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1 INTRODUCTION

As part of a cooperative study between the United States and Japan, the U.§.
Nuclear Regulatory Commission (USNRC) and the Ministry of International Trade
and Industry (MITI) of Japan agreed to perform a test program that would
subject a large scals piplng model to significant plastic strains under
excitation conditions much greater than the design condition for nuclear power
plants. The cbjective was to compare the results of the tests with state-of-
the-art analyses. Comparlisons were done at different excitacion levels from
elagtie to elastic-plastic te levels where cracking was induced in the test
medel. The program was czlled the High lLevel Vibration Test (HLVT) and was
described In the 10th SMIRT Proceedings (Kawakami et al 1989 and Hofmayer et
al 1989). A complete description of the test resulis and the pre- and post-
test analyses performed by Brockhaven National Laboratery (BNL) are contained
in NUREG/CR-5585 (Park et al 1991). Other post-test predictions sponsored by
USNRC/BNL were performed by Westinghouse Electric Corporation, ABB Impell
Corporation and Structural Analysis Technologies (SAT), Inc. This paper will
summarize the post-test analysis effoxts by BNL and the above organizations
and present comparisons with the test results. The Electric Power Research
Institute (EPRI), one of the spensors of the testing, also conducted a post-
test prediction preoject. Their results are described in another paper in the
1ith SMIRT Proceedings (Jaguay et al 1991},

2 BUMMARY OF HLVT RESULTS

The HLVT was performed on the seismic table at the Tadotsu Engineering
Laboratory of Nuelear Fower Engineering Test Center (WNUPEC) in Japan. The
test medel was constructed by modifying the 1/2.5 scale model of one loop of
a PWR primary coolant system which was previously tested by NUPEC as part of
their seismic proving test program. An isometric view of the test model and
support frame is shown in Figure 1. The input motion applied to the vibration
table conslsted of a modified earthquake excitation which was increased up to
the limit of the table so as to induce inelastic responss in the medel. A
nunber of test runs were performed, many consisting of four segments of random
motion lasting about 40 seconds, The amplitude of the applied loading varied
from cycle to cycle in each run and the peak leading increased progressively
throughout the initial test runs. A complete description of the excitation
procedure was presented in the 10th SMiIRT Proceedings (Kawakami, et al 1989%).
During the early test runs the model’s vesponse was mainly elastic. For the
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seconds. During the vibration tests the prng was subjected to an internszl
pregssure of 1,57 Kgf/mm? (2.23ksi) and maintained at that pressure throughout
the test.

Post-test examinations of the HIVT model have shown that bulging due o
facigue ratchetting cccurved in the hot leg pipe at two lecations, one near
the *wesgsel” attachment point and one near Lhe elbow that was ﬂbcached to the

"steam generaztor.” The bulging near the elbow was more prw‘ mced than that
near the vesgel attachment. However, neither of these Ll ges resulted in
failure of the piping systen. Rathsr, a sifCmeeTen'ial fatigue crack
.
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3 POST-TEST ANALYSIS

=
o

For the pre-test analysis inelast lyses were performsd by BNL

uging the MARC Code (Hofmayer et al Si the
test model were represented by pipe nd e elbows in the test
model were represented by elbow elements. In addit to the MARC Code, BNL
used the ABAQUS Code in the post-test analysis phase to compare tlme hLSLﬂry
responseg using different computer codes. For che AQUS model the two-node

slbow eclement, “ELBOW 31.," wasg usged for straight pipes, and the three-node
a2lbow element, "ELRCW 32,7 was used for pipe bends. The overall arrangement
of the ABAQUS model is shown in Figure 3. This model Is the same as that used
for the MARC model, except for the piping modeling and a few detalls

=

reflecting differences in codes.

The piping of the test model, esgpecially the elbows, is of a relatlvely
thick-wall design. The piping medaling of the foregoing analysls models,
however, are based on thin-wall shell aszsumptions. An addicional analy:ls
model was developed to obtain responses wirhout the shell-itype deformatcion
of piping in order to compare with the foregeoing models. The above ABAQUS
clbow model was modified for this purpose by veplacing the elbow elemeﬂts
"ELRBOW 31% and "ELBOW 22,7 by nonlinezr beam elements, “B31" and “B32,
respectively. Therefore, in this moedeling, the effect of the imue:ncl
pressure is not included,

For the MARC analyeis a multi-linear curve was used to wmodel the stress-
strain relationship of the stainless steel virgin material used for the
piping. In using the ABAQUS Code, however, a bilinear curve is used for the
same material since it is the only avallable option. In using both the MARC
and ARAGUS Codes, the kinematic havdening wule was used o prascribe the

e

hysteretic behavior of cle material. Since the kinematic hardening rule is
*history-independent,” the effect of previous loadings could uot be
incorporated in the analyses. Therefore, each analysis was performed as an
izolated run. However, additional A, AQUS Pwalyses were performed with the
vield stress increased by to account for the yield
gtrvess Increase due to pri ¥ ? is yLCTQ stress increase was observed
in post-cest temsile tests of material removed from the bulged zegion of the
hot leg pipe. In sub:equeﬂ’ discugsions the ABAQUS elbow and beam models
which utilize the wirgin materlial yield stress ave rvefervaed to as ELBOW-A and



BEAM-A. The models which utilize a 30 percent Increass in yield stress are
eferred te as FLBOW-B and BEAM-B,

In addition to Lhe Bj analyses, other organizations usinw differemt

t-test analyses of the HLVT model.

Fach organization was given sufficient information teo develop an aiaWytwc¢1
model STmilar to that shown in Figure 3. They were then raquested to make
smalytical predictions given the first segment of the accelsration time
histery recordsd at the Maximum Flastic Fun (MPR) test level, asg well as two
lower test levels (0.1 MPR and 0.4 MPRY. The peak zccelerations for these

three time histories were 183, 1092 and 2310 gals. Inltial predictions weve
made without knowledge of the test results. Then sach organization was given
an opportumity to reconcile their predictions with the test vesults. The

regults from their final predictions sre presented in this paper.

Westinghouse developed a detalled finite element system model using the
WECAN Code. The model consisted of three dimensional zlastic or elastic-
plastic pipe elemsnts (elther straight or curved) to represent the loop piping
and the equipment components. Elbow flexibility wvalues were used based omn
test data for an elbow gimilar te that in the HLVT. A multilinear combined
kinematic-isotropic Jarreni;D rule was used. A& gtatie component model
consisting of 3-D isopar solid elements was developed for the hot leg
elbow wvegion to account for local effects such as ovalization, stress
concentrations and through wa 11 stress variatioms.

Impell also developed a detalled fianite slement model using the ADINA Code.
The piping was modelsd with nonlinear elements while the remalnder of the
structurs utilized linear elements. The elbows utllized four-ncde elbow
elements in which the ovalization varies cublcally along its length. A
similar element was utilized to model mall straight pipe segment adjacent
to the hot leg elbow., The remaining s igh pipe segments weve modeled with

two-node elements without con51defaui n for ovalization. A kinematic strain
hardening rule was used. In subseguent discussions this model is referred to
as Impell-

In addition to the szbove detsilad analyses, TImpell and SAT utilized
simplified analysis techniques. The Impell approach uses both the Spectral
Averaging (SA4) and Riddell-Newmark (RN} ductility modified response spectrum
techniques (Wesley 13991). In subsequent discussions the results from the SA
methed are referred to as Impzll-A. The simplified analysis method developed
by SAT also uses a response spectrum approach which employs locsl ductilities
and modifisd ductility ratios based on ratchetting behavior.

4 GOMPARISON WITH TEST RESULTS

Figures 5 and 6 illustrate the test results for the peak displacements and
accalevations of the top of the steam generator {SG) for all test runs. The
analysis predictions bracket the test results fairly well in the loading
direction. However, the S$G response in the orthogomal (Y) direction, which
may have been significantly affected by the existance of geps in the lower 56

pin connection, is not reproduced properly by ths analyses. Alzo, as
ililustrated in Figure 7, For the peak sheay force at the 5C pin comnection the
predicted resulits for 1.0 MPR were 30 to 60 percent below the measured values.

As can be seen, after modifications to the 3G support, the differences betwesn
the measured and DTe@Wcrec forceg increased,

Figure & compaves the measured axlal strain dlstzibution aleng the hot leg
pipe with the analysis results from ABAQUS (Elbow-B), WECAN and ADINA. The
overall pattern of the strain distribution is captured; however, there are
substancial wvariations iIn the ability to predict the stwain at spe-ifi
locations. Figure 9 illusirates the percentage evror ohsevrved for the various
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analysis models. At the 0.1 MPR level (limit of elastic response), the
overall response predicticns are quite good; however, the strains in general
were predicted well in some case and underpredicted by as much as 60 percent
in other cases. (Notsa: mno comparisons for the 5G pin force are made at 0.1
MPR). At the 1.0 MPR level the variation in strain predictions become much
iarger, but again there are cases of good correspondence. As illustrated in
Figure 9(c), the use of a higher yield stress and the beam model tends to
improve the strain prediction in the highly plastie region.

Figure 10 illustrates the time history of the measured axial strain at the
center top part of the hot leg elbow. The corresponding prediction by ABAQUS
ELBOW-B iz shown in Figure 11. As can be seen a significant strain ratchet
effect is predicted which was not observed in the test results. The ABAQUS
ELBOW-B time history of hoop strain is shown in Figure 12. Again, a
significant ratchet strain is predicted which was not obgserved in the test.
The test strain time history is not shown, but the pattern iz gimilar to
Figure 10. The results for the other analysis codes congidered in the program
also predict strain ratchetting which was not observed in the tests. This
ratchetting tendency was found to be semsitive to the assumed yield stress
level.

5 GCONCLUSICNS

A comparison of various amalysis techniques with test results shows a higher
prediction error in the detailed strain values than in the overall response
values. This prediction error is magnified as the plasticity in the test
model increases. There is no significant difference in the peak responses
between the simplified (i.e., SAT and IMPELL-A) and the detailed analyses.
A comparison between various detailed finite element model runs indicates that
the materizl properties and plasticity modeling have a significant impact on
the plastic strain responses under dynamic loading reversals.
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