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ABSTRACT

As part of a cooperative study between the United States and
Japan, the U.S. 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 scale piping
model to significant plastic strains under excitation conditions
greater than the design condition for nuclear power plants. The
objective was to compare the results of the tests with state-of-
the-art analyses. Comparisons were done at different excitation
levels from elastic to elastic-plastic to levels where cracking was
induced in the test model. The vibration tests and post-test
examination were carried out in Japan by the Nuclear Power
Engineering Test Center (NUPEC). Input motion development and pre-
and post-test analysis were carried out in the United States at
the Brookhaven National Laboratory (BNL) and the Electric Power
Research Institute (EPRI).

This report describes the results of the cooperative studies
performed both in Japan and the United States.
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EXECUTIVE SUMMARY

As part of a cooperative agreement between the Agency of
Natural Resource and Energy (ANRE) of the Ministry of International
Trade and Industry (MITI) of Japan and the United States Nuclear
Regulatory Commission (NRC), the Nuclear Power Engineering Test
Center (NUPEC) and Brookhaven National Laboratory (BNL) jointly
performed high level vibration tests and analyses of nuclear power
piping. The purpose was to obtain test data in the elastic-plastic
region of the piping, which would be compared with analytical
predictions. Ten (10) electric companies and four (4)
manufacturers in Japan and the Electric Power Research Institute
(EPRI) in the U.S. also participated in this cooperative program.

The tests were performed on a large scale modified model of
one loop of a PWR system which was previously tested by NUPEC as
part of their seismic proving test program. The excitation was
increased up to the limits of the vibration table. Substantial
plasticity was induced in some parts of the test model.

The test plan and the preparation for the test (establishment
of test procedure, preparation of instrumentation, etc.) were
completed by March 1988. The vibration test was carried out in
April and May 1988 and preliminary data processing was completed
by the end of December 1988.

Pre-test analysis predictions were made by BNL and EPRI. BNL
also performed post-test analyses and compared the analytical
results with the experimental data.

The test provided extensive non-linear dynamic response data
of piping in the elastic-plastic region. The test results were
compared with the elastic-plastic analysis results cbtained by the
latest version of well known structural computer codes. The
comparisons show that the vibration responses (acceleration,
displacement, etc.) of elastic-plastic analysis are in good
agreement with those of the tests, while strains (stresses) in the
piping are generally not as good. The tests also confirmed that
the present seismic design methods provide a large safety margin.

A summary of the more important conclusions, together with a
general overview of the accomplishments of the entire program, is
presented in Section 8.0 of this report.
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1.0 INTRODUCTION

In Japan, proving tests are performed to demonstrate the
seismic reliability of nuclear power plants using large scale
models on the large vibration table at the Tadotsu Engineering
Laboratory of Nuclear Power Engineering Test Center (NUPEC). The
test specimens are subjected to the excitation due to design
earthquakes S, and S,, i.e., the maximum design earthquake and the
extreme design earthquake, respectively. The test results have
demonstrated that the components and equipment included in the test
program were not damaged nor failed due to the design earthquake
excitations. The test models suffered no significant plastic
strain.

As part of a cooperative study between the United States and
Japan, the U.S. 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 scale piping
model to significant plastic strains under excitation conditions
greater than the design condition for nuclear power plants. The
objective was to compare the results of the tests with state-of-
the-art analyses. Comparisons were done at different excitation
levels from elastic to elastic plastic to levels where cracking was
induced in the test model. The vibration tests and post-test
examination were carried out in Japan by NUPEC. Input motion
development and pre-and post-test analysis were carried out in the
United States at the Brookhaven National Laboratory (BNL) and the
Electric Power Research Institute (EPRI).

The tests involved increasing the excitation up to the limits
of the Tadotsu vibration table in order to induce inelastic
response in a large piping model. The model was subjected to a
maximum acceleration well beyond what nuclear power plants are
designed to withstand. This program was called the High Level
Vibration Test (HLVT).

The test model used in the HLVT program was supplied by MITI
after it was tested by NUPEC as part of their seismic proving test
program. It was constructed by modifying the 1/2.5 scale model of
one loop of a PWR primary coolant system. The upper and middle
steam generatdr shell supports of the model, which simulated the
actual plant condition, were removed and the steam generator shell
was truncated. In addition, the four lower support columns of the
steam generator were replaced by a pin-type support. A modified
earthquake excitation was used to drive the structure to a
condition of substantial strain. Since the piping was pressurized,
and the high level input motion was repeated several times, it was
possible to investigate the effects of ratchetting, fatigue, crack
initiation and crack propagation as well.

The entire program involving the analysis and test results for
the HLVT are summarized in this report. This includes the
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vibration table design characteristics, the details of the piping
system that was tested, the material description, the selection and
modification of the earthquake time history, the effects of
detuning, the test procedure, test implementation and test results,
the development and spread of plasticity, the onset and propagation
of cracking, the pretest analyses and comparisons with the test
results. The post-test metallurgical investigations of material
appearance and mechanical properties are also discussed. Post-test
analyses using various non-linear finite element models were
carried out and compared with the test measurements. Finally, the
failure mode is assessed and an evaluation is made of the safety

margin for the HLVT model. The conclusions drawn from the program
are summarized in the last section.



2.0 OVERALL PLAN

Many methods and computer codes are currently used for dynamic
responses involving extensive plasticity. Large general purpose
non-linear finite element codes have been used by the nuclear
industry to assess and demonstrate the safety of Category 1 struc-
tures under severe seismic and accident conditions. Tests are also
routinely done to show the operational and safety adequacy of
nuclear structures and equipment. Ultimately, professional design
codes must be satisfied to qualitatively demonstrate that there is
an adequate safety margin in the structures. But comprehensive and
detailed comparisons of analytical results with test measurements
involving large scale complex systems excited to failure under
earthquake type excitations have been lacking. The purpose to the
HLVT program was to produce this type of information.

The extensive series of proving tests that were recently
completed in Japan provided an opportunity to explore the
possibility of conducting such a program. MITI sponsored the
proving tests to confirm the safety and reliability of large
components of nuclear power plants. The tests were conducted by
NUPEC at the Tadotsu Engineering Laboratory.

It had been anticipated that the structural models tested at
Tadotsu would respond elastically to the proving tests and would
be in the undamaged state at the end of the tests. The NRC and
EPRI were interested in follow-on tests to evaluate the ability of
analytical methods to predict the onset of structural damage and
failure due to excessive strain under very large earthquake-like
excitations.

The first task of the HLVT Program was to evaluate whether the
objective of inducing a failure with the tested models could be
achieved. At the request of the NRC, BNL initiated a study to
investigate the feasibility of using the Tadotsu facility for
inducing substantial plasticity into the test models that were used
in the Japanese proving tests.

2.1 Feasibility Test Model

One of the structures studied was a 1/2.5 scale test model of
a primary coolant system. The system is shown in Figure 2.1. The
model consists of a steam generator, a reactor coolant pump, and
three sections of the primary piping system, i.e., the hot leg, the
crossover leg and the cold leg. The reactor vessel itself is not
included because the piping-reactor connection is assumed to be
fixed or rigid. 1In its place is a rigid structural support. The
hot leg is about 80 inches long, has an outer diameter of 13.9
inches and is 1.14 inches thick. The outer diameter and thickness
of the crossover leg are 14.8 inches and 1.22 inches, respectively,
and its total length is about 96 inches. The cold leg is about 92
inches long with an outer pipe diameter of 13.2 inches and a pipe
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thickness of 1.10 inches. The weights of the major components of
the test model including the water are; steam generator 176.4 kips,
reactor coolant pump 38.6 kips and the piping system 15.2 kips.

The steam generator is laterally supported at three locations
(see Figure 2.1). The top and intermediate supports provide
translational restraints in the two lateral directions (i.e., x and
Y), whereas the bottom supports provide translational as well as
rotational restraints in all three directions (x, y and z). The
coolant pump, on the other hand, has one set of lateral supports
with translational restraints near the top, and another set of
supports at the bottom with six directional restraints similar to
that of the steam generator.

The test was to be run under a constant pressure of 2.23 ksi
at normal room temperature. The piping system material is SCS14A
stainless steel which has a nominal yield strength of 30.0 ksi and
a nominal tensile strength of 70.1 ksi. The Young's modulus of
this material is 28298.0 ksi.

2.2 Test Machine Design Characteristics

The vibration table is designed to impart a particular
excitation expressed in terms of the acceleration unit "g." The
maximum performance of the testing machine is bounded on all sides
by the various practical 1limitations that are built into the
design. At the low frequency end, the design limitation is imposed
by the physical maximum stroke of the actuators.

At a somewhat higher frequency, but still at the low frequency
end, a maximum velocity is specified because of the hydraulic fluid
flow capability. The hydraulic power supply has a limitation
imposed primarily by the servovalve maximum flow capacity in
conjunction with the magnitude of the hydraulic power source.

The machine performance characteristics are bounded on the
high frequency side by the combined flexibility associated with
the 0il column interacting with the piping flexibility and with the
masses of the moving parts of the table.

As shown in Figure 2.2 the maximum table acceleration
capabilities are developed in the center frequency range. The
maximum acceleration depends upon the particular table load. It
is seen from the performance curve that the maximum acceleration
is limited by the velocity capability from about 0.5Hz to 6Hz with
a 500 metric ton inertia load. A maximum acceleration of 2.72g can
be developed over the frequency range of 5Hz to 12Hz. Beyond 12Hz,
the acceleration drops off due to high frequency effects.

To utilize the full capabilities of the test table, the
acceleration time  history was increased by appropriate
multiplication factors within the design 1limits of the
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displacement, velocity and acceleration constraints of the table.
The multiplication factors are obtained from a comparison of the
required motion for a specific time history with the allowable
table motion. The smallest limiting factor associated with the
three motion limits (i.e., displacement, velocity and acceleration)
determines the actual peak excitation that can be achieved by the
test table.

2.3 Test Model for High Level Vibration Tests (HLVT)

The HLVT model that was actually tested is shown in Figure
2.3. The proving test model shown in Figure 2.1 was modified to
the model shown in Figure 2.3. ©Note that the upper and middle
steam generator supports were removed from the proving test model.
The steam generator shell was truncated at the tapered section.
The lower support structure was also redesigned for this test
model. A single vertical column was used in place of a four column
support. The single column is pinned to rotate in the X-2 plane,
which also contains the hot leg. This is the plane which contains
the excitation and where most of the response motion will occur.
Figure 2.3 shows two views of the system as it is mounted to the
support structure.

To assess the feasibility of achieving plastic strains in the
test, and to properly plan the test, elastic and elastic-plastic
finite element analyses were performed. The finite element
description for the SAP5 computer code elastic analysis of the
truncated coolant loop system is shown in Figure 2.4. The single
column support structure is modeled between the nodes 53 through
58. The hinge pin is located at node 56. Six degrees of freedom
restraints are located at nodes 9, 40 and 53, Two snubbers are
placed at node 45 in the X and Y direction on the RCP.

For elastic-plastic analysis, the MARC code was used. The
finite element description for the model is much more detailed for
this analysis, as shown in Figure 2.5. To identify the locations
where the high strains initiate, and how the strain spreads out
from these points, many elements are used.

In particular, each of the five pipe elbows is described by
multiple elements. The elbow closest to the steam generator has
the greatest detail. This is done because the highest strains are
expected to occur at these locations. The hot leg elbow, nodes 5
through 52, is divided up into three shorter elbows along its
central axis. This is shown in Figure 2.6. The circular cross
sections of each of the three pieces is divided up into twelve
shell elements around the circumference.

The cross-over leg contains three elbows. The elbow closest
to the steam generator is divided up in the same manner as the one
previously described in the hot leg, except that there are only two
axial sections instead of three. The remaining two elbows are
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modeled as single sections with six arc segments around the
circumference, but they still have the same three integration
points along the arc of each segment and eleven integration points
through the thickness. The single elbow in the cold leg is modeled
similar to these last two in the cross-over leg.

2.4 Analytical Approach

The analytical evaluation was aimed at maximizing the response
of the test model by selectively matching the frequency
characteristics of the vibration table and the major frequency
components of the input excitations to the test model. The
frequency characteristics of the vibration table were obtained from
the design specifications which were evaluated with respect to
displacement, velocity and acceleration 1limitations. Model
characteristics (natural frequencies and mode shapes) of the test
model were determined from the detailed finite element models of
the test configuration. Various earthquake records were evaluated
in order to select input excitations that were the most suitable
for the HLVT program. Time adjustment factors were used on these
input excitations to bring their frequency characteristics into the
desired range.

Stresses in the test model were first obtained by response
spectra and time history analysis methods using the SAP5 computer
code. When these methods indicated stresses substantially above
yield, a plasticity time history analysis was performed to
determine the extent of the plastic deformations.

2.4.1 Results of Feasibility Analysis

The major findings of the feasibility analysis were as
follows:

1. The model of the PWR primary coolant system will not
undergo plastic deformation even when excited optimally and
using the full capacity of the vibration table.

2. If the modified model is excited optimally, there is no
doubt that substantial plasticity will occur in the piping
system, even at reduced machine capacity. (Optimal
excitation is described in Section 3.0.)

From the results of the feasibility study it was clear that
the Tadotsu shaker facility has sufficient capacity to induce
substantial plasticity and possibly even failure in a modified
model when excited by an optimal earthquake-like input.



C‘j
] .
L =
3 r H
1 6
/] EE A M\
. E ; ,
) (1) Front View
"I

LEGEND:

- steam generator

- reactor coolant pump
- hot leg pipe

cross over leg pipe
- ¢old leg pipe

- lateral supvorts

- support frame

~1Y UL WM
I

Ty
3

6
(2) Side View with
=
i coolant pump

i
K

Figure 2.1 Test Model of PWR Primary Coolant
System with Support Structure




(g} .
10 v v Y al Y | A Y Y Y

ee———= Horlzontol No Load

S| —ew=m Verlical
K 2.726 [ 5001 Inertls_Lood

1,00O! Inertic_Load
5001 Inerlio Lood

-LOQOI Inertio Load

Accelerption

No Lood

5001 Inerllo Load

57 10 20 30 50
Frequency (Hz)

Figure 2.2 Performance Characteristics of
Tadotsu Shake Table (Simultaneous)
Horizontal - Vertical Excitation)



3600

{ Direction of Excitation) ‘-lk
‘1—. 8
0
Protector
SG l
‘ . o
. -+
/10 _ \\ 38
Y — N
!
Hot Leg ] — I :<
EL. 1.88m %’s
_ ™~
[ i S
" Base Plate L
EL.OOm
4595 o 1050
12000
4150

System Support
Frame

9000

5500
9480

Figure 2.3 Test Model for High Level Vibration Test



938

$37

Figure 2.4 SAP 5 Finite Element Idealization
of Model C-1



[-D TOPOW JO UOT3ezTTEopI 3JusweTd °ITUTI DYVW G g 2anbra

/774
8¢l

f.m_

(92-61) (g¢-42)
$os (b1€) 5 LE €S
ggl

141
v8pG8 Gl

12°]

S0l

6cl
ovI

R4
rA4dl

el

Va4
avl

ovl




@ 6=18
®

— LAYER I
= . — LAYER |
8 9
Figure 2.6 Finite Element Idealization of Hot Leg

Elbow

2-10



3.0 INPUT MOTION DEVELOPMENT
3.1 Requirements for Table Motion

The selection of the excitation time history was done with
three guidelines in mind; namely, the time history:

a) was deduced from an actual earthquake or had similar
characteristics,

b) was compatible with the characteristics of the vibration
table at Tadotsu,

c) established a peak response early in the event so that only
a short portion of the time history was needed for the
analysis. This was considered very important for the
plasticity analysis which required short time steps for a
time history solution and could, therefore, be costly.

3.2 Original El Centro Earthquake Record

Several earthquake time histories were examined. These
included the N-S, E-W and an SRSS combination of E1 Centro, the
Kern County earthquake and several locations of San Fernando. Of
these different earthquake time histories, only the N-S component
of E1 Centro peaks before 5 seconds and has what might be
characterized as an exponential-like envelope on the time history
portion leading up to the peak. This characteristic enhances the
ability of an excitation to build-up a response quickly and with
the use of minimum energy. Accordingly, the El Centro time history
was selected to start the analysis.

Figures 3.1 (1), 3.1 (2) and 3.1 (3), respectively, show the
El Centro acceleration time histories of the N-S component, the E-
W component and the SRSS combination of the two. The peak
acceleration value is 0.345g for the combination. This is also the
peak value of the N-S component.

The response spectra in Figure 3.2 show that the components
of El1 Centro produce essentially two separate peaks. On the other
hand, the combined time history focuses the energy of the
excitation to produce a predominant single central peak. Since the
test model has a single mode that will be excited to a condition
of substantial strain, and since it would be desirable to reduce
the overall load on the driving vibration machine, the combined
time history shown in Figure 3.1 (3) was selected for use in the
analysis.

The peak acceleration of the combined El1 Centro earthquake
occurs at 2.14 seconds. Response spectra were made for increasing
time segments of the time history. These were generated for the
first 2 seconds, then for the first 2.25 seconds and for the first
2.5 seconds. The intention was to examine how the various portions
of the response spectra were developed with increasing time
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intervals. This was considered important since some detuning
action is expected to occur under large strains. To increase the
response it is necessary that the development of higher peaks on
the response spectrum (RS), as they are produced in time, follows
the detuning of the system. Figqure 3.3 shows the results for these
three time intervals. The response spectrum for the first 2
seconds of El Centro is shown in Figure 3.3 (a). The corresponding
RS, for the first 4 seconds is sketched in for comparison as a
dotted curve. Note that the peak is not attained for the increased
time intervals up to the first 2.5 seconds. But, the peak at 4Hz
is being approached in the correct direction to account for
detuning, that 1is from the right to the left (decreasing
frequency). The smaller peak at 6Hz on the response spectrum is
produced by the time history in the first 2 seconds.

However, as shown in Figure 3.4 (a), the largest peak is
essentially attained when the time history is run for 3 seconds,
with only a small difference occurring between the response spectra
for 3 seconds and for 4 seconds.

Finally, Figure 3.4 (c) gives a comparison between the RS for
the first 4 seconds and for the full 30 seconds of E1l Centro. Here
it is seen that, except for some minor lower level peaks, virtually
the entire RS for 30 seconds is accomplished in the first 4
seconds.

The conclusion is that only the first 4 seconds of El1 Centro
is enough to represent the action of an actual earthquake. This
fulfills criterion (a) of the desired characteristics that were
sought in selecting a suitable time history. While this is not
essential in carrying out our objective, it was nevertheless
thought desirable for the purposes of the analysis to have this
characteristic. It also satisfies criterion (c), since the peak
response is established early within the time history and so helps
in conserving time for the plastic analysis.

3.3 Time History Characteristics - Vibration Limits

In Section 3.1, three guidelines were listed for consideration
in the determination of a suitable time history. In selecting the
first four seconds of El Centro, criteria (a) and (c¢) have been
satisfied, as previously stated. Guideline (b) says that the time
history must be compatible with the characteristics of the
vibration table at Tadotsu. This will now be examined.

The maximum performance of the testing machine is bounded by
the various practical limitations that are built into the design.
At the low frequency end, the design limitation is imposed by the
maximum stroke of the actuators. The displacement limitation is
20cm. At a somewhat higher frequency, but still at the low



frequency end, a velocity limitation of 75cm/sec occurs. At the
higher frequency, starting at about 5Hz, the acceleration
limitation of 2.72g is stipulated for a table load of 500 metric
tons.

To utilize the full capabilities of the test table, the
acceleration time history can be increased by appropriate
multiplication factors within the design limits of the displace-
ment, velocity and acceleration constraints of the table. The
factors are obtained from a comparison of the required motion for
a specific time history with the allowable table motion. The
smallest multiplication factor associated with the three motion
limits (i.e, displacement, velocity and acceleration) determines
the actual peak excitation that can be achieved by the test table.

For El Centro, the maximum acceleration is 0.345g, the maximum
velocity is 33cm/sec and the maximum displacement is 9.5cm. As
shown in Figure 3.4, the peak of the response spectrum is at 4Hz.
The analysis of the test model has shown that the natural frequency
of interest is 5.7Hz. If time scaling is used to shift the
response spectrum peak to 5.7Hz, the maximum velocity and displace-
ment of the time history are reduced. The peak velocity is reduced
to 23cm/sec while the peak displacement becomes 4.7cm. Using this
information, the limiting magnification factors are calculated.
Table 3.1 shows the factors that may be applied to an excitation
so that the resulting time history is compatible with the
characteristics of the. vibration machine. The magnification
limitation is 3.3, as determined by the velocity factor shown in
Table 3.1.

3.4 Time History Modification

The details of the El1 Centro time history were examined to
determine whether an enhancement in the response behavior could be
obtained by local modifications. The intention was to see whether
the earthquake peak acceleration magnitude and characteristics
could be maintained while, at the same time, raising and broadening
the response spectrum. Only certain selected changes in the time
history were introduced. The peak acceleration was not changed.

For a linearly elastic system, increasing the response
spectrum produces a proportionate increase in the stress and strain

that is developed. The response will increase 1if the input
excitation has an increasing envelope on a sine wave tuned to the
structure's natural frequency. Since it is intended to produce

large plastic strains in the system, a non-linear response will
result at some level of plastic strain. When the time history is
initially scaled so that the peak of the response spectrum
coincides with the natural frequency, a detuning will occur as
large strains, which are in substantial excess of the yield strain,
are produced. If the response spectrum is broad, and if subsequent
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elements of the time history are responsible for the breath, then
the large response will be maintained by the excitation. If this
is not so then the system response will decrease.

Modifications to the time history were made with this
understanding of the development of large motion. The time history
of E1 Centro was divided into two time intervals. The first is the
time period up to the occurrence of the peak acceleration. The
second is the time period after the peak acceleration.
Modifications were introduced separately into each portion of the
time period.

Figure 3.5 (1) shows the first four seconds of the combined
El Centro time history. Figqure 3.5 (2) is the corresponding El
Centro response spectrum with the single peak, as previously shown.

Some elements of the time history which occur before the peak
acceleration were modified. This is the portion of the time
history between 1.74 seconds and 2.09 seconds, as seen in Figure
3.5 (3). Figure 3.5 (4) shows the response spectrum (RS) due to
this change. Note that the maximum value of the RS has been
increased by the ratio of 1.4 divided by 1.14, or by a factor of
1.23. At the same time, the RS has been broadened (at the 1g
level) by a factor of about two. All that was done to accomplish
this is a local modification in the time history that raises what
appears as a depressed peak at t = 1.88 seconds to a positive
value. The positive value was selected to continue the exponential
like envelope of the excitation.

Figure 3.6 shows the effect of some modifications to the time
history after the occurrence of the peak acceleration. If the RS
for El1 Centro , shown in Figure 3.5 (2), is to be broadened to the
left (decreasing frequency), the time history should be changed to
contain periodic elements at the reduced frequency. The time
interval shown by "a" contains a mixture of frequencies from high
(shown by spikes) to low, shown by the gap in positive acceleration
values across this time period. A time history which occupies
essentially a single period of about 0.5sec is placed in this gap,
as shown in Figure 3.6 (1). The response spectrum in Figure 3.6
(2) shows that the width of the RS at 1g has been increased by a
factor greater than 2 because of the increased response in the
vicinity of 2Hz.

Figure 3.6 (3) shows the effect of a different kind of change
to the local time history in this same interval. Instead of a
single cycle, the time history was modified to include two cycles
in the same interval "a." Since this doubles the frequency content
in this interval, as compared to the previous case, the response
at about 4Hz is significantly increased from the peak that was
there in the original time history. Accordingly, the magnitude at
4Hz is increased by 27% without any change in the width of the RS
at 1g.
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The two cases are illustrative of the process for introducing
changes in the time history (TH) for the purpose of increasing the
- width of the RS or for increasing the maximum magnitude. It is
seen that to broaden the RS requires having various periods present
in the TH while to raise the RS requires having more cycles of the
same period in the TH. For a given limited length to the time
history, both cannot be done. Even though a compromise must be
made, the resulting time history can still be modified to produce
an RS which exceeds the original El1 Centro RS both in terms of
breath as well as in terms of maximum magnitude. 1In addition, the
velocity limitation imposed by the physical requirements of the
vibration machine could be improved by modifying the time history.

The Case V TH shown in Figure 3.7 combines the time histories
of Cases II and IV shown in Figures 3.5 and 3.6. As was previously
stated, Case II significantly broadens and increases the response
spectrum while Case IV adds a peak on top. The combined RS is
shown in Figure 3.7 (2).

Finally, Case VI, adds a little more time to the periods of
the first few cycles of the increasing envelope excitation of El
Centro, starting at about 1.4 seconds. This delays the occurrence
of the peak acceleration somewhat from the original El Centro.
case VI is shown in Figures 3.7 (3) and 3.7 (4). For this case,
the RS is substantially increased by a factor of 21.4/11.14, or
1.88 while still giving a modest increase in the width of the RS
at the 1g level.

3.5 Time History Selection

The response spectra developed in Section 3.4 show the
response of linearly elastic one degree of freedom systems. They
cannot be used directly for a system where the natural frequency
changes under large strains. The system under analysis will detune
at some level. Our projections from the previous work that was
done show that a substantial portion of an element cross section
will go plastic. Because of this, the natural frequency will be
reduced and, at the same time, the damping will be increased.

Considering this kind of dynamic response, the time history
should have a response spectrum that is high enough to produce the
condition of substantial strain and yet be broad enough to
accommodate some detuning. Case VI (Figure 3.7 (4)) gives the
greatest response but, Case V is wider and develops this width with
subsequent elements of the time history. Furthermore, preliminary
calculations showed that the magnitudes produced with Case V are
sufficient to create about 3% strain. Therefore, Case V was
selected to be used with the finite element model, designated as
Model C-1, for pre-test linear and non-linear analysis.



3.6 Time History Scaling Used for Model C~-1

The second natural frequency of Model C-1 is 5.7Hz and has the
normal mode essentially in the X-direction. This is the direction
of the horizontal motion when Model C-1 is mounted on the Tadotsu
Vibration Table. It is the natural frequency which will be excited
to a condition of large strain.

The peak of the RS of El Centro is at 4Hz. For the initial
analysis using the Case V time history, the location of the peak
on the frequency coordinate was raised to 5.7Hz by time scaling
the input time history. This was accomplished by changing the
numerical value of the 4 second duration of El1 Centro to 2.8
seconds, which shifts the RS peak to 5.7Hz. When the effects of
detuning were evaluated, the peak of the RS was shifted somewhat
to the left (at a lower frequency) of 5.7Hz.

The magnitude of the acceleration peak for El1 Centro is
0.345g. This was also increased to take advantage of the large
capability of the Tadotsu machine.

3.7 Amplitude Multiplication for Selected Time History

The maximum velocity capability of the Tadotsu Vibration
Machine is 75cm/sec. The maximum velocity of the original E1l
Centro Earthquake is 33cm/sec. This gives a permissible
multiplication factor of 2.3, as shown in Table 3.1.

The modified time history that was selected has a maximum
velocity that is much less than the maximum velocity of El Centro.
The maximum veloc1ty for the selected time history (Case V shown
in Figure 3.7 (1) is 24cm/sec for a response spectra peak occurring
at 4Hz. 1In addition, Model C-1 has a natural frequency of 5.7Hz.
These numerical values were used to calculate the maximum
permissible factor as follows:

multiplication factor = 75/24 x 5.7/4.0 = 4.5

Modifications were made to the duration and to the magnitude
of this preliminary excitation time history in accordance with the
characteristics of Model C-1 and with the machine capability. The
duration was reduced from 4 seconds to 2.8 seconds and the
magnitude was increased by the factor 4.5 from 0.345g to 1. 55qg.

3.8 Detuning

It was expected that the system would detune at some level of
strain. The preliminary time history was used to obtain responses
in the structure. Figure 3.8 shows the hoop strain that was
computed at elements 18 and 27. The results indicated that 3%
strain would develop in element 27 at about 1.58 seconds (Figure
3.8 (2). It is seen that the maximum strain is the delayed effect
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of the time history portion up to the peak acceleration value. But
the peak of the response spectra occurs after 1.58 seconds and the
largest strain should also have occurred after this time. This did
not happen.

It appeared that the system's natural frequency
characteristics were changed because of the large strains that had
been produced in many elements. Detuning had occurred and the
portion of the excitation time history after the peak had become
dynamically ineffective.

To compensate for this changed condition, the detuned natural
frequency was evaluated at various time locations. The times were
selected to show how the natural frequency was affected by the
substantial plastic strain. For example, at the time of maximum
strain in element 27, the natural frequency was computed to be
4.36Hz. As compared to the elastic natural frequency of 5.7Hz,
this amounts to a lower bound detuning of about 24%.

The detuning was evaluated by noting the maximum strain in
each of the elements that yielded. A new modulus of elasticity for
each section was calculated in accordance with the ratio of the
secant modulus at the given strain, considering the extent of
yield, to the elastic tangent. These properties were put into the
MARC code and the natural fregquencies were computed. The extent
of the detuning was evaluated for five points during a full period
of vibration of the system. The strain time history in element 27
was used to determine the effect of detuning over this full period.

A natural frequency of the system was calculated at each of
the time points shown by A, B, C, D and E in Figure 3.9. Table 3.2
shows the results. The average natural frequency for the full
period was 4.5Hz.

3.9 Second Time History Scaling

To continue to drive the system to large responses, a second
time history scaling was needed. This was applied only to the time
history portion after the occurrence of the peak acceleration.
This is the portion of the time history which produces the sharp
peak on the RS. For this portion, the scaling was done so that the
peak of the response spectrum is moved to a somewhat lower
frequency to coincide with the detuned natural frequency of 4.5Hz.
The start of the new time scaling was selected to be 1.54 seconds.
The time increments after this time were spread out (lower
frequency content) to cover the detuned frequency range. An
additional cycle was added to increase the time for a maximum
response to occur. The final time history is shown in Figure 3.10.
The 2.8 seconds duration of the original time history that was used
prior to the evaluation of detuning has now been extended by the
new time scaling to 3.35 seconds. Figure 3.11 shows the Response
Spectrum at 5% damping. In Figure 3.11, the largest RS peak is
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produced by the portion of the time history that occurs after the
maximum acceleration peak of the excitation. The second RS peak
at 5.7Hz is the result of the acceleration peak of this time

history.
3.10 Time History for a Complete Vibration Test

The time history that was used following the analysis of
Section 3.9 had a duration of 3.35 seconds, as shown in Figure
3.10. Further modifications to this time history were made as
discussed in Section 4.0.

Before conducting the test, the time history was adjusted by
time scaling to better correspond to the natural frequency of the
actual model, as determined by prellmlnary HLVT test runs. The
final time history that was selected is shown in Fiqure 3.12 and
was designated the Maximum Plastic Runs (MPR) time history. The
corresponding response spectra are shown in Figure 3.13. This time
history has a peak acceleration of 1.82g (1785 gal) and was within
the acceleratlon, velocity and displacement limits of the shaking
table. Once again the velocity limit controlled the multiplication
factor for the time history. Time scaling was used to shift the
peak of the response spectrum to approximately 85 percent of the
natural frequency of the test model. This was done to take into
account any possible detuning that may occur as large strains are
developed. Pre-test analyses indicated that this time history
could produce strains in the piping system in excess of 3 percent.

Once the MPR level was achieved in the test sequence, it was
desired to repeat this level of excitation a number of times to
study ratchetting and fatigue effects. Since this test time
history was short, it was decided to repeat the time history four
times during one run. A quiet period of approximately 6 seconds
was left between each time history segment to eliminate any adverse
interaction effects that may occur if they were linked one right
after the other. Since it was uncertain as to the amount of
detuning that might occur at this test level, the time scale of
each segment was changed slightly. This resulted in shifting the
peak of the response spectrum for each time history segment by
about 5 percent’. Thus, it broadened the response spectrum for the
entire test time history and provided further assurance that the
desired strains could be achieved. The complete MPR time history
and corresponding response spectra are shown in Figures 3.14 and
3.15. The four segments were designated A-B-C-D as shown in Figure
3.14. Segment A corresponds to the time history shown in Figure

* Further adjustments to the final test input wave modified this
relationship somewhat. The actual recorded time history during the
tests resulted in a frequency shift of 8% from the first to the
second wave segment and 7% from the second to the third wave
segment and the third to the fourth wave segment.
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3.12. To establish the parameters for proper control of the
shaking table, the four segment wave had to be run at the lower
test levels as well. However, in order to minimize fatigue damage
until the full MPR level was reached, some intermediate level test
runs were performed using only the Segment A time history. The
test procedure is fully discussed in Section 5.0.



Table 3.1 Multiplication Factors for Use of
El Centro Shake Table

Vibration El Centro Limiting El Centro Limiting

Table Limit at 4Hz Peak Factor at 5.7Hz Factor
acc 2.72g @ 5.2Hz .35g 4.2 .35g 7.7
vel 75cm/secC 33cm/sec 2.3 23cm/sec 3.3
disp 20cm 9.5cm 2.1 4.7cm 4.3

Table 3.2 Evaluation of Detuned Natural Frequency

Time Point Detuned Natural Frequency

4.89
4.62
4.36
4.46
4.41
4.54Hz (averadge)
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4.0 PRE-TEST ANALYSIS

Selections had to be made regarding several aspects of the
final pre-test analysis. A determination was made of the extent
of the modeling detail that could be used to reflect a realistic
but yet practical state-of-the-art analysis. At the same time,
excitation conditions and dynamic parameters had to be chosen which
anticipated some of the important operational characteristics that
would affect the response when the test system was driven to
failure at the maximum table capacity. Furthermore, maximizing the
response required using the highest peak acceleration magnitude
that the machine could produce. But the magnitude of the time
history was dependent on where the frequency of the largest peak
on the response spectra was located, and this could be determined
only after the best estimate of the analytical natural frequency

was computed.

This section discusses the details of the selections that were
made, the final adjustments that were done to the excitation time
history, the pre-test responses and failure predictions and
comparisons of these predictions with some actual measurements
obtained from the test results. The computer codes used in the
analysis are the well-known codes such as MARC, ANSYS and ABAQUS.

4.1 Analysis Model Development

various choices are available for finite element modeling and
dynamic response analysis of complex systems. The libraries of
different computer codes contain different elements which may be
used to describe the HLVT test model. During the pre-test analysis
some of these modeling choices were studied to examine the
differences that would result in the computed elastic-plastic
responses. Two different computer codes were used. These were
MARC and a much simpler ANSYS model.

4.1.1 Description of Test Modeling

In Section 3, it was shown in a preliminary analysis that
approximately 3% strain could be achieved with the selected time
history applied at the maximum table capacity. For the final pre-
test analysis, the finite element modeling was done in greater
detail. The purpose was to generally improve the quality of the
computations, to more accurately reflect the as-built character-
istics of the system and to more closely identify the location of
the maximum strain.

The modeling was refined at the hot leg elbow and at the
support points of the steam generator and the reactor coolant pump.
The number of elbow elements was increased by dividing it up into
five axial sections, instead of the three that were previously
used.
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In addition, many more nodes and elements were used to
describe the connection between the pin-type support and the lugs
at the end of the structural support arms and the steam generator.
Similarly, the connections between the reactor coolant pump and
the three column support structure were modeled with more detail.
The finite element description of the entire structural system
designated as the MARC Elbow Model is shown in Figures 4.1(1)
through 4.1(5).

The piping finite element modeling was alsoc improved, as seen
in Figure 4.1(3). Notice that an additional short element was
placed at the 1location of the welded connection between the
members. This was done to permit the identification of a junction
where the material was different from the main body of the piping
- or elbow.

The element properties and corresponding material properties
that were used with the MARC Elbow Model are listed in Table 4.1(1)
and Table 4. 1(2), respectively. The stress-strain relatlonshlps
that were used in the elastic plastic analysis are shown in Figure
4.2,

4.1.2 ANSYS Model

The ANSYS Model uses simpler elements for both the elbow and
the straight pipe parts. The pipe element approximately evaluates
the average strain of the plpe cross section at eight points along
the middle circle of the pipe shell thickness. The hoop strain is
considered only as an equivalent static component (i.e. pressure
is assumed as a constant load acting on the pipe without affecting
its stiffness). Therefore, such effects as ovalization and strain
distribution through the pipe thickness are not fully considered
in the ANSYS analysis. But the non-linear analysis using ANSYS
uses much less computer time than the same type of analysis using
the highly detailed modeling with MARC. It was thought useful to
compare the results with both computer codes.

4.1.3 Effect of Steam Generator Support Pad Modeling

The steam generator shell was supported on four support pads
around its circumference. The structural connection at the support
pad is neither fixed nor pinned. As the test progressed, the
support in this region was drastically changed to a solid welded
structure. A study was made of the effect of this stiffness change
on the computed structural characteristics and on the responses.
ANSYS was used in this analysis with the pads considered fixed (Run
B) or with the pads free (Run B*).



The results of the computed natural frequencies for the first
three modes are shown in Table 4.2. The response deflections and
forces at the steam generator pads and the steam generator
supporting pin are listed in Table 4.3. As is seen from the table,
the differences in these responses are negligible.

4.1.4 Effect of Rolling Motion

An analysis was made of the effect of a small amount of
rolling motion on the response of the system. This was designated
as MARC run C*. The rolling motion was taken as a linear input of
4% of the X axis excitation. It was applied vertically at a
distance along the Y axis of 630mm. This is shown in Figure 4.3.

The results were compared with the comparable MARC Run C which
was done without the rolling motion. Table 4.4 gives a summary of
the inelastic analysis results both with and without rolling
motion. The effects of the rolling action is seen to be negligible
and was therefore not further considered in either the pre-test or
the post-test analyses.

4.1.5 Pre-Test Damping in Elastic Range

The preliminary pre-test analysis used a damping ratio of 3%
for responses in the elastic range. The test measured the damping
ratio as 0.86. Comparative computer runs were made with different
damping values at an excitation level of 0.1 MPR. The results in
Table 4.5 show an improved analytical prediction for run B where
the damping ratio was closer to the measured value.

4.1.6 Selection of Time Scaling

The program was intended to maximize the response and to
shorten the time to produce a failure. For a linear system, the
maximum response is obtained when the response spectra peaks at the
value of the natural frequency. But slightly different system
characteristics are obtained from different analytical finite
element solutions. Table 4.6 shows the first five natural
frequencies as obtained by three different computer codes with the
as-built finite element modeling. The maximum difference in the
second mode is about 5%. This value exceeds the bandwidth ratio
since the transfer function of the model with 0.8 percent damping
is very narrow. Therefore, peak tuning could be done with only one
model, the others would be somewhat detuned.

Because of the computational differences, and anticipating
some detuning under the plastic response, it was decided to time
shift the excitation so that the response spectra peak occurred at
a frequency that was lower than the second mode natural frequency.



An analysis was made of the elastic-plastic responses that
would result if three different ratios of RS peak frequency to
second mode natural frequency were used. The ratios selected were
0.95, 0.90 and 0.80, on the basis of the SAP-5 calculation. Figure
4.4 shows the relative location of the three different runs,
designated as A, B and C, with regard to the RS peak.

To take advantage of the vibration table capacity, the maximum
value of the acceleration was changed, in accordance with the
limiting displacement or velocity magnitude. Table 4.7(1) shows
the input time history characteristics that were used for each of
the three runs. Table 4.7(2) shows that the maximum displacement
is attained in Run B when ANSYS was used and in Run C in the MARC
analysis. However, the maximum axial strain response was obtained
in Run A in MARC but in Run B in ANSYS. The hoop strain is also
maximum in MARC. From these results, it was decided to use the
tuning in Run B for all other studies and for the test time
history.

4.1.7 Final Pre-Test Excitation Time History

The time history was further base-line adjusted to permit
increasing the acceleration level without exceeding the limiting
vibration table velocity or displacement characteristics. The
final excitation time history that was used in the pre-test
analysis (MARC Run D) is shown in Figure 4.5. The corresponding
input velocity and displacement time histories are also shown in
Figure 4.5. Figures 4.6(1) and 4.6(2) show the Response Spectrum
and the Fourier Spectrum, respectively.

4.2 Pre-Test Responses
4.2.1 Pre-Test Response Predictions

The improved damping ratio and the selected time scaling were
used in a series of computer runs carried out at excitation levels
which produced piping strains in the plastic region. These were
done at 0.4 MPR, 0.7 MPR, and 1.0 MPR. Table 4.8 shows a
comparison of the pre-test predictions of the maximum strain with
the corresponding test results.

Response time histories of some of the response motions and
element strains for an excitation of 1.0 MPR (MARC Run D) are shown
in Figures 4.7 through 4.13. The maximum responses are listed in
Table 4.9. A maximum axial strain of 3.6 percent was predicted to
occur at element 8 Point 3, ¢, (see Figure 4.1(5)). This is the
junction of the hot leg and the hot leg elbow. The location ¢,
signifies that the strain occurs at the top of the pipe.



4.2.2 Comparisons of Pre-Test Predictions with Test Measurements

The analytical predictions of the maximum displacement at the
top of the steam generator for three different test run levels are
shown in Figure 4.14. These results compare well with the test
measurements which are also plotted in the same figure. Figure
4.14 compares the test and analysis results for the acceleration
at the top of the steam generator. The analysis matches the test
results for the test run prior to some modifications that were made
to the steam generator support. After the modifications, the
difference between the measured accelerations and the predicted
accelerations increased.

A comparison of test and the pre-test MARC analysis results
from Table 4.8 show that for all three run levels, the axial
strains measured at the reactor vessel end were much higher than
the analytical predictions. At the tapered transition joint the
measured axial strains were also higher than the analysis results
for the lower test level; however, the trend reversed for the

higher test 1levels. For the hot leg elbow the axial strains
measured during all test levels were much lower than analytical
predictions. The differences were even dgreater for the hoop
strains.

The maximum axial strain in these computer runs was 3.56% at
strain gage 153X. This compares with the measured value of 2.28%.
As noted in the table, this strain gage was damaged after the first
portion of the ex01tatlon and so the value of 2.28% was deduced
from the readings of other undamaged gages in this vicinity.

Based on the pre-test analysis results, the maximum axial
strain (3.6%) was predicted to occur at the top of the hot leg pipe
in the vicinity of the tapered transition joint with the hot leg
elbow. In addition, a hoop strain of approximately 3% was
predicted to occur at the top of the hot leg elbow on its inside
surface near the middle of its arc. The analysis also indicated
the possibility of significant hoop strain ratchetting in the hot
leg elbow.

4.3 Pre-Test Fatigue Predictions
A ratchet-fatigue life analysis was performed prior to the

test using the analysis results from Section 4.2.2 and the
procedures outlined in NUREG/CR-5023 (Severud et al, 1988).



For this analysis, the increment of irrevocable yield per
cycle is given by

en = {30,/(20, = 0og)} {Ae; - (20, - og)/E)}
which becomes, for our case
eg = 0.74 [Ae, — 0.161] (1)

The ratchet-fatigue interaction effect is given by

Nep = (Q_Z_ERH)] 2
Aep

where C is the effective fatigue ductility which is empirically
derived, N is the number of cycles of effective strain range and
Ae, is the plastic strain range which is the difference between the
total strain range and the elastic range.

For our case, the ratchet-fatigue interaction equation becomes
Nee = [(46 = x(%)N)/(Ae (%) - 0.1))° (2)

Using equations (1) and (2), Table 4.10 shows the estimate of the
ratchet-fatigue life. Ductility exhaustion occurs when ) N/Ny =
1.0.

The axial strain range in the hot leg pipe in the vicinity of
the tapered transition joint was predicted to be between 5 to 7%
with three cycles per segment when the excitation was at the 1.0
MPR level. This is shown by MARC Run D, in Figure 4.15(b). These
strain ranges, coupled with estimates from earlier lower level
runs, resulted in a prediction that a ratchet/fatigue failure could
occur as early as the first run with the full four segment MPR time
history. If ratchetting did not occur, but the same strain levels
were achieved, it was pred