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THE SEISMICCATEGORYI STRUCTURESPROGRAM:
RESULTSFOR FY 1986

by

Joel G. Bennett,RichardC. Dove,Wade E. Dunwoody,
CharlesR. Farrar,and PeggyGoldman

ABSTRACT

The accomplishmentsof the SeismicCategoryI Structures
Programfor FY 1986are reported. The backgroundleadingto
the FY 1986ProgramPlan is summarizedand the designof a
new geometricconfigurationof a reinforcedconcreteshear
wall test structureis described. The reportdiscusses
staticand seismictestingsof two of thesestructures,a
l/4-scale,I-in.-thickshearwall modelof microconcreteand
a 4-in.-thickshearwall prototype. Resultsand conclusions
regardingdegradingstiffnesscharacteristics,natural
frequencies,and scalabilityof microconcretewith actual
concreteare comparedwith past fiscalyear results.
Possiblebase rotationeffectsfor the largestructureare
examinedanalytically.Finally,tentativeconclusionsare
statedregardingthe degradingstiffnessand scalingof these
structuresand recommendationsare made aboutfutureseismic
testingof largestructures.

I. INTRODUCTION

The SeismicCategoryI StructuresProgramis beingcarriedout at the Los
AlamosNationalLaboratoryundersponsorshipof the U.S. NuclearRegulatory
Commission(NRC),Officeof NuclearRegulatoryResearch,and has the objective
of investigatingthe structuraldynamicresponseof SeismicCategoryI rein-
forcedconcretestructures(exclusiveof containment)thatare subjectedto
seismicloadsbeyondtheirdesignbasis. The program,as originallyconceived,

I
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fs a combinedexperimental/analyticalinvestigation
experimentcomponentto establisha gooddatabase.
interactionswith the NRC staffhave 1ed to the fol”
programobjectives:

with heavyemphasison the
A numberof meetingsand
owingset of specific

1.

2.

3.

4.

5.

to addressthe seismicresponseof reinforcedconcreteCategoryI
structuresotherthan containment;
to developexperimentaldata for determiningthe sensitivityof
structuralbehaviorin the elasticand inelasticresponserangeof
CategoryI structuresto variationsin configuration,designprac-
ticesand earthquakeloading;
to developexperimentaldatato enablevalidationof computer
programsused to predictthe behaviorof CategoryI structuresdur-
ing earthquakemotionsthatcauseelasticand inelasticresponse;
to identifyfloorresponsespectrachangesthatoccurduringearth-
quakemotionsthat causeelasticand inelasticstructuralresponse;
and
to developa methodfor representingdampingin the inelasticrange,
and demonstratehow thisdampingchangeswhen structuralresponse
goes from the elasticto the inelasticranges.

The prevailingfeatureof the typicalstructureunderinvestigationis
that shearratherthan flexureis dominant;that is, the ratioof displacement
values,calculatedfrom termsIdentifiedwith sheardeformation,to the values
contributedfrom bendingdeformationis one or greater. Thus,thesebuildings
are called“shearwall”structures.The backgroundof the programand its
statusleadingto the work reportedherewill be brieflysummarizedbelow.

The SeismicCategoryI StructuresProgrambeganin FY 1980with an inves-
tigationthat identifiedthe typicalnuclearshearwall structureand its
characteristics(stiffnesses,frequencies,etc.)as beingthe most important
and leastunderstoodseismicresistingstructure.A combinedexperimental
analyticalplan for investigationof the dynamicbehaviorof thesestructures
was laidout as describedin Ref. 1. During’thefirstphase,the programcon-
centratedon Investigatingisolatedshearwall behaviorusingsmallmodels
(1/30-scale,l-in.wall thickness,Fig. 1) that could be economicallycon-
structedand testedboth staticallyand dynamically.The resultsof these
investigationsare reportedin Ref.2. Duringthis earlyphaseof the
program,a TechnicalReviewGroup(TRG)consistingof nationalIY recognized

2



seismicand concreteexpertson nuclearcivilstructureswas establishedto
both reviewthe progressand make recommendationsregardingthe technical
directionof the program. The recommendationsof thisgrouphavebeen
evaluatedin lightof the needsof the USNRCand,when possible,have been
carefullyintegratedintothe program.

Followingthe isolatedshearwall phase,the programbegantestingand
evaluating3-D box-likestructures,whichrepresentedidealizeddieselgener-
ator buildings(Fig.2). It was recognizedfromthe outsetthat scalemodel
testingof concretestructuresis a controversialissuein the U.S. civil
engineeringcommunity. Thus,two sizesof structureswere testedin an effort
to demonstratescalabilityof results. Thiswork is reportedin Refs.3-5.
Othervariablesof interest,especiallythe effectof numberof stories,were
investigatedby constructing,analyzing,and testingsmall-scalestructures
representativeof a typicalthree-storyauxiliarybuilding. The resultsob-
tainedfrom the testsof thesestructures,shownin Fig.3, are givenin
Ref. 6.

7.25”

+

(a) ONE-STORY SHEAR WALL
NOT12 1 In. - 25.4 mm

7.25=

4
3.5=

T[
7.25=

~1.o”

(b)TWo-SToRYSHEAR WALL

Fig. 1. Isolatedshearwall structure.
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h,Ft,F2 w L H,&H2 P WtlSTORY●

1130-SCALE 1In. 10in.18in. 7.25 in. 1in. 47.7 ib
1110-SCALE3 in. 30in.54 in< 21.75 in. 3 in. 1286ib
PROTOTYPE 30 in. 25ft45ft18.125ft 30in.%286,000lb

*BASENOT INCLUDED

NOTE 1in.-25.4mm,1ft-0.305m,1ib-4.45N

Fig.2. Two-storydieselgeneratorbuilding,
modelsand prototype.

Althougha numberof resultson itemssuchas aging(curetime),effect
of increasingseismicmagnitude,etc.,had been reported,the two most impor-

tant and consistentconclusionscomingout of the data from thisprogramare:
first,the scalabilityof the resultsbetweenmicroconcretemodelsof different
sizeswas Illustratedboth in the elasticand inelasticrange;second,the so-
called“workingload”secantstiffnessof the modelswas lowerthan the com-
puteduncrackedcross-sectionalvaluesby a factorof about4. The term
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F13

h, Fl, F2,F3 w- H1,I+z,H3 Wt/STORY*

1142-SCALE 1in. 26 h. tO in. 140lb
1114-SCALE 3 In. 78 in. 30 in. 3780lb
PROTOTYPE 42 In. 1092in. 420in. 10,372,000lb

* BASE NOT INCLUDED

NOTE:1In.-25.4mm, 1 lb = 4.45 N

Fig.3. IdealIzedthree-storyauxf1iary
buildlng,modelsand prototype.

“workingload”is meant in the senseof loadsthat producestresslevels
equivalentto at leastthe designbasisearthquakeand up to the safe shutdown
earthquake.

Duringtheirreviewof thisprogram,the TRG pointedout the following:

1. Designof prototypenuclearplantstructuresis normallybasedon an
uncrackedcrosssectionstrength-of-materialsapproachwhichmay or may
not use a “stiffnessreductionfactor”for the concrete,but if one is
used it Is neveras largeas 4.
2. Althoughthe structuresthemselvesappearto have adequatereserve
margin(evenif the stiffnessis only 25% of the theoreticalvalue),any
pipingand attachedequipmentwill have beendesignedusinginappropriate
floorresponsespectra.

5
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3. Giventhata nuclearplantstructuredesignedto have a natural
responseof about15 Hz may havea naturalfrequencyof 7.5 Hz (corresponding
to a reductionin stiffnessof 4), and allowingfurtherthat the naturalfre-
quencymay furtherdecreasebecauseof degradingstiffness,the natural
responseof the structurewill shiftwell down Intothe frequencyrangefor
whichan earthquake’senergycontentis the largest. This shiftwill result
in increasedamplificationin the floorresponsespectraat lowerfrequencies,
and this fact has a potentialimpacton the equipmentand pipingdesign
responsespectraand theirmarginsof safety.

Note thatall threepointsare relatedto the differencebetweenmeasured
and calculatedstiffnessesof thesestructures.

Havingmade theseobservations,severalquestionsarise. Do the previous
experimentaldata takenon microconcretemodelsrepresentdata thatwouldbe
observedon prototypestructures?What is the appropriatevalueof the stiff-
nessthat shouldbe used in designand for componentresponsespectracomputa-
tionsin thesestructures?Shouldit be a functionof loadlevel? Have the
equipmentand pipingin existingbuildingsbeendesignedto inappropriate
responsespectra? What stepsshouldbe takento evaluatethis reducedstiff-
ness for existingstructures?

Thus,startingin FY 1985,the primaryprogramemphasiswas to ensure
credibilityof previousexperimentalwork by beginningto resolvethe dif-
ferencebetweenthe analyticaland theoreticalstiffnessthat cameto be called

the “stiffnessdifference”issue. The TRG for thisprogrambelievedthat this
importantissueshouldbe addressedbeforeotherprogramobjectivescouldbe
accomplished.

For thesestiffness-relatedconcerns,it was agreedthata seriesof cred-
ibilityexperimentswouldbe carriedout usingboth large-and small-scale
structures.For the large-scalestructure,the TRG set limitationson the
designparameters.Theirrecommended‘ideal”structurecharacteristics,in
orderof decreasingpriority,were as follows:

1. Maximumpredictedbendingand shearmode naturalfrequency<30 Hz.
2. Minimumwall thickness= 4 in.
3. Height-to-depthratioof shearwalls 1.
4. Use actualNo. 3 rebarfor reinforcing.
5. Use realisticmaterialfor aggregate.
6. Use O.1% to 1% steel(0.3%eachface,eachdirectionidealIY).

6



7. Use water-blastedconstructionjointsto ensuregood aggregatefric-
tionalinterlock.

A structure,calledthe TRG structureand shownin Fig.4, was specifi-
callydesignedto meet theserequirements.The computedcharacteristicsof
this structureare givenin TableI. However,it was decidedthat,before

constructingthis relativelylargeand expensive(bothto buildand especially
to test)structure,a smaller(1/4)-scalemodelof the proposedstructure
shouldbe designed,constructed,and tested.

The purposesof this l/4-scalemicroconcretemodelwere as follows:first,
by applyingthe sameprinciplesof analysisand design,and the sameconstruc-
tionpracticesas were used in the previouswork,the scalabilityof the
resultsof a microconcretemodelto a prototypestructureof “real”concrete
couldbe investigated.Second,conclusions(basedon calculations)concerning
the modeland prototypetorsionalresponse,individualwall frequencies,out-
of-planebending,and otherfeaturesthataffectthe responseof the largeTRG

/x TWO STEEL PLATES
APPROX 18,SOOlbEACH

INCH
No.3
.91NCH
s

Fig.4. TRG-3model.
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TABLEI

COMPUTEDCHARACTERISTICSOFTHETRG STRUCTURE

Wall thickness R
Iuncrackd transformedsectionIncludingsteel =

fA-effectve sheararea =
Area total (planview) =
Totaluncrackedbendingstiffness m
Shearstiffness =
Totalstiffness =
Max deadweightnormalstress =
Max shearstressIn flangeat 5g due =

to assumed5% torsion(approx.)
Totalconcrete =
Totaladdedweight =
Totalweight =

4in.
2.06 x 106 in.4
379 in.2
1288 in.z
2.5 x 107 lb/in.
5.3 x 106 lb/in.
4.2 x 106 lb/in.
42 pSi

35 psi

6 yd.3
37,000lb
61,000lb

structurecan be confirmedon a lessexpensivetest structure. Third,instru-
mentationand otherdata acquisitionrequirementscouldbe workedout before
the larger~scaletests. The construction,analysis,testing,and resultsfrom
the investigationof the l/4-scalemicroconcretemodelof the TRG structure
are d~scussedin Ref.7.

This reportcoversthe construction,analysis,testing,and resultsfrom
the full-sizeTRG structure(Fig.4). In addition,becauseit is desirableto
comparethe resultsfrom the testson the l/4-scalemodelto the resultsfrom
the testson the full-sizestructure,thisreportcontainsresultsfrom the
l/4-scalemodeltests,someof whichwere previouslyreported(Ref.7).

II. CONSTRUCTIONANDTESTING:(TRG)STRUCTURES

As mentionedin the precedingintroduction(anddetailedin Ref.7), dur-
ing FY 1985the TRG for thisprojectrecommendedthe construction,analysis,
and testingof a “real”concretestructuredesignedto meet specificcriteria.
The TRG structure,shownin Fig.4 and havingthe characteristicsgivenIn
TableI, was constructed,analyzed,and testedduringFY 1986.

A. Constuctr ion and MaterialPro~erties
BecauseseveralTRG structureswere planned,the following identification

systemhas been adopted:

1
TRG Designedto fulfillthe objectivesproposedin consultation

with the projectTechnicalReviewGroup

8



Model No. Order of construction

WT Shearwall elementthickness-inches
AR Shearwal1 aspectratio(heightto length)
%R % reinforcement.

Thus,TRG-No.-WT(AR, %R) Is usedas the notation.
For the l/4-scale,microconcretemodel,

TRG-1-1(1, 0.56),abbreviatedas TRG-l;and
for the firstfull-sizestructure,

TRG-3-4(1,0.60*),abbreviatedas TRG-3.
The material properties of TRG-3 are gtven and compared to TRG-1 material

properties In Table II.
Both TRG structures (TRG-1 and TRG-3) were constructed at Los Alamos by

Los Alamos personnel. The larger structure (TRG-3) was constructed on the

test stand which was later usedas the modalvibrationand staticloadtngtest
base so as to minimizehandlingbeforepreliminarytestscouldbe completed.
Figure5 showsthe largerstructure(TRG-3)underconstruction.

The resulting“as built”characteristicsof the two structuresare given
and comparedwith the designvaluesin Table III.

B. Low-LevelModaland Static Testsof TRG-3(at Los Alamos)
The low-load-leveltestingfor the structurebeganduringthe week of

Decgmber16, 1985. The structurewas placedon foampads for modaltestingas
a “free-free”structureto characterizethe very low-levelvibrationalfrequen-
ciesand thus the structural“as-built”stiffnesses.First,a seriesof hammer
tap testswas used to excitethe structure.Second,a 300-lb-forceportable
shakerwas used to excitethe structurewith a randomsignalhavinga frequency
contentof 0-500Hz. For bothmodalanalysistests,accelerometerdatawere
takenat 31 points,shownschematicallyin Fig.6 \n threeorthogonal
directions. Figure7 illustratesthisoperation. Thesetestsgave some
naturalfrequencyand mode shapeinformation,but the foampads did not allow
a true “free-free”conditionto be simulatedand coherencefor the test signals
below200 Hz was poor.

* A second,l/4-scalestructure[TRG-2-1(1,0.56)1was constructedbut
was not completelytestedbecauseof obviousflawsand is not reportedon.

9
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TABLE II

MATERIALPROPERTIES

concret? TRG-3

Ec, PSI = (measuredat U-C origin= 2.OX1O6

f;, psl = (compressivestrength)= 3807

ft, psi = (splittensiletest strength= 351

E~, pSi = 57000@ = 3.52 X 106

Steel

E, pSi m 30 x 106

YIeld,
Strength,Ksi = 40 min.

Ultimate
Strength,Ksi = 70 min.

Elongation
at failure,% s 11 min.

Diameter,in. = 3/8

Steelreinforcing0.6% both
directions(No.3 rebar)

Note:The valuesfor steel
are ‘handbook”values
@ measured.

TRG-1

3.18 X 106

3769

513

3.49 x 106

25.6 X 106

42.7

53.1

4%

0.042

0.56%both directions
(0.042in. diam.galv.
hardwarescreen)

Note:Thesevaluesfor
steel are mea-
sured values

Next,the baseof the structurewas boltedto Its supportplateancla load
frame,specificallyconstructedfor low-load-level(lessthan80 psi maximum
principalstress)statictesting,was assembled(Fig.8). Thesetestswere
completedduringthe week of December23, 1985. The 37,600lb of addedweights
arrivedafterthe testshad beencompletedand were fittedto the structure
duringthe week of December27, 1985,and the transferfunctionsof the top
slabaccelerationto the base slabaccelerationrecordswere measured. The
structurewas shippedto the ConstructionEngineeringResearchLaboratory
(CERL)at Champaign,11linois,on January2, 1986.

10



(a) (b)

(c)

Fig.5. TRG-3underconstruction.
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TABLE III

CHARACTERISTICSOFTHETRG STRUCTURES

Prooertv

Uncracked section moment of inert!a (It),in.’

Area effective shear (transformed), in.2
Area (total), in.2
Total uncracked cantilever bending stiffness

(3EcIt/L3), lb/tn.
Shear stiffness (AeG/L), lb/in.
Hass contribution (2EcIt/hL2), lb/in.
Total stiffness, lb/in.
Max. deadweight normal stress psi
Nax. shear stress in flange due to

●ssuaed 5% torsion (approx), psi
Total concrete, cubic yards
Total added ueight, lb
Total Haight, lb

I&3
Resimvalue ●

2.06 X 106
379
1288

2.5 X 107
5.3 x 106
2.5 X 108
4.3 x 106
42

35 [at 5 g)
6
37,000
61,000

● Calculated using Ec - 3.0 x 106 lb/in.2 as the desiqn value.
•*~lculat~ using Ec - 3.5 x 106 lb/in.2 fram57.000fi.

-“ It Value ● *

2.15 X 106
376
1288

3.10 x 107
6.1 X 106
3.15 x 108
5.09 x 106

—
—.-

37,600
61,600

thzsian Value

8.05 X 103 8.39 X 103
23.7 23.5
80.5 80.5

0.625 X 107 0.78 X 107
1.33 x 106 1.53 x 106
0.625 X 108 0.79 x 108
1.08 X 106 1.27 X 106
10.5 —-.

35 (at 20 g) —--
0.1 —-.

578 575
953 950

Fig.6. Schematicpresentationby modalanalysis
softwareof TRG l-in.-wallmodelshowing
31 pofntsat ,whlchdata are collected.
Point2 is the loadapplicationpoint.
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This low-load-leveltesting(monotonicstaticand modal),whichwas con-
ductedbeforethe structurewas shippedto CERL for simulatedseismictesting,
was undertakento serveseveralpurposes. First,the initialas-builtstiff-
nessof the structurewas desiredfor comparisonwith theory,second,for com-
parisonwith similartest resultsthatwouldbe takenaftershipping,and
third,for comparisonwith similartest resultsfrom the l/4-scalemodelof
‘his structure(TRG-1). The thirdcomparisonwas meantto investigate
scalabilitybetween“micro”and “real”concreteat low-loadlevels.

Theseinitialmodaltestswere failuresin the sensethat the analysisof
the data failedto accuratelyindicatemodalfrequenciesassociatedwith a
clearlydefinedtest condition(i.e.,free-freevibration). For the modal
testsat CERL,the structurewas suspendedfroman overheadcrane,thus better
simulatingfree-freeconditions.

The displacementmeasurementsmade duringthe staticstest seriesare de-
scribedin Fig.9. The figureshowsthatfifteenlinearvariabledifferential
transformers(LVDT)were usedduringthe test. A maximumloadof 10,000lb was
incrementallyappliedduringthe tests,correspondingto an averagebase shear
stressof 28 psi at the 10,000-lbload level. The loadwas appliedin one
directiononly,and the testwas repeatedfourtimes. Data from LVDTSand the
loadcellwere recordedusinga Hewlett-Packard9825data acquisitionsystem.

Studiesof the data demonstratedtwo problems. Motionof the model rela-

tive to the frame supporting the external LVDTS introduced some distortion into

the readings. In addition,the magnitudesof the displacementsencounteredat
severalof the key LVDT locationswere lessthanthe resolutionrangeof the
LVDTS. Thesecharacteristicsof the measuringsystemreducedthe validityof
the resultsthat couldbe obtainedfromthe externalLVDTS(Nos.9-15,Fig.9).
However,the data fromthe internalLVDTS(7 and 8) were adequateto obtaina
good valuefor the low-load-levelstiffnessof the model. This calculationis
baseduponwork reportedin Ref.8.

The averageshearstrainwithinthe areaof the modelcoveredby the
diagonaldisplacementgageswas shownto be

Y !A71+ IA81
avg = Li 9

whereA7 = changeIn lengthof one diagonal,
A8 = changein lengthof the otherdiagonal,and

‘1 = initiallengthof the diagonal.
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Fig. 9. Locationsof the linearvoltagedifferential
transformerdisplacementmeasurementstaken
duringthe statictestingof the TRG-3structure.

It Is notedin Fig.9 that a 74-in.x 74-in.segmentof the shearwall is
coveredby the LVDTgaging.

Usingan averageshearstraindeterminedfromthe aboveequation,the
sheardeformation,AS, for the gagedareamay be calculatedas

AS = H Y
avg ‘

whereH is the heightof the gagedarea,in thiscase74 in. (Fig.9). TO
calculatethe totaldeformationfor the modeland thenthe modelspring
constant,AS must be correctedwith two factors. One ~S a correctionfor
the heightof the modelbeinggreaterthan the Internalgagedarea. A linear
factorbasedupon the ratioof the modelheightto gagedheightwas used here,
i.e.,106 in./74in.
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The secondcorrectionfactoris used to include the bending deformation.

The deformationas calculatedabove,AS, Is only sheardeformation.The

total deformation will have a component caused by bending. Ideally, LVDTS

1 -- 6 were to give data from whichthe totaldeformationcouldbe calculated.
However,the deformationsat thesepointswere too smallto be resolvedwith
the transducersused,so the bendingcomponentof deformationwas basedupon
analysisand a subsequentTRG test. The analysis,usinga finiteelement
modelof a similarstructurebut having6-in.-thickwalls,but also havingan
aspectratioof one, showed that the bending deformation is about 12% to 15%

of total deformation. The subsequenttest resultsof a laterTRG test gave
valuesof 10% to 20%. A valueof 12%was used in the data reduction here.

The maximuminternalLVDTreadingwas 0.0018in. at location8, which
illustratesthe resolutionproblemat low-loadlevels. However,this signal
was linearwith force,and a studyof the resultsof the four testsindicated
that the data from transducers7 and 8 were reliable. Usingthesedata and
the data reductionmethoddescribed,the springconstantfor the TRG-3
structurewas determinedto be 4.4 x 10+6 lblin.

. TestsConducted at CERL
The TRG-3 structurewas loaded(usinga mobilecrane)on a commerciallow-

boy truckon January2, 1986, for shipment to CERL. No instrumentation was

usedduringshipping. The structurewas visuallyinspectedafteroff-loading
at CERL and no damageto the shearwall was observed. However,the base slab
showssome areasof visiblecrackingnear the edgesthatoccurredbecauseof
the truckbed flexover the axle. Theseareaswere not judgedto be signifi-
cantwith respect to the structural integrity of the model. During the week

of January 6, 1986, the structure was suspended from the CERL crane using
nylonstrapsand “free-free”modaltestingwas carriedout usinga portable
shakerand randomforce excitation (see Fig. 10). In thesetests,coherence
at lowerfrequencieswas good,and the modalanalysisgave satisfactory
results. The firstmode was foundto be a torsionalmode with a frequencyof
29 Hz. The secondmode was the shear-bendingmode with a frequencyof 75 Hz.
The detailsof the methodsof modalanalysisdata reductionare givenin
Ref. 9.

The structurewas next boltedto the CERL test tableand two 6-in.-thick
steelplateswere boltedto the top of the structure. Figure11 indicateshow
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(a)

Modalshaker

(b)

Nylonstrapsuspension
system

w-

(c)

Stingerand forcelink

Fig. 10. Modaltestingin the free-freemode at CERL
with the structuresuspendedfrom nylonstraps.
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results. The first mode was foundto be a torsionalmodewith a frequencyof
29 Hz. The secondmode was the shear-bendingmodewith a frequencyof 75 Hz.
The detailsof the methodsof modalanalysisdata reductionare givenin
Ref. 9.

The structurewas next boltedto the CERL testtableand two 6-in.-thick
steelplateswere boltedto the top of the structure. Figure11 indicateshow
the structurewas attachedto the shaketable. Accelerometersweremountedon
the structureat the locationsindicatedIn Fig. 12.

A low-level haversine pulsewas usedto excitethe structureover a wide
frequencyrangefor diagnostictesting. This singlehaversinepulsewas used
insteadof the low-level,broad-bandnoisesignalused in previoustests in an

attempt to ltmit damage to the structure due to numerousloadcycles. The

(36 TOTAL) TORQUEDT04(Xlft. lb K
—

Fig. 11. Method used to attachTRG-3to CERL shaker.
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Fig. 12. Schematic

10
NOTES

1. 7AND 3* ARE
SINGLE AXIS
ACCELEROMETERS,

5 y DIRECTION
2. ALL OTHERS

ARE TRIAXIAL
ACCELEROMETERS,
Y* x, AND z DIRECTION

3.26 TOTAL
ACCELEROMETERS

TABLE)

Y

\DIRECTION Y
OF INPUT ACCELERATION

showl ng the locations of the
accelerometeron the TRG-3structure.

controlsignalwas a pure haversine;however,becauseof controlsystemdis-
tortionand feedbackfrom the structure,the actualtest pulse applied to the

base of the structure had the shape shownin Fig. 13.
The simulated seismic pulse used fn the TRG-3 tests was the base llne

corrected version of the 1940 El Centro,N-S accelerogram(previouslyused In
the TRG-1test)time scaledby a factorof 5. The completetest sequencefor
TRG-3,togetherwith the sequencefollowedin the testingof TRG-1,is given
In Table IV.

All of the data (fromthe 26 accelerometers)were recordedon magnetic
tape for later digitization and analysis.
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Fig. 13. Haversinepulseused in the TRG-3test.

III . THEORETICALANALYSISOF THE TRG STRUCTURE

The various tests conducted to evaluate the TRG structures(static,modal,
and simulatedseismic)have beendescribedin the precedingsection. The
secondbut integralpartof this evaluationconsistedof theoreticalanalysis.
Threemethodsof analysiswere used in orderto coverthe variousapproaches
thatmightbe used in the designof this typeof structureand to pointout
the consequences(in termsof predictedstiffnessand modalfrequencies)of
eachmethodof analysis.

A. DesIan Method

This Is the method actually used In the designof the structuretestedin
thisprogram(TRG-1and TRG-3)and is the methodthat has beenmost used by

archite~tural /engineeri ng firms for the design of existing nuclear plant

structures of this type. The assumptionsfor thismethodare as follows:
1. assumean uncrackedconcretecrosssection;
2. use the methodof transformedsectionsto transformsteelarea

to concreteand computethe transformedbendingareamomentof
inertiafor the crosssection;this stepmay or may not be
done by an architecturalengineeringfirm;

3. use the strength-of-materialsapproachto computethe stiff-
ness,

21



TABLEIV

TRG TESTSEQUENCE

Test

1. No mass ●dded,
free-free modal

2. Lou-level monotonic
test

3. No nass added,
free-free modal
(repeat of test 1)

4. No mass added,
fixed-free modal
(base clamped to
shaker table)

5. No miss added,
low-level base
input

6. Uass added, lou-
level base input

7. Repeat of NO. 5

8. Mass added, simulated
seismic sequence
(time scaled 1940
El Centro, N-S)

TR6-1 (1/4 Scale)

1. Structure on foam pad at construc-
tion site; i 25 lb force shaker,
good results
fl = 112.5 Hz torsion
f2 = 307.5 HZ shear/bending

2. At construction site measured
tangent stiffness at origin
Ko=o.7s x 106 lb/in.

3. After transporting to test site
(K site, Los Alamos)
fl = 107.5 Hz torsion
f2 = 293.8 Hz shearlbending

4. At test site, good base fixity
with table locked,
fl = 221.2 Hz, shear/bending

5. At test site, f 0.5 g random
table input
fl = 192.6 Hz, shear/bending

6. At test site 575 lb added,
t 0.5 g random table input
fl = 76.6 Hz, shear/bending

7. Nass removed and repeat No. 5 to
check for damage
fl = 186.9 Hz shear/bending

8. El Centro ti~ scaled by a factor
of 20

●. S@iSMIiC. a k = 0.5 g
b. Random, i 1.5 g
;: ::;:~~.,ai~~gl 9

:: :::::: ”*a8k5-g2 g

:: :::;2:”*aB!5-g4 g

;: ::;:: ’*aE!5-g5 g
k. Selsreic, iipk = 8.9 9

(Visable cracks)
1. Randcin, t 0.5 g

:: W&aB:5-g’ g
o. Seismic, apk = 15 9

(Structure failed)

TR6-3 (Prototype)

1. Structure on foam pad at construction
site, i 300 lb force shaker, poor
results
fl not determined
f2 not detensined

2. At construction site measured tangent
stiffness at origin
KO = 4.4 x 106 lb/in. (poor
resolution)

3. After transporting to test site
(CERL), structure suspended from crane
fl = 29 Hz torsion
f2 = 15 Hz, shearlbending

4. No comparable test on TRG-3
because CERL table cannot be locked

5. No comparable test on TRG-3

6. At CERL, 37,600 lb added, haversine
Dulse at base
ap:\9) fl (Hz) shear/bending

9.5
0:5 9.0

7. HO comparable test on TRG-3

8. El Centro time scaled by a factor of 5
a. Seismic, /Ipk = 0.25 9
b. Seismic, apk = 0.38 9
c. Haversine, ?Ipk = 0.5 9
d. Seismic, ?Jpk = 0.5 9
e. Seismic, apk = O-65 g
f. sdSISiC, apk = 0.75 g

g. Haversine, aPk = 0.5 9
h. Seismic, iipk = 1.0 9
i. Haversine, ?Ipk = 0.5 9
~. Seismic, apk = 1.5 9
At this acceleration level the
hydraulic system shut down
probably due to uncontrollable
overturning moment.

k. Five additional seismic tests
were attempted (with peak levels
up to 3.5 g), but in every case
the test facility malfunctioned
●nd the desired seismic pulse was
not reproduced.



4. assumethe top and bottomconcreteslabsare rigid comparedto

the “beam”crosssectionand computethe effective
Mass = MADDED+ MSUB + MD1~TRIBuTED;and

5. assumethat the base is fixed.
The samplecalculationsinvolvedin thismethodare givenin AppendixA.

B. StructuralDynamicsMethod
The engineeringmechanicsspecialistmightapproachthisproblemfroman

energymethodpointof view and use Hamilton’sprincipleand shapefunctions
to obtainthe best singledegree-of-freedomrepresentationpossiblefor the
TRG-3structureand its baseconnections.The details are summarized in

Appendix B, and the interested reader can obtain the theory from Refs.10 and
110

. Finite ElementMethod
The finiteelementmethodof analysishas foundincreasinguse in the

design of nuclear powerplantstructures.Hence,it has been used here to
analyzethe TRG structures.Two casesare considered:

1. fixedbase,
2. base connectioneffectsmodeled.
The ABAQUSfiniteelementcodewas usedwith shellelementsrepresenting

the structureand a smearedrebaroptioncombinedwith the concretematerial
modelto representthe material. The calculationsare totallyelastic. The
structurewas representedusingthe quartermodelmesh shownin Fig. 14 with
the appropriatesymmetryboundaryconditionsfor the vibrationmodesof
interest.

The resultsof t ese computtionsusingall threemethodsand with

E = 3.5 x 106 lt)/in.
[57*oooK)aregivenfnTablev*

Clearly, the method of analysfs chosen has a considerable effect on the

computed stf ffness and hence on the predf cted modal frequency. Hhich method
givesthe “correct”or “best”solutionis of courseunknownat thispoint. In
the followingsectionwe wi11 examineal1 of the availableexperimentaldata
to determinethe actualresponseof the TRG structure.
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Ffg. 14. One-quartermodelfiniteelementmesh
used for finiteelementcalculations.

IV. COMPARISONOF EXPERIMENTALRESULTSFROMTRG-1AND TRG-3

As pointedout In a previoussectionof this report,the TRG structurewas
subjectedto a seriesof teststhatwere specificallydesignedto determinethe
“as-constructed”stiffnessand modalfrequencyand to trackchangesIn those
two valuesas the structurewas subjectedto progressivelylargerloads.See
TableIV for the test sequence. The 1/4-scale mlcroconcrete model (TRG-1 ) of

this prototype structure (TRG-3) had previously been tested in essentially the

same sequence. Hence,it is now possibleto comparethe valuesfor stiff-
nessand modalfrequencymeasured
predictions.

TableVI givesthe valuesof
testsmeasuredduringthe various

I
In add~tion,the valuespredicted

on the TRG-3structureand the scalemodel

modalfrequencies
testson both the
for the prototype

or stiffnessfor the static
TRG-1 and TRG-3 structures.

(TRG-3) from the model
I (TRG-1)resultsare given.
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TABLEV

COMPARISONOF THREEMETHODSOF ANALYSIS

(TRG-3,usingEc = 3.5 x 106 psi
and EsTL= 30 x 106 psi)*

FirstMode
Stiffness Frequency

Method K (lb/in.) fl (Hz)

1. Designmethod 5.0 x 106 31.8
2. Structural dynamics 2.76 X 106 18.9

method
3. Finiteelementmethod

a. Base fixed 4.04 x 106 29.0
b. Base boltsmodeled 2.71 X 106 22.7

as springs

* Values for TRG-1 are values shownfor TRG-3dividedby 4.
Frequency,f, valuesfor TRG-1are valuesshownfor TRG-3
multipliedby 4.

Examinationof the dataobtainedfrom the TRG-1 (1/4-scalemodel)tests
indicatesthat reductionin stiffness(as shown by reduction In modal fre-
quency)was progressiveduringthe test sequence. Thisobservationis con-
sistentwith the resultspreviouslyobservedduringthe testson othermodel
structures.2~3The reductionof the shear/bendingmodalfrequencybetween
the test at the constructionsite,Test No. 1, and the testat the shakertest
site,Test No. 3, (from307.5Hz to 293.8Hz) indicatesthat somedamagemay
be causedby handling. This reduction Is relatively small; however, precisely

this reductfon tn modal frequency corresponds to a reduction fn shear/bending

stiffness of
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or 91%of the !niti al value. However, from the firstsimulatedseismictest

‘No”8a$ aPK = 0.5 g) to the testafterwhichconcretecrackingwas visually

observed(8K, apK = 8.9 9)$ the shear/bendin9stiffnessis reducedto

or 36%of its valueat the beginningof the sefsmic test serles.

TABLEVI

MEASUREDAND PREDICTED MODAL FREQUENCIES AND STIFFNESsEs

1. Nodal test,
free-free

2. Low-1evel
static, base
fixed

3. Modaltest
free-free

4. Nodaltest,
fixed-free

5. No top mass,
low-level
base input

6. TOP IMSS
added,low-
levelbase
input

7. Repeat of
No. 5

8. Simulated
seismictest
sequence
top mass
added,base
input

TRG-1

!feasured
fl - 112.5 Hz, torsional
fz = 307.5 Hz, shearibending

Tangent modulus at origin
~ = 0.75 x 106 lblin.

fl = 107.5 Hz, torsional
fz = 293.8 Hz, shearlbendlng

fl - 221.2Hz, shear/bending

fl = 192.6Hz, shearlbending

fl = 76.6 Hz, shear/bending

fl = 186.9Hz, shear/bending

at ap
{$

= 0.5 g,
f = 5Hz
a apK =8.9 g (cracking)
fl = 45 Hz

TRG-3
Measu edr predicted bv scalinq

No IJSable data obtained fl = 112.5/4 = 28.1 Hz
at Los Alamos before fz = 307.514 = 76.9 Hz
shipping

Tangentnmdulusat origin Q) = (0.75 x 106)x 4
~ = 4.4 x 106 lb/in. . 3.0 x 106 lb/in.
(poorresolution)

fl w 29 Hz, torsional
fz

f~ = 107.5/4= 26.8 Hz
I= 75 Hz, shear/bending fc = 293.814= 73.4 HZ

None

at 0.2 g pk base input

:1;.:% %%a;i;::ding “ =76.6’4=“.2‘z
fl = 9.0 Hz, shear/bending

None

at apK = 0.25 g

;! ::.: !:5 g
;; :pY5740:5& 1;’25 g
at ~p~5748.914 = 2.2 g

fl = 8.1 HZ fl = 11.3Hz
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Examinationof the data (in TableVI) takenfromthe TRG-3testsshows
thatduringthe simulatedseismictestingthereis a progressivereductionin

stiffness:

orKf = 74% of Ki.
Thls reductionin stiffnessfor TRG-3duringthe seismictest sequenceis

not as greatas was observedin the TRG-1structure(or as in otherstructures
previouslytested).2$3 It 1s impossibleto say whether or not this di screp-
ancy is caused by a fai 1 ure to properly model concrete material properties and

behavior when microconcreteis used to model “real” concrete. It is impossible
to know the causesfor the discrepancybecausethe seismicloadingfunctionwas
not properlymodeledbetweenmodel (TRG-1)and prototype(TRG-3)seismictests.
Especiallyin the TRG-3tests,the frequencycontentof the inputsignalwas
greatlydistortedat the higherpeakaccelerationseismictests,and, as a
result,thesetestswere not as severeas the peak “g” levelwouldindicate.

The low-level(40 psi averagebase shear)statictest (itemNo. 2, Table
VI) and the free-freemodaltest (itemNo. 3, TableVI) indicate that the
microconcreteTRG-1
Specifically,since
case)and freq~ency
in this case), the
shownin the fourth

structureis a reasonablemodelof the TRG-3structure.
stiffness(K) scales by the lengthscale(NK= 4 in this
(f) scalesby the reciprocalof the lengthscale(Nf = 1/4
valuespredictedfor the prototypeby the modelare as
columnof TableVI.

Comparingthe valuesof K and fl measuredduringlow-load-leveltestson
TRG-3with the valuespredictedby scaling,we concludethat the microconcrete
modelunderpredictsthe prototypestiffness,i.e.,from the low-levelstatic
test

$4EAs u= 1.47 ,
‘SCALED = 3“0

* This scallngassumesthat the mo IUS(E) Is the samefor bothmodeland
prototype. PTakingE as 57,000 fc, we have EM = EP=3.5x 106 lb/inc
(TableII).
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and from the free-freemodaltest

kAs
2

(s)
‘MEA . ~ = 7.04 .

‘SCALED = ‘SCALED “

The firstnumberis disappointing;it suggeststhat the low-load-levelstiff-

[

ess of the prototypepredictedfromthe scalemodelIs only 68%

‘SCALED’ $4EAS )
= 1/1.47 of the actual measured value. However, It should

be remembered that the resolutlcm of the data to obtain the Initial stiffness

(slopeat the originof the loaddeflectioncurve) as measured on the prototype

Is poor; see pages 14 through 17 for a discussionof theseproblems. In any
case,it is clearthat the microconcretemodeldoesW underpredictthe
initial structural stiffness. Thus, mlcroconcrete cannot be used to explain
the discrepancybetweenexperimentaland theoreticalvaluesof stiffnessnoted
in our previoustestson microconcretemodelsof variousCategoryI
structures.2~3

(
The second number ~EAS/KSuLED

)
= 1.04 , whichis the resultof

dynamictestsin whichthe modalfrequenciescan be measuredwith better
precision,suggeststhat at low-loadlevelsthe microconcretemodelpredicts
the prototype’seffectivestiffnessverywell.

Nith steelplatesattachedto the top of the TRG structures,and the
structuresboltedto the shaketable(testsNo. 6 and No. 8, TableVI), the

structuresare configuredfor the simulatedseismictesting. In this condition
the TRG-1structurewas foundto havea firstmode frequency (shear/bending) of

76.6 or 75.1 Hz (see tests 6 and 8, Table VI). Havingshownin the preceding
paragraphthat,at low-loadlevels,the TRG-1structureis a goodmodelof the
TRG-3prototype,we can scaletheseresultsto predictthe firstmode frequency
of the TRG-3underthe samemountingand loadcondition(i.e.,base fixedto
shakertable,inputaccelerationpulseat base).

Thus,

f.

The measuredvalueof the TRG-3’sfirst mode frequency was 9.5 Hz (test 8a,

Table VI). Cledrly, in thiscondition,the TRG-3structureis poorlymodeled
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by the TRG-1model,and the reasonor reasonsfor this situationmust be
investigated.

We can checkthe responseof a structureby using vibration theory to

predict fts first mode frequencyin thistest conditionfromprevioustest
results. We can thus checkthe responseof the TRG-1structure.

‘1

From test No. 5, with

was found to be

fl = 192.6Hz .

Sincemodalfrequency

‘1 = flNo ADDED x
MASS
ADDED MASS

Then the measured value of

the basefixedbut with no additionalmass added,

is inverselyproportionalto mass,

d‘TEST NO.

r
5 = 192.6 X ~ = 87.5 tiz . *

‘TEST NO. 6
.

first mode frequency(fl = 76.6 Hz) 1s

4?

LEAS=g+,
‘1

COMP “

or

‘1 = 0.87 fl
MEAS COMP “

He attribute this relatively small difference to the progressive reduction in

stiffness from test to test on the TRG-1 structure and, hence, we believe that

the measured value of fl represents the actual modal frequency of thts struc-

ture fn shear/bending on a fixedbase.

* See AppendixA
AppendixA are
as In TRG-3.

for the computationof masses. Valuesof massesgivenin
for TRG-3;however,the ratiQ of massesis the same in TRG-1
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He can also checkthe responseof the TRG-3structureIn the sameway.
However,becausethis structurewas not testedIn the “no addedmass,base
fixed”condition(testNo. 5, TableVI), we must computethe expectedvalueof
fl for testNo. 6 (massadded/basefixed) fromthe valuemeasuredin test
No. 3 (no mass added,free-freemodal). He performthis computationas

follows:
In testNo. 3, the shear/bendingmode for free-freeboundaryconditions,

‘2’ was foundto be

‘SIB = 75 Hz.

The expectedshear/bendingmodalfrequencywith fixed-freeboundary
conditionsand additionalmass addedis

‘SIB x
FIX-FREE

We have

‘SIBFIX-FREE=

‘FREE-FREE
‘M

FIX-FREE “

75X+EF2E $=21‘Z*●

However,the actualmeasuredvalueof the shear/bendingmodalfrequencyof the

( )
TRG-3structurein this conditionwas fl = f5jB= 9.5 HZ ; thus,

J14f
‘1 = 21.0 ICOMP= 0.45 f,
MEAS COMP “

We believethat this is clearevidencethat in
TRG-3structurethat is respondingin a manner

thistest conditionit is the
thatwas not anticipated,nor

adequatelyunderstood,or accountedfor. Two possibilitiessuggestthem-

selves. First,the TRG-3structuremay haveexperiencedconsiderablymore

“ See AppendixA for computationof massesand stlffnesses.
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relative damage than dld the TRG-1 structure when the top mass was added, the

base was bolted to the shaker test table, and the fixed base input was applied.

Second,the TRG-3structuremay undergosignificantrigid body rotation when
testedin this configuration.This rotationwould result in an observed modal

frequency lower than the value that would result from pure shear/bending about

a fixed base, and as a result, it could not be usedto computethe effective
shear/bendingstiffnesswithoutfurtheranalysis.

We investigatedthis secondpossibilityby usingthe computermodelof
the systemshownin Fig. 15. This model Includes torsional (KR) vertical

(Kv), and translational (Kl ) springsand dampersto allow for rotation,

verticaland translationmotionof the structurerelativeto the shaketable.
The detailsof this investigationkitegivenin AppendixC. The resultsof

M-
STEEL

+M
SLAB

/

L -106 in.

ADDITIONAL
LUMPED
MASSES

1
M

SLAB ,

I

-F NODE 4

“NODE6
FiNiTE ELEMENT

‘REPRESENTATION
OF SHEAR BEAM

NODE 3 (QUADRATIC
ELEMENTS)

NODE 5
INPUT

MOTION

KL,CL T
1

79KV,CV

Fig. 15. Computationalmodelused to studythe base connectioneffects.
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this investigation maybe summarizedas follows. The timehistorydata taken
from two of the accelerometersfor the fourthhaversinebasepulseappliedto
the structureare shownplottedin Fig. 16. The programmed shaker input pulse

Is also shownon this figure. Figure17 shows the transfer function of the

top accelerometer to the base slab accelerometer for the recordsof Fig. 16.
This transferfunctionclearlyindicatesa strongnaturalmode at about7.7 Hz
which correspondsto the frequencythatcan be obtainedby “countingresponse
cycles”on Fig. 16. The question the computer model tried to address is, “how

is natural frequency influenced by base connections?” A number of computer

1.0

0.5

0

-0.5

-ta

Fig.

T 15 ms

*33 ms

.

—TOP

I
8b

*43 ms

1.0

TIME(s)

16. Commandsignal,baseand top
recordsfrom haversinepulse
TRG-3at CERL.

1.5

accelerometer
appliedto
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Fig. 17. Realand imaginarypartsof the transfer
functionfor the top slabaccelerometerto
the base for the time historiesof Fig. 16.

runswere made to studythisquestion. Figures18-21illustratethe results
of one run that seemsto best simulatethe data. To obtainthis “match,”the
structuralstiffnessof the modelof Fig. 15, Ks, had to be lowered to

3 x 105 lb/in.(fromKTHEORY= 3.15 x 106 lb/in.),a factorof about 10.
Other selectionsof structuralconnectionspringsand combinationsof base
connectionspringswill also give an approximate“match,”becausetheyall
representa factorof 6 or betterreductionin stiffness.

To Illustratethe difference,the structuralstiffnesscan be set to a
theoreticalvalueand the base connectionspringsadjustedto give a first
mode frequencyof about7.7 Hz. Calculatedtransferfunctionsof top to base
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from the analytical model wI1l againbe similarto thosefrom the measured
data as shownin F~gs.22 and 23. However,calculatedtime historiesof the
base and top nodesare dramaticallydifferentfrommeasuredbase and top
responseas shownin F~gs.24 and 25.

The conclusionfromthe analyticalstudyis that (1) base connectionscan
indeedinfluencethe model’sresponse,hut not significantlyenoughto change
the interpretationof the result,(2) the stiffnessof TRG-3,when subjected
to the initial
leasta factor

V. COMPARISON

base inputhaversinepulseson the CERL table,was down by at
of 4, as Initiallyreported.

OF THEORETICALAND EXPERIMENTALRESULTS

Havinggainedsomeinsightintothe resultsof the TRG-3structuretests
by comparisonwith TRG-1 (model)testresults,we now turn to the comparison
of experimentallydeterminedvaluesof shear/bendingstiffnesswith theo-
reticallycomputedvalues. In the static tests,the stiffnessis obtained
fromdisplacementmeasurementsand geometricalcomputations.In the dynamic
tests,the stiffnessis inferredfromthe measuredfrequencies.Therefore,it
must be rememberedthat the experimentallydeterminedvaluesof stiffnessare
not measureddirectly. As was previouslypointedout in the statictestof
TRG-3,the displacementmeasurementsare suspectbecauseof poor resolutionof
the LVDTgauges. In the dynamictests(modaland simulatedseismic),the modal
frequenciescan be determinedwith betterprecision;however,the calculation
of stiffnessfrommodalfrequencyinvolvesvibrationtheoryand the associated
assumptionsconcerningthe actualeffectivemass,the actualboundarycondi-
tions,etc. In this case,the experimentallydeterminedstiffness(K) is cal-
culatedfrom the measuredmodalfrequency(f) usingthe equationfor a single
degreeof freedomsystem:

K= (2mf)2M .

The appendicesshowthe way in whichthe effectivemass (M) is calculated.The
valuesof M used in the calculationsfor the variousboundaryconditioncases

(free-free;fixed-free,no addedmass;and fixed-free,addedmass)are given
in TableVII. The computationof theoreticalvaluesof stiffnesshas beendis-
cussed in Section III of this reportand the detailsare givenin AppendicesA
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TABLEVII

EFFECTIVEMASSESAND THEORETICALSTIFFNESSES

EffectiveMass TheoreticalStiffness
M.(lb-s2/in.) Kt x 106 (lb/in.)*

TestCondition TRG-1 TRG-3 m TRG-3

A. Free-free,
modaltest 0.350 22.4 2.90 11.61

B. Fixed-free,no
top mass added,
modalor base
excitation

C. Fixed-free,top
mass added,base
excitation

* Valuescomputed

0.395 25.3

1.917 122.7

1.27 5.09

See Table V

using“designmethod”(seeAppendixA); Kbm = CO.

and B. Valuesof theoreticalstiffnessdeterminedfor the simulatedseismic
loadconditions(basefixed,mass added)are givenIn TableV. Valuesof the
theoreticalstiffnessesfor the free-freemodaltest conditionand the fixed-
free,no mass added,modaltestsare givenin TableVII. All valuesare com-

f
putedusingEc = 57,000 ‘ = 3.5 x 106 psi.

The experimentallyde~erminedvaluesof stiffness,for the varioustest
conditions,are shownIn TableVIII, together with the theoretically computed
values.

()
The ratiosof the experimentallydeterminedstiffnessesKe to the

()
theoreticalvalues Kt are also shownin TableVIII.

The low-load-levelstatictest indicatesthat
for TRG-1, Ke = 59% Kt; and
for TRG-3, Ke = 86% Kt.

As previouslypointedout, in the discussionof the scalabilityof two struc-
tures,thesevaluesseemto indicatethat the “real”concretestructure(TRG-3)
is relativelystifferthan the microconcretestructures(TRG-1). For reasons
previouslymentionedi.e.,resolutionand

(
believethat the valueof 86% for Ke/Kt,
case,both structuresindicatethat,even

framedeflection(pp. 14-17),we

)
TRG-3 may be too large. In any
at very low levels of static load
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(values given are the slope at the originof the measuredloaddeflection
curve),the stiffnessis lessthanthe theoreticalvaluecomputedusinga
concretemodulusof 57,000@ (i.e.,3.5 x 106 lb/in.in the

L

structures).
The free-freemodaltest indicatesthat
for TRG-1, Ke = 45% ‘t; and
for TRG-3, Ke = 43% Kt.

Thesedatamay be the most reliableresultsfrom
modalfrequencycan be accuratelydeterminedand
conditionsmay be more nearlysatisfiedthan the

the entiretest seriessince
the assumedfree-freeboundary
fixed-freeboundarycondition,

whichis assumedin latertests. Here again,bothtest structuresshowthat,

evenat very low-loadlevels,the stiffnessis lowerthan it wouldbe If com-

putedfrom theory.
Only the TRG-1structurewas testedwith fixed-freeboundaryconditions

and with no addedmass on the structure(itemC, TableVIII). The valueof
Ke/Ktof 0.60 (forthe modaltest)is surprisingsinceit does not flt the
trendof constantdecreasein stiffnesswith repeatedtesting. The othertwo
values(Ke/Kt= 0.46 and 0.43)obtainedwhen the structureis base excited
are in good agreementwith the resultsfromthe free-freemodalanalysisand
wouldtend to Indicatethat,with no mass addedto TRG-1on this shaketable,
the fixedboundary(no base rotation)conditionis satisfied.

Hith the steelplatesaddedto the top of the structureand with the
structureclampedto the shaketable(itemD, TableVIII), the TRG-1structure
appearsto sufferfurtherreductionin stiffness,Ke = 35% Kt. This value
is higherthan,but in reasonableagreementwith,values(of 25%) reportedfor

the box-1ike structurestestedin FY 1984 (Refs.3-4). Note that sincethe
accelerationlevelis the same (~ 0.5 g) in tests5, 6, and 7 (TableIV),
the stresslevelin test 6 is 1.917/0.395or 4.85*timesthe stresslevelin
tests5 and 7.

We believethat this furtherreducedvalueof K (Ke = 35% in test 6 as
comparedto 46 and 43% in tests5 and 7) is the resultof the higherstress
leveland that this is one of the importantcharacteristicsof concretein

* Sincestressis proportionalto accelerationtimesmass.
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dynamicdesignand analysis. As was foundwith otherstructurestestedIn FY
1984-85,the TRG-1structureundergoesprogressivereductionin stiffnessas
the levelof the simulatedseismiceventIs increased.

Hhen the steelplatesare addedto the top of the TRG-3structure,the
structuralstiffnessappearsto undergoa drasticreduction. If thisdrastic
changewas causedby additionaldamage,it was not visibleupon inspectionat
the timeof the firstseismictest. To pursuethe possibilitythat in this
conditionthereis sufficientbase rotationto producea measuredmodalfre-
quencyconsiderablylowerthan the modalfrequencyassociatedwith shear/
loadingof the structure,the baseconnectionswere theoreticallymodeledin
two ways (SectionIII) and a theoreticalstiffness,whichincludesthe effect
of base rotation,was computed(TableV). When the experimentallydetermined
stiffnessis comparedwith thesevalues(Ke= 16% Kt with rotationIncluded),
we must concludethat the true structuralshear/loadingstiffnesshas been
greatly degraded.

VI. CONCLUSIONS

As a resultof thesefindings,it tentativelyappearsthat:
1. If eithermicroconcreteor realconcretestructuresare carefullycon-

structedand tested,theireffectiveinitiallow-load-levelstiffnesscan be
in the neighborhoodof 50% of the valuepredictedby a mechanicsof material
calculationusinga concretemodulusof 57,000@.

2. At the low-loadlevel,a microconcretestructurecan serveas an
adequatemodelfor a real concretestructure.

3. The way in whicha realconcretestructure’sstiffnessdegradesat
higher-loadlevelscannotbe establishedfrom thistest. However,during
thesetests,the real concretestructureappearsto have sufferedmore

stiffnesslossthanwouldbe predictedby the mlcroconcretemodel.
The authorsfeel stronglythatany furtherteststo establishthe dynam

scalabilitybetween“micro”and “real”concreteat higher-loadlevelsshould
not be conductedusinglargecompletestructuresbecauseof the inadequacy(’
capacityand control)of availabletestfacilities.
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APPENDIXA

SAMPLEOF CALCULATIONSINVOLVEDIN THE DESIGNMETHOD

The assumptionsfor thismethodare as follows:
1. assumean uncrackedconcretecrosssection;
2. use the methodof transformedsectionsto transformsteelareato

concreteand computethe transformedbendingareamomentof inertia
for the crosssection,and the transferredeffectivesheararea;

3. use the strength-of-materialsapproachto computethe stiffness;
4. assumethe top and bottomconcreteslabsare rigidcomparedto the

cantilevercrosssectionand computethe effective
MASS = MADDED+ MSLAB+ MDISTRIBUTED;and

5. assumethat the base is fixed.
The materialpropertyvaluesused in thesesamplecalculationsare the values
used in the originaldesignof the TRG-3structure,i.e.,Ec = 3 X 106 PSi,

‘STL = 30 x 106 psi. The dimensionsand massesare thoseof the TRG-3
structure.

For the transformedsectionmomentof inertia,considerthe shearwall to
have N barson S1 spacedcenters(seeFig.A-1 for definitionsof distances).

Then,assuminga bar is at the neutralaxis,the momentof inertiaof the
transformedsteelis givenby

2
ISTEEL= N ITRANSFORMED+ X ‘sl n ‘BAR ‘ (A-1)

wherea bar over a quantityis the centroidalvalue,n is the modularratioof
steelto concrete,ABAR is the cross-sectionalareaof a reinforcingbar,
i is the multiplierto obtainthe distancefrom the neutralaxis.

Now note that the firstterm in ECI.(1),

YT~ANSFORHEDiS approximately% ndd3= ~ nd4 whered is the bar d

Generally, this term is neglected since S1 > 5d. For eXamPle, fOr the

first bar at S1, distance from the neutral axis, on 5d centers, the secon[

term In Eq. (1) contributes
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The furtheraway fromthe neutralaxis the bar is, the more negligible
fTRANSFORMEDbecomes,so thatgenerallyEq. (1) can be writtenas,

Ns

ISTEELTRANSFORMED= 2~(isl)2n ABAR ,

1=1

where N,= ~ ,

wherethe factor2 accountsfor symmetryof steelaboveand belowthe neutral
axis. Proceedingin a similarmanner,a formulacan be developedfor the
transformedsteelIn the wingwalls.

o2
‘AITRANSFORMEDFLANGE= 4 ~ n ‘BARNT ‘

where
NT Is the numberof bars in awing wall ,
HA Is the distancebetweenwingwalls.

If the

transformed
amountof concretereplacedby the steelIs accountedfor,the
sectionmomentof Inertiabecomes:

[
= ~ BOH03- 2BiH13] + 2s~ (n-l)ABAR

1t - ~ ~2 + 4(HA/2)2(n-l)ABARNT)●
1=1

For the crosssectionof the TRG-3structure(Fig.A-1),

BO = 120 in. ‘o = 90 in. ‘1 = 58 in.

Hi = 82 in. s, -4.9 in. ‘BAR = 0.11 in.2

Ns = 9 Ha = 86 in. ‘T =12 ,
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and in this examplewe will take

n = 30 x 106 lb/in.2
3 x 106 lb/in.2

If the abovenumbers

1t = 2.06 x 106 in.4

= 10 .

are used,the designvaluefor It becomes

.

The effectiveshearareadesignvalueis computedas

Ae = ACONCRETE+ ‘n - 1)AREBARN;

()
2

Ae = (90)(4)+ (10- 1)~~ 19 ;

Ae= 379 in.2 .

The totalstiffness(KT)can now be computedas

L=l 1
‘T ‘cB + %tIEAR +~ ‘

In which

~B is the uncrackedcantileverbendingstiffness,

KSHEAR is the shearstiffness,and

KBM is the bendingmomentstiffnessdue to applicationof the load
througha rigidtop plate.

%=
‘CB = ~3 2.5 X 107~ ,.
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I
KT = 4.3 x 106~in. “

To predictthe firstmode naturalfrequencywe proceedas follows:

Q

‘SHEAR= L = 5.3 x 106* ,.

% .2.5 x 108~ .
‘BM = hL2 .

Substitutingthesevaluesintothe equationfor the totalstiffnessgives,

In this case,the effectivemasswas calculatedas follows:

*

M = ‘ADDED+ ‘SLAB+ ‘DISTRIBUTED ‘

144+
M = 37.600lb+ 7.500lb+ ~ 1 1288in.z (90 in.) ,

386 w 386 W 3
S2 S2 1728L 386 WSz

ft3

2
M = 97.4+ 19.4+5.9= 122.7* ..

Then

d 61!L
1 4.3 x 10 .~n.

‘PREDICTED= ~
IZZ.7* ‘

‘PREDICTED= 29.8Hz.

.

* The factor(33/140)is from the “RaylelghMethod”analysis.
See example1.5-3,p. 19 of Ref. 10.
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APPENDIXB

A STRUCTURALDYNAMICSMETHODOF ANALYZINGTRG-3

The detailsof thisapproachare summarizedhere. The notationis as
follows:

M

K

w(y)

B

s

R

a

b

c

1

L

v’(y)

Ug(t)

Jg(t)

T

v

Peff

Kt

m

J()

M

generalizedmass

generalizedstiffness

the shapefunctionof the coordinatey

subscriptindicatingbending

subscriptindicatingshear

subscriptindicatingrigidbody rotationaleffect

bendingdeformationproportionalconstant

sheardeformationproportionalconstant

rotationaldeformationproportionalconstant

a+b+c

length

derivativeof v with respectto y

grounddisplacementas a functionof time

a dottedquantityindicatestimederivative,
in this casegroundvelocity

kineticenergyof the system

potentialenergyof the system

generalizedeffectiveforcingfunction

torsionalspringconstantfor base slabconnections

mass per unit length

rotationmovementof inertiaaboutbase rotationalaxis

rigidmass (topslab+ addedweights)
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GENERALIZEDCOORDINATES(Fig.B-1).

Kinematicrelattons:

v*(y,t)= Ug(t)+ V(y,t) .

v*(v.t)

Fig.B-1. Definitionsof the coordinates
used In thisanalysis.

Assumptions:

V(y,t)= y(y)z(t);

v*(y,t)= Ug(t)+ ~(y)Z(t),and

;*(y,t)= 09 +*(y)?(t) ,

wherev ~s the shapefunction.
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Kineticenergyof the system:

L

Potentialenergyof the system:

L L

o 0

Shapefunctionrequirements:

{

l@y=L
‘J$(y)=

o@y=o “

Shapefunctionchoice(basedon Fig.6-2):

/’//{
1’

& = PY3
b 3EI IY-L

Tp-i

i

//
L /’

1’
/
I

~ . PLY
‘K

It y-~

Ffg.B-2. The combinationof shapesused to define
the shapefunctionin the analysis.
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proportionalityconstants.
Clearly,

If we choosea = 1 and substitutethe appropriatevaluesfor KS, Kb, b

and c can be determined.

Hamilton’sprinciple:

‘2

/
6 (T - V)dt = O , leadsto the followingresults.

‘1

Generalizedequationof motion:

..
MZ + KZ = -Peff “

Generalizedmass:

M=]m [WO]2dy+Jo(v~)2+H.
0
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Generalizedstiffness:

GeneralIzedforcingfunction:

L
= Ug(t) 1

..
‘eff m q(y)dy+ MU

9“
o

Theseequationsare subjectto quiescentinitialand finalconditions:

89(0)= 2(0)= Og(f)= l(f)= o .

Firstmode frequency:

Carryingout detailswill leadto the followingexpressionsfor K and M:

M = ‘L
[ 1

15a2+ 42a(b+ c) + 35(b+ C)2 + J. ~+ MADDED.
105 ~z IL

Evaluationof Ktorslonal:

If the TRG-3 structureslabIs assumedto be precompressedonto the table
by the bolt connectionsystem,the torsionalspringconstantcan be approxi-
mated. The furtherassumptionsare that no gapsopen betweenthe modeland
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the tableduringthe testand thatthe effectiveconcretecompressionalzone
undereach bolt/plateconnectioncan be approximatedas an axialspring. For
the TRG-3connection,it is estimatedthatthe productof the compressional
area,A and Ec are approximatelythe sameas the AE productof bolts. Thus,
doublingthe effectivelengthof eachboltapproximatelyaccountsfor concrete
compression.Further,assumingthatthe TRG-3structure“rocks”as a rigid
body aboutIts neutralaxisallowsthe torsionalspringto be calculatedas

all
bolts

z 1+ AE
‘t = i Leff ‘

●

i=l

whereR~ is the perpendiculardistancefromthe rockingaxis to the ith

bolt. Usingthe boltpatternshownin Fig.A-3, and E = 30 x 106 lb/in.2,

A= 0.969in.2,and Leff=

Kt = 3.58 x 101°‘no - loradian

161n., Kt can be evaluatedas

.

This valuewas used to calculatethe resultsin Table
Usingthe parallelaxis theoremand breakingthe

rotationalmass momentof inertiaaboutthe baseaxis
approximatedas

B-1.
structureintoparts,the
of rotationcan be

parts

‘o = x (~ + d2M)= 2.03 x 106 in.-lb-s2 ,

all

where~ is the mass momentof inertiaaboutan axisparallelto the basepassing
throughthe mass centerof the part,d is the distancefrom the axis to the
baseaxis,and M is the mass of the part.

This valueof J. is used for the resultsshownin TableB-1.
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TABLEB-1

CONSTANTS USED AND RESULTS

Ec M

(

a b
()
lb-s2 ‘n

-- : (lb!in.) in. (Hz)

3.5 x 106 1 4.72 6.5 90 2.06 X 106 2.76 X 106 195.5 18.9

3.0 x 106 1 4.72 5.61 90 2.06 X 106 2.59 X 106 186.0 18.8

2.0 x 106 1 5.0 4.09 90 2.15 X 106 2.11 x 106 165.6 18.0
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