrumentation systems may be utilized 
instead of continuous recording and analysis. The fixed systems specified 
in ANSI MR.5-1974 |1] for earthquake response monitoring arc suitable, in 
principle, for safety monitoring during vibration testing. Note that exist­
ing systems are attractive cost-wise. However, their use is not encouraged 
except as back-up because 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 ORE levels. 

The instrument performance parameters which must be reconciled with 
test objectives are frequency response, threshold level, dynamic range, and 
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i-li ;• . .:••. in add i t i on , i . ' " , ".-|-e ui i iv-\ a I |:it ion, I 'd ' i l i t . . , and o . t 

are .m. : .!•• r-i i i nn"- i i. in ,1 riairi i l -.Heel i on. l i n a l l / , 'he 1 • J T .*J I nur.her of 

de . i re i ! :.-.<• •!• .urcriTit . nay lie n.'idc s imul tar.eou , ly or hy -,'iv i r: ;•. t n n -ducer - ar,d 

repeal i i . , t ' - . ' enii i l i : ion',. 'IPu-rcl'i>n.-, i i r t Piinenl a! ion en-1 -my !ic ! r.'nl"! 

M I T ;i; ' . ' ! ;'i I *'•• I i ni> n>\1 s. 

f'.S State >>; Mil -Art 

l!,i . r i m i p l e of opera! ion of data :n i | i i i : ; i t ion ;md ; in , ' i l / ' : i ' euui pn.ei.t 

are i l i .< i i i l l I I , l.onl. ,'iml I])L'L i,) 1 • t i i i l i ' . " - . | J,'-'., !,.'> | '[he >• r e f e r - i i ;:, 

1urn dro'.-. " |O i niiiinT'iiii , jiiihl icat ions Miv<-rin;: vper ia l ope rat ionai a ;.• ^ f 

:md M'lnr o i i r i c . . Instead of reviewim; iind nlistract irn1. ihe-e ref.-n ;.ce , 

l l i ' r , i'. l i on M I I be l im i ted to ideitl i f'y i t : ; I I , e important •-) i.i r:n- r i r i t . c ' 

of eoriiin i r i . i l [y ava i lab le component-. 

A '.arieiy ni' 1 ransduccrs, amplifiers, and rt-i'nnil:i;r and :ii'->:.- •-i 

instruments ;ire suitable. Many such units have been developed ; r:::.ari iy 

for other than seismic .-ppl i cat ions, but are useful because their perfor-.tsv 

ci.-iit-hf; measurement requirements. Of" these devices, acceleim:;eter-,, n-.pli-

f iers , pectrum analyr-ors, and modal analysis system"; are disrus-'ftl herein. 

d.S.I Accclerumctcrs 

Aecelerometcrs all function in essential ly the same manner. The rela­

tive motion between the test object and an inertial mass within the aecelero-

ineters is sensed with an electr ical pid.-off device, The type of puk-off 

device identifies the type of neceleromcters. lour different types of suit­

able aecelerometers arc as follows: 

• wire s train gauge; 

• servo or force balance; 

•p i ezoe l ec t r i c , self-amplified; and, 

• piezoelectric, non-amplified, 
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I1.i i . T *:i in ini . i .old servo lypii'i imvrpui.iti- H.' I 'rit 'u.il u.impiny 

:i!]d , i'. . • : :i u; in approxinaU'ly 7P percent ul" tin- natural fre-.iueiiey. 

V:L-: IIL ' : : type-; ii'ive l i t t l e inherent i!:ir.pi 11 ̂  and are u:-ed to approximately 

.'• •( r. • •: : ' the natural fn-.iiwiic}. .'.'ore that servo-type aeceleromet er.s are 

i ;.. . ,' ; ' ' , ; . i - i:i winch 'he re la t ive :::ut i «m between ease and iner t ia l 

;-,;i i •, • ! .n.ii if approximate rest* riiili! Tore- applied throuj'h a c e i l , 

]lu- re- ' " i •• .iiii ' i . i '. proportion.il to the applied acceleration. The speci-

t'ii .,1 i -i -:• rraim !.,iru.'.erist iiv. of candidate models oi' a l l 1'oul' types1 of 

•ii-eeli.-;- ' ' • ' ne "i'i eir.ei! ia Table <>. 1. Important feature:', to consider 

,:] .(..,-• : r • ' i ' . i ' •eli. 'li ' ;;i are ii i ;;h ';ens it i i'i t;, . low output impedance-, low 

, r . ' - , - . - : T i -; * i V j I v, : :;\i rUi.u'.Pilnes--. 

' I . - . ;i -ediuii t» li i i'.J: v.aiii amplifiers are l is ted in Table <>.?. Impor­

tant Tf.-iiun- for vibration response measurement are low pass I'ilteriii;; and 

PI' i .i 'f-.ci id \ ' ! ' • ' .p .ent . 

(..?>.:•> (,ei:iri] purpose Spectrum Analysers 

The character is t ics of 17 jjencral purpose spectrum an:ily:ers ,irc l is ted 

iu Table (>..i. The units are all capable of working in real time with no 

loss u( data. The two-channel units arc decidedly more useful because they 

inn compute the response at a point which is due only to an input signal. 

TiiL* effectively improves the sijnvil-to-naisc r a t i o . 

otherwise, the most important features arc cost, case of operation., and 

idem i Heat ion of ranges and cal ibrat ions, 

d.3,1 Onmuteri led Moda I Analysis Systems 

Table M summarises several commercial and inst i tut ional computerized 

vibration and modal analysis systems. Those systems can d ig i t ize and docu­

ment data h:-;:vtu and greatly reduce subsequent data handling. In th is capa­

city they have already proven themselves in many vibration t e s t s . The modal 
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I 

t.! ;.ir.'i"' ,li ,i ulen ' i f icat inn -i--[>«.-<.• t - haw been demonstrated 'in .'i 

t;-ii'ii:c , n.it.it'lv .icrn--p.-i.ee • t nict'ire--, but li.-i»<.- not been 

; < .1 !'. mi'lear power plant- . I:; ,un I.IM' tin n--.c . i' -.neb 

,;;]'. • .- : ! • : ' . ; ,> :i|'.-*i dc lV i ! i l . , . i - : ! .1 : l."C!lt nl ' '.'•'• "-orient T l-'-l p r n -

'.-, ' i-1 i " I i t : -L ' i '<• : • I r r e r -

i ' . 1 ' - : . i : . . L I . - i • i u-nl 'u-d h> i M».ri::i-nt ,it inn, care tnu -t be c\erei- t-i! 

i', ;: V'i.il r;.c i-\:'<-r-,;;i:rtr.11 rr- i ; lK an I.HIT accurate than (he .ei.flyt i< ai 

:•-...; '.:• .ir.hr !•> <.-• t.ib ! i , :h that liii-- i:' the ca c, 'nil '< expcrirental ai'ii 

,: ; . . • . , j f . n i ' ' ".a-.; be est limited, i'.i c ,:: be at lea-.! as d i f f icul t 

• .• • 1 ii an.il>' I' nr cxpcrinent , I'.ri nnal i-ly, -nine dynamic pnnnr'-tcrs 

: ri .. ;• ill '..HIT .'H'cnratc ly (of pre ' i e!-. ) determined by analysis ani! some 

' . . • ••< : :: • • r. t a- "iitlincd .11 Table ( I . J , which pp'-cnts AM Id'.1, opinion on 

lb- • '.at 1 --p.. 

: •:.' ruviit a! 1 rrnr i •. not a .>erions concern lor those eases where 

••(.,1 .<•: .1! !• accuracies tan produce n .nils which are mich ::iore .accurate than 

aiviH-j . I ri ••. t rumen t at inn errors , for example, have a significant effect on 

•'*uli- : iiape and frequency response function determination, hut nut so much 

ai: effect on resonant frequencies. 

I iTur; a I 'i i!i.iy lie broadly classed as he'inn ci ther bias errors or ran-

.!or. errors (see Ii;nire d .2 j . Bias errors arc those which have a constant 

ii- .;. -.tenat ic effect on measurement. Random errors are those which can 

•ai.se variations in data than can only be predicted on the basis of nroh-

ib j l i ty . Thus, the instantaneous voltaic of a data si«nal which includes 

e--4 r.iii'ons noise will have a random error tending ei ther to increase or 

deci'i'.ise the voltage, lae-h of the boxes in i-ij'iire i-,2 has to be considered 

wi n .-inalyiiiiR the errors in any yjve-n t e n program. 

The measurements taken in a typical tes t program consist largely of 

accelerations and displacements measured with transducers, These t rans­

ducers are calibrated on a regular basis to an accuracy of about 4 S percent 
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frt-t'cr'mi -,i>;n;il emi r 1 percent, calibration read error 2 percent, daily 

dril'1 .! pi'ri'cnt, and amplili '" l ineari ty 7< percent). Combim-d with an addi­

tional - percent transducer placement error and a 2 percent data read error , 

this inilii .-lie . that nc celt-rat ion arid displacement values are accurate to 

about ' I . 1 percent. I i e l a t iv errors usiiij; the same transducer in the s-ir.c-

location, however, an- sca l ier , i . ' . , avail •? percent, 

ilir ' il:i1:i :J1'I- llicn processed ,-ither IK I. mu or other ir. •••( nrn.-nts to 

produo- craphical result '; . I he error added in this proccs' is >.ar mlilf and 

dif ' l icslt la ,peci('y hut is probably on the order of '5 percent, ff -jr th,_ 

•,al.c of •!; .i-iis,iui:, this ;>. calico "plottin,. e r ror ." i 

'MII i that the errors involved here are random and would tend to cancel 

somewhat .ind reduce the overall uncertainty. Also, the errors quoted are 

for worst ' . r e s i tuat ions . Most data ar- ::ore e a ; i l y interpreted arid prob­

ably invnlve errors about one-third of those Mioti-J above. 

(irapliical data are used to estimate parameters such as resonant I'n-

i|tiencics and dampings. Note that in most cases these estimate-, are unaf­

fected by the transducer error ('12 percent; as dirnensionlev, techniques 

are u ed to obtain the estimates. Also the "plot t ing" error doe-- not n i c e -

••.inli ;<l'hct the estimate in a proportional way. 

In fact, with j;ood experimental practice the dominant source of error 

in estimates of frequency and damping comes from nonlinear structural 

response1. Consider that "resonant frequency," "(viscous) damping," "lot: 

decreiiient," and "half-power bandwidth" are linear concepts Heine, used to 

describe somewhat nonlinear s t ructures . Thus, at the same level of response-

sinusoidal excitation will yield different parameter estimates than transient 

excitation and the log decrement method will yield different values than 

the half-power bandwidth methods. Rirthor, applying these linear concepts 

to the nonlinear data requires some interpretat ion which causes estimates 

obtained by different engineers to differ somewhat (about +1 percent for 

frequency, and ±10 percent for damping). 
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••.;•: '.• :.vv :iu! ical c-- that " c . n i valent"" rcson.-ur I requeueics can v;iry 

'<•>• i - i i i ' i :• '.*> percent and 'Vi| i i i rn le i i t " darapinys I-. 'JO percent for the 

'.,i">.' r i ' i ' i i ; . ••• l eve l , net hod ol' tcst i r . . , , ;nui data reduct ion. Dl :!i-r I c - t i i i ) ; 

I:IJ in-l-.:-.. nil -lata ana ly- is nelhods cm i turc. i- i - thi 's i ' var ia t ion- . ^i r.ni f j -

. .a,! | . . ' . • i l ' foct-- .ire separate from the U T ; real -mil con'- iderahlo 

ihan.p '.'••'• •• i i i r in t in ••< pai-met crs when e:-c i t n l ion or response levels 

•ire ' ' I r i : ! . . i - . ! . 

In--t ru" ' tit.'it i tin random error-; and i \pcr i r :cnta l var iabi I i t \ con t r i l i u te 

t i . i i i ! , i i i | . : .:i iccurai i t - i l l hot h modal ami freaui r i v re-ponsc type paramo- er 

i . l i - in i i ' i . :* ; I'I pi-eu-il'ire- . | ' . " , V . ' l I ortunai <•] . , nodal analysi procedure-' 

'..He : - :T :••'•' >rt ho ;.iii;i I i 1 ;. t i led , ill;'. !" L .it i: r'. • • >.!,iili pern i l vel'i I'i ca1 ion of 

t-n .:- . ' ;it , i ; . I I t ) lit tin- r t o a l t s . SilTiil.-iriy, frequency response ciEipar ;it ions 

ji.nv i . i f i " . v :i 1 error: i-.hieh decrea-o . i t h incrca-.ini ' n c u i d leneth. 

In •!•./• , i y , using s ta te -o f - t he -a r t methodology, the only inst ruoentat ion 

.. !••- ' i i ' i which are considered serious enough to degrade the resu l ts are 

incorrect 'na-; e r ro rs . These include- transducer frequency response and 

c i l i i i r . i tor e r ror , However, the most important source o f c r ru r is human mis-

t,-i le, in t rairducer o r i en ta t i on and amp l i f i e r gain se t t i ngs . The use o f 

an experienced test team, check l i s t s , and d i g i t a l data logging helps to 

reduce t hi - urohlein. 
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(I l>AT\ I'!'.! M '.TV! WIN A\'l> I'Uf.WI TI'.K 
]|i)N"li; Ii.AllUN 

1 In t roduc t i HI 

•• I'i 'tivi- " f t'ic i« st "mi; it-i'. If i'i ti provide response d a t a . 

These data :u t liv Taken ain! p rocessed in a manner as t o be r e a d i l y used for 

purpi) ;i"- of t e s t review, -safety e v a l u a t i o n , arid parameter i d e n t i f i c a t i o n . 

„' bata I'p • i-i.t , i ' ion 

'•'. ' ' ;vniii'-' i'. :i\ id's that, I'tvferahl v. t lie d-il» ar<- taken '•-,-''.-
in di-.'it:i! fun:; I'M tape jeenrders may serve a--, a temporary storage medium. 
larly in f':i U-*t period or during early steps of the post-analysis, the 
data ::.u: : '••(• ("averted to enr. inccrin:', units, base line corrected, filrered, 
and documented. Any processing done must lie clearly indicated. !:venrua]]y 
all data '.liould be put into digital form and Hi-j0 'percent of the data pre-
'.ented p.rapiiically. The data should he set up in standardized fixed field 
livrnat files in a universally accepted digital format and medium (c.i\., 
ASCI ica'.-rict ic tapes). 

i hi nine tor Identification 

Some parameter identification can be performed -r.-citu. Aerospace 
ti:tii>..' !:-is long used multiple shakers to "tune" pun modal response and, 
theref'.re, identify modal properties on a mode-by-mode basis. Use of multiple 
fortes t̂ , test a containment would be difficult; hence, this method is not 
appropriate for nuclear power plants (except, pc baps, for components). Other 
'••-:'' i parameter identification techniques depend on rapidly processing data 
obtained from single point excitation. These techniques have never been used 
in coirtainneiU studies and their applicability and relevance is not estab­
lished. Most likely only preliminary simple parameter identification need 
be performed in tlic field. Subsequent parameter identification on the 
acquired data base would be conducted in the post-analysis. 
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I'.iraieter identification techniques have been reviewed by rhariei.flj 
There eiisl ;r.any methods, sicip 1 c and complex, proven and unproven, ••ith 
urc.'iter or lesser applicability to nuclear power plant containments and com­
ponent'.. Tlcsc techniques can be divided into two groups: '11 those tech­
niques |!'i:;<'nparanieter identification] which can be used to estimate resonant 
frequencies, damping, and mode shapes from experimental data; arid f2j thosi 
techniques (model modification) which can be used to modify the mass and 
stiffnrv' nropcrt ie'- of structural models civen the experimental estimates. 

7.1 lujienpai'aiiieter I dent i l icat ion 

hhviiparamuter identification techniques typical ly use a linear com­
bination of siii)',lc-ili;i;rce-of-frcfdom response curves to fit thv data.|l| 
The parameters such as resonant frequencies and damping are varied to reduc 
the difference between data and theory and to find the "best" parameter1:. An 
alternate approach is to do :i one-step evaluation of the best parameters 
usini; computer codes such as the l'MULT code developed at Lawrence Livcrmorc 
Laboratories.|2] These techniques can also be categorised by their operation 
on data in the time domain or frequency domain (Touricr transform or sinu­
soidal data). Certain methods have been developed for handling nonlinear 
model parameter identification,[I] but these have not been extensively used 
in pract ice, 

".," Model .''!odification and fiayesian Techniques 

Once the analyst estimates the cigenparameters, he or she nay ask "how 
should 1 change my model to more closely reproduce the experimental data'.'" 
This can be carried out by simple heuristic "trial and error" methods or by 
more sophisticated mathematical techniques. Of the latter techniques, the 
Bayesian identification is particularly powerful.|1| 

The objective of Bayesian Parameter Identification (BPI) is to find a 
set of optimal model parameters which simultaneously Minimises the differ-
once between measured and predicted response and between initial fa priori) 
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i 
I 
I 
I 
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parameter and final optimal parameters. This dependence or. :i :!••': vi para­

meter i ; , : . J K S is justified on two grounds, f i r s t , experimental data often 

do nut :i:i;-:in-]y define the Ti'jdel parameters and additional constraints arc 

required ti. .'hjo'.f a unique se t . Second,'it is assumed that the ana lys t ' s 

;; :••' ;•' ! . . . , ( ' ol' i':odel parameters is a reasonable one based on his or her 

jtidiwient , previous result ., anil preliminary data, Consequent iy, it is rea-

sonai'k ti. introduce additional constraints by choosing the set of optimal 

parameter' '.Lit differ', in some least way from the in i t i a l estimates. These 

i:.iiii;!iii. . r h ' T i a an- Uast square i" nature and are weighted to allow the 

more e i r la i ' : lata and more certain in i t i a l parameteT's to control the optimal 

pan:',etei •. Uction to a e.reater extent than the less certain data and the 

less c r i a i i . in i t i a l parameters. 

Ton Ui r tin- example of a sin::le-'-:v;;ree-of-freeiioi:i osei IlaTor. The 

anal,-.; ii.\ • •.-uii,:itid i ts mass at 1.0 kj; with an uncertainty of '0.32 ki;. 

•he -;t il'!m----. lias been estimated at 1.0 N/M ' II,.".a N/M. The nredieted 

re.'.'j:iai:' fiwaieney is 1.0 radian/second, but is measured at li.'i radian/ 

second i-.ith experimental error of +0.22 radian/second. Mint is the best 

estimate of mass and stiffness based upon these data'' Clearly the problem 

is undetermined. A stiffness of 0.S1 and mass l.ffl) is a solution. A s t i f f ­

ness of l.o and mass 1.23 is a solution, for that mutter a st iffness of 

loo.p and a mass of 123.0 is a solution. The l a t t e r case is unreasonable 

based on the analyst ' s estimates. Xo cases account for the possible error 

in the data. 

The r.l'l technique seeks to introduce uniqueness and account for . .•;•••; ;>'-' 

estimate error and data error by minimizing the mean square error ': I n k ) 

hi 
°' °' ••/ * O"3 ' it* 

' k 'a '''w 
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wpr-

VflllTt' 

p. = n :/<-: • v>. na:,s est irr.atc; 

k '• •: r/•'•••»!""! rt.iffyj-;::: -:\"-'.r'ali;; 

oiit ii:i;il v.'il K- (if na:; >; 
' j ' 

k -iptinal value of :>t i fi'w.-v ; 

;•. • ii.eai-ured value <A Te'.onant frfum.-wv; 
in 

iv optimal value of resonant frcf.uc.'iry Lorrcv.prnxlin;: 
to r, and k ; 

o ii 

, uncertainty in - i..".'•'>•'• •;( i fOit'.s.'i c ^ t i m t e ; 

'; uneertaintv in : : r' ,•<•' K\--\ ic.t in,ritc; and, 
Mi 

'; uncertainty in measured resonant frequencv. 

The model parameters, in and k , are related to the measured parameter;, v, 

throujdi 1'ne re la t ion : 

w o " \ ; ro o 

Therefore, k 

\:{a ,k ) = -
11 - k o ) 2 (n - m / ' ' V ^ • W J 

0 0 j 7 ' ;• 
k m w 

This error function cm he minimised ei ther by se t t ing i t? par t ia l de rh 

l ives with respect to in and k to :eru and sol vim; the result ins; 1 o o 
equations, or by numerical techniques. In c i the r case the solution i s : 

:'a-

nonlinear 

A THori or Optimal 
Parameter Measured Value Value 1, Difference 

Mass 1.(10 i 0.32 1.03(1 3.(1 
Stiffness 1,00 + 0.S5 0.895 11.0 
Resonant Frequency 0.90 ± 0.22 0.952 3.6 
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"!; H'l'i , ; ,c , : :ur l " h;i-' hci-n t o u n d - -L'II.IMJ; i : ; ; t h e \ t I ft I l e - ^ mure 

i t : - ii',11 •!•; ;i in" > K;i' I- i-t-.'i 11- r > .uu! r,;iti"!; in.,' tl.i- n s o n a n t f i r -

ihi- . iv.-r;n;t oi * hi- -noiU-! I ' .ir.-ni.ctcr c! .ir:-.-t- • i . r i t s I I I K - I T -

• \ • • i .in i-.it: !>t ,;i-(ici-:i I i . <\, • > ' , -( , i ' .r.^ i ji..r•• • j - .,: ::,I-.-I ,.:ri\l .i:\ii 

-.I-.I-!-. i . 1 . i ; . f . . i - ; Ml i.iv. 1.1 tl,'. ;'.'.< n . i ' . ' . in. ' "I.M. < . 'U-K!- . :I p ; i r t i -

! • : : ; • i | , , . | - i ! ! / . 

• • i>-..: • ' • t . • i':'. . ' i ' ' . i 1 ion r-'.r ' ' i i r r i • • I <••..' .:. t in- t ••'- I d . i!.i '* 

.. ,; .' - ; i. i i . . - ' i > :n , '-.;i ,.-i;-i1 KI;I n f .. :• .., b l ••!' i , M - , i r i in ; • .''on:; J ; i l ; i 

I i ; r • : .' • ', !•• t i-i'.-iti ill' n -.nii.nit : V >.u< in •)<• • .md li.mpin;. ' .iinl t l i c p i n t -

l i n . : ;<• ]••< c • li.iji'' nt r< > minnl ' i • • in i >. u ' . ! u _\ 11 • 11 i .. roui'Ji e s t in : i t i - o f 

iii-.I 'ILIH i.t '• i ,'.i-:!p.'ir.'i::n'it r idi-nt i I n -it i-n. '•':,•..i;hi ; IM- l i ' . ' i ' t -;.ii'.'in s q u a r e 

u i t i . t y p i c a l d a t a I t h e k - a s t - m w n s u u t i r c u - c h n i i p i c s l iavi ' ln-i-ii p n n c - n mil in 

:i v i f i ' - t y o f r.-isc." ) . The o b j e c t i v e o f t b i ' i s t a f f i • t o c-st im.-il i- r e s o n a n t 

11\ (|.n ni ; ic- ' . , dump i n ; : , ; i n d niodc s h a p e s . 

Hit ' f i n n l s t e p ill* t h e i i lcnt i f i c a t inn sl-mult! a m ' s t oi' R a y e x i a n i d e i i t i -

I'i-.-.-i* i(.-i, nt" i m p o r t a n t s t r i K - t u r : i ] p a r a m e t e r s ;md s u i l ;>ruper t i c s . Tht- !!;i>e--iai 

feci.;) inn! ' c;in i i l s o iiorK v i i t h n o n l i n e a r n o d e I i i r o n c r t i t s . 
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, ' l .t I n : 
: ' 1 . 1 • . . i 

: .1: : r : 

• . . •• 1 ,.;:; i m : i <'M I I • ! ' i ' r • m 1 i .• 
••• ' ' . i • .'i.- '"• i;:.j i l l . I . i t I >. r . i ' , :i \:l)> \. 

. , ; • • • : , t ! ip ( i i i n p i m i i t w i l l T . I . i i ' . i . . h i i p n r i m i . 

!•• .•!•• i ! i . i T I . i i n i l l ' : idv : i ; i t . • ! : ' ( • • I n ' l . i - .- ippro.-i i h : 

• HI Ii ii '.vl- nf ri-'.pon.'ii- i!.;iy nut in- Ir.'iMMc. 

• ' v - •!.>•• : : i ; m 1 i i i p u t v , i l l In- : i ; t i n - i \ -~i>n:itit I ' : 1 

• ii '-r.i i i.- ;>f ! lie nmt;iinr:.i-nt Hither th.'in ;it the 
n .<>r;i;.t frequencies of ' l ie equipment. Hie 
i : i ; ; i ; ;• d i l ' i ; i " . ; l t '.f n;>t i n;;i;)'-'-i M L- TIJ LOHT :'(J I . 

• Ml equipment : excited; it is not possible to 
r<i|:iti- ,-illd test lust one component. 

It r. not r'c;i-ip|].'d)|( 'o u ;* equipment by containment exeit.it ion if the 

.!.- ...ectivc is the equipment t e s t s . h i red excitation of the equipment 

i • ;. ;'•! :IIIfJ less cxpensivi. If the containment is bcinc, tested in i t s 

in.-. r i ; h t , however, ;i rc:i: onahle amount of equipment test iii^ c;m be "playback. 

I1.-- techniques used for test in;; equipment direct ly are very simil.'ir to 

tl,o-e used for containment testin<|. These have been reviewed in detai l in 

reference | 1 | . 'Icstinf; of n complex piece of equipment or piping system can 
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(V\\ Mexico] 

If) to 2i! , ;it icalt'd ;ici't'k-r;it i<m< of 
(1.1 tu (l.S 1;, forced vibration .ir.it 
blast test in;'. 

•ANCO res t s , references | 1 | ;inJ \2\. 
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and n are constants determined fruui ;i least squares f i t . Tlii< f uiu-

n l.itionsbiji betue'ii the damping ratio ;inJ the pc-ak response could 

• ', .cJ to ejct rapulate the daispinj: ra t io- .it even higher response Io\t-J 

in 1>pii',il of earthquakes. The re l i ab i l i ty of the o t r a p o l a t ion won I 

r .i further :.ei--i:iic test •: ;it varyim; lew I', and <>i, v.-iryiiii! stnii:-

.it v.iryiiic j le ' . vert' peri'onud. 
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„ "DAMPING CASE STUDY S2 

I'VMPJNG 1-STiMAi !.si OK i'Rl-.SMJKIi VkSSHL SY.STi.MS 

I Current ly 1 he dipping values allowed to 1)0 us 
(lie '!>i:;ii'ic analys is of; nuclear power p l a n t s are s 
fic-d LyXHC Iii';;iil;iioiy fhiidc ] ,61 as shown below, 
arc in pr-i r en t age of o r i i t i c a l damping. The Safe S 
down !:;ui!:(('i;il.c (SSI:) i|s genera l ly taken as (he 1;; 
tha i '( '-iild conceivably occur :it tlie s i t e , while Ih 
Opoa ;ii in« Base J-;irf lupiakc, usua l ly ha l f the SSR, i 
its tlic i'ar1 li'iiial.e lil' ' '-ly to oci.ur during the opera 
l i f e of the p l a n t . The pU.'it , 'ust con! inue to op 
without damage a f l c r the lull: and .bu t down .safely 
though pi;-.-, i hi y d.,,.,ai;.'(t) a f t e r i lie SSI:. 

ed in 
peci-
V.'ilUCS 

hut-
rgest 
e 
s talc n 
1 ing 
ei;:te 
(.11-

fqi.ij'.jiMit -.nd" I;irijs-(liiii»r1cf ;«';»!n|;iyilc»u , 
pij.-c •!'.,.-IC':I yci lcr i l i s n j l In i 

SH: -!!J,!: .UI-PCI ;iipirig ij J'jins, uiaii..lei equal 
iniir !L.\ l':tn 12 in i 

" ' i l l ic i t M . : ! t | l ' I I I l i f t s i 

IV.ilk-il ' l i d 'Imclmes . 

P;rtii;-".r<hi'm:i:le slfin-lures ' 

n... mlntifd iiiin icle ilructmrs ; 

Oj-r.t[„ 9 Ri-tll 

E'.Jlf!--cn r«ll<f j»k« f-tt!, ;,»k| 

2 

4 

2 

4 

The c xpuniiioiital data on p ressu re vesse l systems 
''(•lii.'.itc t h a t ' t h e regula tory \a lues a re so,,ewhat low. 
' l ie tab le below suepiar i:ics iiiany of the i A p e r i r o n t a l 
r.i.iipinp s t u d i e s discussed in the t ex t and i nd i ca t e s tha t 
the al luwfible OBE values arc equal or exceeded even at 
low response l e \ e l s (<0.10 g ) . As exper imental data 
suggest that d,-ii,ij),i ng increases at h igher response l e v e l s , 
i t would appear that regula tory values a rc 1 OK by a 
factor of SO to 100 ne rcen t . 

J 
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' ' ..jif.-n't 

'V.ii-urod Applir ihle 
!•!••. j.oji'.e lJi.,ping iU-ijulaioiy 

I i-vel fi, of Value 
c r i t i c a l ) (OHF.) 00 

'•' i n:. C- :n.'i'.'itur 0.001 1.0 
1.0 3 .0-3 .0 

'Hc-ais 1 ' l ie 0.1 2 .0 -3 .0 

T;,;.||.:,C'li:!tp 0.00] 10.0 
l i ' - t f Y: <,'••; ' i i ;cr 

'"• ^ i i ' i ; J'>' (MHO 3.0 
'" •.ii.i:n I'iiiipj 

".•••: i.i.-./'.V'n or (I.O10 10.0 
.'•1 ;•:.][. !"• ; u; Hi <,r 

i'K'.','.iu,i,--»-r n.nOl 1.5-3.0 
0.10 1.5-2.0 

i rii: i; iry fuol.-Mit 0.(1] l .S 
I,.iop 0.10 2 .0-4 .0 

K ' - r l t l ' ) ! ' V L-.iSCrl 0.0001 

1;II!;.IP i">int II .';;<;iir. (Vi,.-r.n (>r 0.010 

Cn,:;'-uvLT Leg 0.001 

rump 0.001 

T'-nriijja 

I »• 

2 . ? - r > , 0 

5.0 

1.0-1.5 

6" to 10" Pipe- low level 3.2-S.6 
1 ine 
0.75" to 2.5" low level 0.2-3.4 
fip'.'l ine OUT,. 1.4) 

i |T 0" (i 1.00 •'..0 

?.0 

1.0 

.7,0 

2.0 

2.0 
2.0 
2.0 

2.0 

1.0 
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10.0 BUDGKT AND SCHEDULE POl! TESTING 
OF A TYPICAL PLANT 

10.1 Introduction 

The planning of a vibration test on a nuclear power plant consists of 
the following three tasks: (l) a prc-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. Each of these tasks is discussed in the following 
sections. The test object is a typical PlVR and the test objective is to 
determine the dominant horizontal modes of vibration in both directions and 
the dynamic properties of selected internal equipment. 

10.2 I'rc-Tcst Analysis 

The pre-tcst analysis involves the delineation of an a p r i o n analytical 
model of the reactor containment building [RCB). The fundamental purpose 
of developing an a p r i o r i model is to assist in preparation of a detailed 
test plan. The analysis would aid in determining: (1) the optimum location 
and the required force output of the structural vibrators necessary to 
excite the lowest KCB vibrational modes; (2) the required sensitivity of 
the transducers used to record the dynamic response of the structure; and 
(5) the optimum location and numbeT 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 structure (the natural frequencies, mode shapes, 
damping ratios, and time and frequency 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- or three-dimensional solid elements or as 
single compliance functions using linear springs to account for soil-
structure interaction effects. 

-101-
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It is desirable to analyze the RCB as a linear model. The nonlinear 
response of the soil medium can be mathematically linearized knowing the 
input force levels and range of expected response. Gaps, banging and other 
geometric effects arc nonlinear phenomena and difficult to linearize, but 
are found not to have significant effects on the global modes of vibration 
of containment structures, The advantages of using a linear analytical 
model are that cigcnparamctcrs (frequencies and modes) exist and arc easy 
to calculate. Also, system response is predictable via modal superposition. 
The cigenparamcters can then be directly compared to test results. This 
containment model is not a complete ono as it is intended to yield only an 
a^pJ xim.-ttc idea of the dynamic properties of the structure. 

If it is determined that significant material and/o. geometric 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 doncl on existing power plants. Therefore, it is 
possible that dynamic modeling and analysis was done in the seismic design 
phase of the plant. The results of these analyses would be useful in the 
formulation of or substitution for the prc-test analysis models. This 
would greatly reduce the expenditures required to accomplish the a p r i o r i 
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 information on the composition and design 
of the RCB; 

(2) computer modeling of the structure; 
(3) eigenvalue extraction; and, 
(4) dynamic response analysis to postulated test conditions. 
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The most suitable methods to excite the containment structure are: 

(1) harmonic forcing via an eccentric mass vibrator; 
;incl, 

(2) ground motion generated by buried explosive charges. 

I:or this reason the dynamic simulations performed with the model of the con­
tainment Kill be oi" frequency response for harmonic forcing and time history 
response for explosively generated ground motion. 

Those two methods of testing arc well established and ore the only ones 
selected 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 power plant containments. 

'.;Vic discussion of the prc-tcst analysis of reactor containment buildings 
applies generally to the analysis of containment internals (i.e., heat 
exchangers, pumps, and piping systems). The modeling, possible eigenpara-
mcter analysis (linear system"), and Tesponse calculations (linear or nonlinear 
system) will need to he done. The main difference with the analysis of the 
internals is the method by which they are excited. There are two approaches 
to exciting the internals: 

(1) indirect loading in which the loading is applied 
to the containment; arid, 

(2) direct loading in which the loading is applied to 
the internals. 

In developing a test plan which includes internal 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 
internals and it will be necessary to predict the levels 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 
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plan, based on calculations performed in the pre-test analysis, would conta 
the following information: 

• Stated objective of the test. 
• Specification of the test specimen. 
• Force type and location of force application.'* 

For example, for tests requiring structural 
vibrators, the shaker location and type would 
be specified. For1 explosive testing, the loca­
tion and depth of the charge would bo specified. 

t Relative magnitude; and direction of applied force 
referenced to some; global coordinate system. 

t Required excitation levels for the particular 
test. For structural vibrators using rotating 
eccentric mass shakers, the following information 
would be specified1: 
-- 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 hole 

• Schematic drawings, specifying the type and loca­
tion of transducers and also details for mounting 
and orientation of the instruments. 

• The exact nature of the test environment would be 
specified. For example, if a piping system is 
being tested the pressure and temperature would 
be specified, and its water content, and- support 
system verified. ' 

• The required test results must be clearly stated 
including: 
-- identified resonant frequencies 
-- estimated damping values 

*Care must be used in placing Structural vibrators so that the applied 
loading will excite modes of interest (sec Figure 10.15. 
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I'TOUlii: J O . l : I'LACI-MHNT OF STRUCTURAL VIBRATORS 

1st 2nd 
Mode Mode 

3rd 
Mode 

\ s 

\ 

Undcformed Structure 

> C 2 ) 

« 
I 
I 

/ 

www 

(1) Placing a vibrator here will excite the three modes chown. 
It will do this equally for the three modes. 

(2) Placing a vibrator here will excite the first and third 
modes, but not the second, The third node may not be highly 
excited. 

(3) Placing a vibrator here will excite the first and second 
modes, but not the third.; The second mode may not be highly 
excited. 
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-- identified mode shapes 
-- frequency response; 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 natural frequencies 
-- tabulation of modal damping values 
— digital computer tape of response 
.. plots of response 
— Fourier transform pf transient response 
— mode shape plots 
— movies 
— photos 

The test plan specification could be computerised and stored in the 
digital computer used to acquire jclata during testing. The computer would 
output the test specification previously defined prior to conducting each 
test. The exact details for conducting 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 required for equipment preparation and ship­
ment. Shipping and travel arrangements to the facility ivould be made. 
Arrangements would also be made for rigidly attaching the structural vibra­
tors to the superstructure of the! RCB, scheduling for manual labor, and 
electrical power supply requirements on the platform. 

Time would be required for setup and checkout of the structural vibra­
tors, control systems, instrumentation 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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' ANCO ENGINEERf. '" 
TEST SPEC1F1CAT TON 

EXPERIMENT «/.?. 1 ' 
TEST «1 RUN #1 
REVISION #2 

DATE:; J'V1/79 TIME: 

PERSON RESPONSIBLE FOR TEST: 
WILLIAM E. GUNDY 

PURPOSE'OF TEST: 
TRANS/ROCK MODES, XX DIRECTION 

SPECIMENS TO DE INSTRUMENTED: 
.. CONTAINMENT (ROE) 
RECIRCULATING PIPING LOOP (URL) 
REACTOR PRESSURE VESSEL (RUB) 

LOCATION OF APFLIED FORCE: 
HDR CONTAINMENT (ROE) ! 

FORCE rjiRecTioM AND RELATIVE MAGNITUDE: 
x>:, IKTCRMFDIATE LEVEL 

DETAILS FOR SHAKER TEST: 
111! 1? 
VIBRATOR ECCENTRICITY = 6. 3 : KG-M 
APPLIED FORCE AT MAXIMUM OPERATING FREC'UENCY = 100 
LOWER DOUND OF FREOUENCY RANGE = 2. 5 H2 
UPPER BOUND OF FREQUENCY RANGE ='20 HZ 

TYPES OF TEST RESULTS REWIRED; i 
IDENTIFY RESONANT FREOUENCIESi 
IDENTIFY DAMPING VALUES 
IDENTIFY NODE SHAPES 
AMPLITUDE AND PHASE DATA ! 

DATA J1SJTI UN ANE RECORDIr 1G TRANSDUCER 
CONTAINMENT iRG E! 1 
CH. tt 1 RGE I t : X 
CH. i> •7 

A . ROE l f c : 7 

CH. « 3 RGE 15: >. 
CH )' 4 RGE 15; *~ 1 

CH. 1! 5 RGE 27: 
CM. S 6 RGE 2S: 7 

CH. 1! 7 ., RC-E S3: 7. 
CH. « S RGE 33: Y ,' 
CH. tt ?• RGE 33: 7 

CH. * 10 RGE 34- X 
CH. S 11 RGE 35' Y ; . 

CH. ii 12 RGE 55: V 

CH. # IS RGE 55: 7 

CH S 14 RGE 77: V 

CH. J! 15 RGE 77' 7 

CH. * It- RGE 100; X 
CH. 1! 17 RGE 100: ^ 
CH. * 1$ RGE 197: Y 
CH « r:> RGE 1?7' 1 -107-
CH 1 20 'ROE 201 . X 
CH jf- , 2 1 , m w Y 

* Nlll ' l l ' l 1 1 In 
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CH. * 28 ROE 187 Z 
CH. ft 29 ROE 175 X' 
CH. fl . 30 ' ROE 175 z 
CH. ti 31 ROE 167 X 
CH. * 32 ROE 167 z 
CH. ti S3 ROE 116 X 
CH ti 31 ROE 116 z 
CH. ti 35 ROE 128 X 
CH. 11 36 ROE 128 z 

IMlillRI: II).2 (continued! 

DATA ACQUISITION AND RECORDING TRANSDUCER LOCATIONS 
RECIRCULATING PIPING LOOP (URL) 

CH. ti 37 URL 4: X 
CH. ft 38 URL 4 : Y 
CH. * 39 URL 4 : 7 

CH. « 40 URL 65 : X 
CH. it 41 URL 65 : z 
CH. tt 42 URL 100: X 
CH, ti 43 URL 100: 7. 
CH. * 44 URL 34 : X 
CH. * 45 URL 34 : Y 

.CH..« 46 URL 34 ; Z 
CH. ft 47 URL. 67 : X 
CH. ti 48 URL 67 : Y 
CH. ft 4'? URL 67 : Z 
CH. ti 50 URL 70 : X 
CH. t! 51 URL' 70 : Y 
CH. ti 52 URL 70: Z 
CH. ft 53 URL 75: X 
CH. « 54 URL 75 : Y 
CH. ti 55 URL 75: Z 
CH. ti 56 URL 9 3 : X 
CH. ft 57 URL 93 : Y 
CH ti 58 URL 93 : Z 
CH. it 5? URL 33 : X 
CH it 60 URL 33 : Y 
CH ti 61 URL 8 2 : Z 
CH. « 62 URL 3 2 : X 
CH. ti 63 URL 82 : Y 
CH. ti 64 URL 33 : "7 

DATA .''COUISITION AMD RECORDING TRANSDUCER LOCATIONS: 
REACTOR PRESSURE VESSEL <PDB) 

4: X CH. ti 
CH. fl 
CH. S 
CH. * 
CH. ti 
CH. ti 
CH. t! 
CH. ti 
CH. # 
CH. « 
CH,.* 
CH, ti 
CH. fl 
CH. ti 

40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 CH. * 

CH. # 52 

URL 
URL 4: 
URL 4: 
URL 65: 
URL 65. 
URL 100: 
URL 100; 
URL 34: 
URL 34: 
URL 34: 
URL 67; 
URL 67: 
URL 67: 
URL 70: 
URL 70: 
URL 70: -108-
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CH.!:« 60 URL 33: > Y 
CH. ft 61 .URL 82 : Z,-
CH. ft 62 URL ?:::: x " ,•• 
C H . f l .. 63 i'URL S2: Y, 
CH. II 64 URL 33:'" 2 

^ // 

l: 1 GURU 10.2 (continued) 

TYPE CiF TEST ENVIRONMENT: 
AMBIENT WITH WATER '• 

RERUIRED DATA PRESENTATION AND ORGANIZATION: 
TABULATION OF RESONANT rREOUCNCIES 
TAPULA710N OF CRITICAL DAMPING VALUES 
DIGITAL COMPUTER MAGNETIC TAPE OF SINUSOIDAL RESPONSE 
RESPONSE PLOTS Of SINUSOIDAL DATA 
MODE SHAPE FlOTS 

! 
APPROVAL TO CCiNl'iUCT TEST: ; 

ANtO PROJECT ENGINEER -SIGNATURE: 

CLIENT SIGNATURE: 

APPROVAL i.iF I EST COMPLETION. \ 
ANCO PROJECT ENGINEER SIGNATURE: 

CLIENT SIGNATURE: 
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In the case of sinusoidal vibration, these "sweeps" would be done at 

various force levels over particular frequency ranges in several different 

directions. The exact force levels, frequency ranges and directions would 

be predetermined in the test-planning ijihasc of the project. Iron the data 

acquired, an improved understanding of the fundamental dynamic characteris­

tics of the structure would be gained. 
's I 

A scries of detailed sinusoidal sweeps would be done,following the 
exploratory sinusoidal sweeps. This t'6st series would focus on acquiring 
'detailed data on the identified resonance frequencies. In particular, data 
would be taken with sufficient resolution in frequency steps necessary to 
accurately identify the natural frequency and to'calculate critical damping 
coefficients for particular modes. In'particular, tins requires a frequency 
step size less than one-fourth of thermal f'pst resonant peak bandwidth. 
Phase information for various channels would be monitored to quantify modal 
deformations. 

A series of tests also would be conducted for the mode shapes of 
interest. jThis would be accomplished by holding the structural vibrators 
at the natural frequencies and moving y triaxial array(s') of transducers 
over the structure. The response levels and phases at various locations on 
the structure arc compared to a stationary array of reference transducers. 
From this "response shape"/data, which will be dominantly controlled by the 
particular mode of interest, the mode shapes can bfc determined. 

For explosive testing, much of the previous discussion on forced vibra­
tion testing, i.e., shipping, scheduling for labor, setup and checkout of 
instrumentation and data acquisition systems, and conducting of tests, applie . 
For each explosive test, it will be necessary to place the requirod explosive 
chargc(s). Additional aucclcrometoTS (in addition to containment instruments) 
ivill be pln'ced in the ground surrounding the containment. 

If the containment internals are to be tested, it will be necessary to 
utilize the subject equipment. It niay!be desirable to include in the test 
plan (in ambient survey of the internals. These data are useful in determining 

-110-



how much of the response is due to litiTinonic forcing or explosive loading and 
how much is due 10 ambient excitation. 

11). .i Post-Test Analysis 

The analytical model and test data would be compared and interpreted 
to: (1) verify the validity of the analytical model; and (2) update the 
parameters used to define the analytical node! to obtain improved correlation 
between the analysis results and the test results. This task involves: 

(1) detailed analysis of the test data; 
(.') assessment of reliability of test data; 
(3) assessment of uncertainties in model parameters; and, 
Ml tuning of model parameters using parameter identifi­

cation. 

The detailed data analyses include- (1) the generation of steady-state 
response amplitude versus vibrator excitation frequency plots (as illustrated 
in l-igurc 10.3) for various acceleromcter locations for forced vibration 
tests; (2) time history plots of accclerometcr data (explosive, initial dis­
placement transient response, or other transient loading tests]; or 
(3) Fourier transforms of various time histories. These analyses yield 
resonance frequencies and damping values for various vibrator positions/ 
force levels, for various explosive charge locations and sizes and for 
various snapback forces. The mode shapes as illustrated in Figure 10.5 
would bo determined from the transfer function of the acceleration responses 
(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 purpose the Baycsian identification technique discussed in Sec­
tion 7.5 would be used. 
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lO.ii Schcdul ins 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 simple 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 
transducers, 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 dynamics of the plant and its internals 
and the validity of their modeling and would cost over a million dollars. 
The simple test may require a few days for preparation, execution and 
reporting. The comprehensive tests may involve more than one year of pre-
and post-tost work, and many weeks of testing. Many possibilities exist 
between these two extremes. 

for budgeting and scheduling it is assumed that the containment struc­
ture of a typical I'lv'R nuclear power plant is to be tested using both sinu­
soidal vibrators and blast excitation. The desired data are resonant fre­
quencies, damping ratios, and mode shapes of the containment structure in 
the frequency range of 0-10 Hz. Nonlinear trends bct.vecn 10" 3 to 10"' g 
acceleration response are also to be documented. This test program approaches 
the upper limit of the above-mentioned extremes. 

Two selected internal components are also to be studied. These are 
chosen to be a loop of the primary coolant system and the polar crane. (We 
have found that scheduling and costs are relatively insensitive to soil 
conditions and the type of reactor tested; that is, whether the plant is a 
I'M! or a BWR.) Pro-test planning includes finite clement models (of mod­
erate complexity) of the containment and the two components. Testing of the 
components includes excitation by containment motion, but emphasizes snapback 
and sinusoidal forces applied directly to the components. Approximately 50 
acceleration transducers and 50 strain gauges are monitored with an on-site 
computerized vibration analysis system. The post-tost analysis includes 
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I'll! I (li(;il il data documentation, graphical data presentation, and parameter 
identification to estimate theoretical model validity. 

The time and cost involved in doin« the pre-tcst analyses, testing and 
post-test analyses I'OT the typical I'lVU containment structure and two interna) 
structures arc outlined in Tables 10.1 through 10..1. The total manpower 
effort plus additional direct costs needed to perform these tasks is approxi­
mately 7,0(1(1 hours plus SL'00,000. The tasks described in this example mate 
the test very detailed, involving a fair amount of nreparation, testing and 
data reduction. These numbers are er.tiiiu.tcs on 1y and could easily vary by 
'50 percent depending on the specific requirements of the project. 
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IAR1.I. ]0,1: I'RK-TFiST ANALYSIS OF SiXAMPl.H 1'IVll SYSTliM 
(Approximately five elapsed months would 
he required to perform this analysis] 

1. finite element mode! of containment bnildirj; (includes 
eigenvalue analysis). 

1. Lxcite containment model for h;.rinoiiic and explosive 
loading; determine response (i.e., acceleration, stress, 
-t--.) 

3. finite element model of a loop of primary coolant loop 
[includes eigenvalue analysis). 

'1. I:.xtite coolant loop model for containment motion, and 
harmonic and snapback loadin,;; detenrine response. 

5. finite element model of polar crane (includes eigen­
value analysis). 

6. Ii.xci»e polar crane model for containment motion, and 
han ic and snapback loading; determine response. 

7. Costs for prc-test: Manhours = 1,300* 
DiTcct Costs = S:o,m>il** 

*Specifjed separately from direct costs. 
*Mainly computer costs, 

-IIS-



nin.i. Hi, . 1 : I I : i i v l HI I . W I - I . I . i",-,i> w ;•••: 
|Afi;iro.<iir..il'-!>' tv,t, c;onMi- 4 
t < - . 1 i l l l j I I P " K l . ' l . ' l : | ; 

1. i;i|iii|ii;ifnl tlici.l.oiil ,iiid ..lnppitir,, 

2 . i'cr .wmi'l :n r t r ; : . v i . 

">. ' letup lit' t (.- "i I ,."•!'•;!, !'pl,i"c a c / c i cn i s ' - t i - i . r.iiit'.-
e l e c t ri'."il i j ' iil '- ., -.(.-tup of computer -./-* - , pl.'icer.i :;l 
ul -.1 ra in ;'.;iii;;( , e t c . ' ; 

•1. P re l iminary H ' . v '•» ve r i fy i n l e i ; r i t y oi' n t systcr , . 

T). De ta i l ed forced v i b r a t i o n te:".ts fl-VIi of v-nrit;iin:::t-nt 
Inn Idinj; , 

0. De ta i l ed exp los ive t e s t s of con ta inment . 

7. De ta i l ed l:V"l' of a loon of primary coolant ystc-rc, 

S. Deta i led sn;ipl>ac>; t e s t s (.SliT) of primary coolant 
system. 

'.). De ta i l ed IVT of p o l a r c r a n e . 

11). De ta i l ed SBT of po l a r c r a n e . 

11. Ii(|iiipmcnt rental . 

12. Personnel per diem. 

13. Costs for tes t ing: Haiihours =-1,(11)11 
Direct Costs = $lo(l,nnn« 

'Mainly equipment renta l , but also shipping, travel and per diem. 
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\':|.i IP . 'v i ; M IIS! Vwll.lSii ill I.VAMi'H (1M-: SU.IIM 
Meoiit t h r e e ;::iont!)s a r e m i n i m i fo r 
t h i s tnsk i 

1 , ! i | ; , i ! l l i l ; i t ; i tim'lltlilMil . i i i , H , . 

..'. ' '.elei t ion HI' d;tt ;i to he p l o t t e d . 

'.. I ' M t mi', vi ilut.-iJ 

1. I\i l'Liiiic t cr iiler.1 i f i ' . ' a t ion Is imp I i st it I. 

. ' . Writ im; vi' report!. 

(-. Costs ol' | ' t )S t - : in : i lys is : 

Mnriliours = ITiUiJ 
hircct Costs = Jjn Odd' 

*Mainly computer costs. 
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SEISMIC CLASSIFICATION OF STRUCTURES, SYSTEMS, 
COMPONENTS AND THEIR CAPABILITY . 

Design Class Design CIass I Design Class II1 Design Class jll 

Plant features JT.^ortant to 
safety, including plant 
features required to assure • 

APPLICABILITY (1) the integrity of the 
reactor coolant pressure 
boundary. (2) The capability 
to shut down the reactor1 arid 
maintain it in a rate shut­
down condition. (3) The 
capability to prevent or 
mitigate the consequence of 
accidents which could result 
in potential off-site ex­
posures comparable to the 
buidcline exposures of 
10 CFR 100. 

Plant features impor­
tant to reactor opera­
tion, but not essen­
tial to reactor 
safetv. 

Plant features 
not related to 
reactor or safety 

SEISMIC Plant features required to 
DESIGN meet AKC OTC-2 and proposed 
REQUISKKEOTS Appendix A to 10 CFR 100. 

Plant features designed to 
withstand effects of Double 
Design Earthquake (DDE) 

Plant features not 
required to meet 
AEC GDC-2 and pro­
posed Appendix A to 
10 CFR 100. Plant 
features not designed 
to stand effects of 
DDE. 

SEISMIC Containment building E 
CAPABILITY designed to acceleration 

level 0.65 G. Refer to 
Tables 1,2, and Figure 
1.2. 

Seismic design level 
of non-safety related 
systems is not included 
in the reactor safety 
report . The acceler­
ation level of cur­
rent reactor project is 
0.2 G. 
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SEX SM7C C J J A S S T F I C A T I O N OF CONTAINMENT 

STRUCTURE AND IHTHIiNAL KQUIPKHNTS 

CQNTAIKIffiHT STRUCTURE 
AND INTERNAL SYSTEMS 

CONTAINMENT INTERNAL 
COMPONENTS 

Rod Drive Mechanism (CRDM) 
reactor vessel internal support 
stands 

DESIGN 
CLASS 

1. Containment containment structure M
 

Structure containment linor 
containment penetrations and 

I 

air locks 
containment piping rupture 

I 

restraints I 
containment interior concrete 
containment penetration 

I 

flucd heads I 
reactor cavity liner II 

2. Facilities containment structure JJO1 r ciane I 
missile shield over Control X 

II 

Reactor coolant 
system and equip­
ment supports 

reactor vessel support structure 
steam generator supports 
steam generator hydraulic 
support struts 

reactor coolant pump supports 
reactor coolant piping restraints 
pressurizer support 
reactor vessel 
vessel head li fting device 
reactor vessel upper internals 
reactor vessel lower internals 
steam generator, primary and 
secondary tube 

reactor coolant pump 
pressvirizer 
RID bypass manifold 
vessel; insulation, 
pressurizer heaters 
pressuirizer relief tank 
all system piping to the 
presjsurizer relief tank 

all drain lines of the system 

I 
I 
I 
II 
II 
II 

II 
II 

( 
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CONTAINMENT STRUCTURE 
AND INTERNAL SYSTEMS 

CONTAINMENT INTERNAL DESIGN 
COMPONENT CLASS 

reactor vessel I 
vessel head li fting device I 
reactor vessel upper internals I 
reactor Vessel lower internals I 
steam generator, primary and 
secondary tube I 

reactor coolant pump I 
prcssurizer I 
RID bypass manifold M

 

vessel insulation II 
prcssuri;:or heaters II 
prossurixcr relief tank II 
all system piping to the 
prnssurizer relief tank II 

all drain lines of the system II 

Reactor coolant 
system and equipment 
supports (continued) 

4. Containment 
HVAC 

containment fan cooling system 
containment purge valves and 
plenums 

plant exhaust vent 
forced draft shutter damper 
containment fan cooling system 

annular ring 
CRDM ventilation system 
Incore instrument room air 
conditioning system 

Iodine removal system 
containment refueling water 
surface svstem 

I 
I 
I 

II 
II 

II 
II 

II 

Reactor incore 
flux mapping 
associated items 

Control Rod 
Drive mechanisms 
(CRDM) 

Fuel and rod con­
trol cluster 
assemblies 

instrument conduit .:nd couplings 
seal tablq and parts 
flux thimble tubing 

fuel assemblies 
full length rod inLernal cluster 
assemblies 

part length rod control 
cluster assemblies 

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

Fuel transfer fuel transfer tube and flange I 
system reactor internal lifting rig I 

reactor vessel head lifting rig I 
fuel inspection fixture II 
refueling machine II 
reactor cayity manipulator crane III 
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CONTAINMENT iSTHUCTURE 
AND INTKRMAL SYSTEMS 

CONTAINMENT INTERNAL 
COMPONENT •••• 

DESIGN 
CLASS 

9. Channel volume 
control system 
(eves') 

10. Safety injection 
system (SIS) -

,11. Residual heat 
removal system 

excess lotdq/.Tf. heat exchanger-
tube side1''"!;" I 

regenerative heat exchanger-
tube side ! I 

excess letdown heat exchanger-
shell side | II 

regenerative heat exchanger-
shell side I'- II 

all drain linis and vent 
lines of the: sysi'on,, II 

safety injection accumulator tanks I 
SIS test lines II 
SIS vent lines II 
SIS accumulated interconnection 

lines II 

containment emergency sump I 

12. Nuclear steam 
supply system 
(NSSS) sampling 
system 

13. Containment spray 
> system 

all pipes and valves inside 
the containment 

six rings of spray nozzles 

14. 

15. 

16. 

Nuclear service 
cooling water 
system 

Liquid radwaste 
system 

Post accident 
hydrogen removal 
system 

containment cavity cooling coil 
containment copier 
containment building auxiliary 
air cooling coil 

i ! 
reactor coolant draink tank 
reactor coolant drain tank pump 
reactor coolant drain tank heat 
^exchanger 
"all pipes and valves connect 

to the RCDT 
containment structure sump pump 
reactor cavity sump pump 

electric hydrogen recombiner 

II 
II 

II 

II 
II 
II 

17. CompxcsseS air 
system ! 

\\ 'fur; 

f V • 1 

all pipes and valves insidethe 
containment 

-K. '*^"rf,'^K
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I 

CONTJillMKHT STKUCTURE CONTAINMENT INTERNAL 
AND IHTERiiftlj SYSTEMS 

18. Fire pro tec t ion 
system 

19. Main fecuwater 
aystern 

COMPONENT 

all pipes and valves inside 
the containment 

pipes from steam generator to 
the main feedwater isolation 
valves 

DESIGN 
CLASS 

JI 

20. Main steam pipes ifrom steam generator to 
system the .main steam isolation valves 
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APPENDIX B 

NOTES ON' PII'INC STRESS CALCULATIONS 
AND MONITORING 



Class 1 Piping Systems 
Two limits on structural response during Level A Service Limits (Normal 

Operating Conditions) are imposed on Class 1 pipes by the Code. The first limit, 
given by Eq, (10) of Subsection NR-3653 (denoted NB-10 herein), assures shakedown 
and clastic action after the first few load cycles. The second limit, given by 
Kq. (11) of Subsection NB-56S3 (denoted NB-11 herein), assures that fatigue failure 
does not occur. 

Shakedown occurs if the primary plus secondary stress intensity S is less 
than or equal to 3.0 S where S is an allowable stress intensity; that is, 

' m m ' 
PI) D . S = C, -~ + C, ~ M. + s y — t Oct I AT. I + Cli .la T - CLT, I < 3.0 S m (NB-10) n 1 2t 2 21 l 2(l-u) ' I 1 J ab1 a a T> b' m k ' 

In l-q. (NB-]()'j, the first term on the left side of the inequality is the range of 
primary membrane stress intensity due to the range of operating pressure P , the 
second term is the range of primary bending 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., C ?, and C, 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 gives: 

1 ~>\ 

2 o 

1' D o o 1 
(a) •'•° Sm " C l " 2 T - H i % E a l A T l l - C 3 E a b K T a " % T b 

where the resultant moment i s : 

M. = v ^ ~ M2 + M5 (b) 
l v X y 2 l 

and M and M are the bending moments in the piano of tho pipe cross section and 
M„ is the torsional moment. 

The allowable value of M. 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 failure does not occur if the peak stress intensity range S docs 
not cause accumulated damage exceeding Minor's rule. S is given by Eq. (NB-11); 
that is, 

S p = ¥l -W + ¥ 2 2T M i + 2{h) V ^ l l + W a h K V bTbl 
(NB-11) 

where K,, K, and K» are local stress indices. 

The alternating stress intensity S . is one-half of S and is used to deter* 
mine the allowable number of load cycles, liq. (NB-11") can be solved for an allow­
able value of M. such that the additional test leal cycles do not vio^te 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 earthquake loads. 

By Eq. (9) of Subsection NC (denoted NC-9 herein), the occasional stress 
intensity S_. should be less than 1.2, S. where S, is the basic material allowable 
stress at the design temperature; that is, 

PI) M + M 
soL = 4t- + 0 ' 7 5 i { J L r 1 ] - u s h ( N C - 9 ) 

n 
where M, is the resultant moment due to vtcight and other sustained loads, Mj. is 
the resultant moment due to occasional loads including (but not limited to) earth­
quake loads, Z is the section modulus, and i is the stress intensification factor 
(0,75 i > 1.0). 

The allowable resultant moment during testing is obtained by solving Eq. (NC-9) 
for M g; this gives: 

7 m* -

n 
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Monitoring 

Monitoring of the structural response of piping systems to satisfy the safety 
criterion can be accomplished by strain gauging to determine stresses and resul­
tant moments at the hot spots. The resultant moments can be compared to the 
allowable moments given by l:q. (a) or |I£q. (c) and the testing terminated when 
the allowable values, or a fraction of the allowable values, are exceeded. Alter­
natively, the stresses can be monitored and the testing terminated when the Tresca 
yield criterion or the von Miscs yield criterion (or fractions thereof) is exceeded. 

The locations of hot spots are obtained from the stress analysis. Tf the 
hot spots cannot be monitored because ;of surrounding equipment or high radiation 
levels,then the strains from other locations can be linearly scaled. 

The following method has been used by ANCO personnel to monitor strains and 
resultant moments during snapback testing of Class 2 pipes at Indian Point 2. At 
selected locations on the pipe, a strain rosette was mounted as well as an addi­
tional linear gauge along the longitudinal axis of the pipe. The output from 
this gauge pattern was the longitudinal strain at two locations rx. and tx ? and 
the shear strain y p >. This output is the minimum output necessary to calculate 
the resultant moment which is: 

where U is the elastic modulus of the pipe material and u is Poisson's ratio. 
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