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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 obtained 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 generator 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 1large
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 leqg 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 limitations 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 o0il 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 prov1ng 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-Z 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 SAPS 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.
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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 E1 Centro Earthquake Record

Several earthquake time histories were examined. These
included the N-S, E-W and an SRSS combination of El1 Centro, the
Kern County earthquake and several locations of San Fernando. Of
these different earthquake time histories, only the N-S component
of El1 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 E1 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 E1 Centro produce essentially two separate peaks. On the other
hand, the combined time history focuses the energy of the
exc1tatlon 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. Figure 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 is from the right to the 1left (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 El 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 E1 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. 1In 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, startlng at about B5Hz, 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 El1 Centro, the maximum acceleration is 0. 345g, the maximum
veloc1ty 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 1is 5.7Hz. If time scallng 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 app11ed 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 El 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 spectrun. Only certain selected changes in the time
history were introduced. The peak acceleration was not changed.

For a 1linearly elastic system, 1ncrea51ng the response
spectrum produces a proportionate increase in the stress and strain
that is developed. The response will increase if 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 El1 Centro was divided into two time intervals. The first is the
time period up to the occurrence of the peak acceleration. The
second 1is 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. Figure 3.5 (2) is the corresponding E1l
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 1is 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 E1 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 1qg.
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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. In 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 E1 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
0.3459. 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 El
Centro Earthquake 1is 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 velocity 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 frequencies 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

3-7



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 1is 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 preliminary HLVT test runs. The
final time history that was selected is shown in Figure 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 acceleration, 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 fatique 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/sec 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 Fregquency

4.89
4.62
4.36
4.46
4.41
4.54Hz (average)
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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.



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 also improved, as seen
in Figure 4.1(3). Notice that an additional short element was
placed at the location 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 relationships
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 pipe 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 e,
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 levels. For the hot leg elbow the axial strains
measured during all test levels were much lower than analytical
predictions. The differences were even greater 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 exc1tat10n 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

€ = {3Uy/(20y = og) )} {Ae, - (2ay - og) /E}
which becomes, for our case

eg = 0.74 [Ae, = 0.161] (1)
The ratchet-fatigue interaction effect is given by

Nep = [(g_-__egu)] 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
Npr = [(46 - (%)N)/ (8 (%) - 0.1)])° (2)

Using equations (1) and (2), Table 4.10 shows the estimate of the
ratchet-fatique life. Ductility exhaustion occurs when § N/N =
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 predicted that a fatigue failure might occur
after 5 to 6 MPR runs or longer. Recognizing the uncertainties in
the above predictions, a ratchet/fatigue failure between the first
and fifth MPR runs was considered to be within the realm of
possibility if the predicted strains were achieved.

The above analytical predictions were made by BNL. Pre-test
predictions were also performed by Westinghouse Hanford Company
(Severud and Weiner, 1987) and Rockwell International (Jaquay and
Larson, 1988) which are briefly summarized below.

Westinghouse Hanford utilized simplified elastic and inelastic
analyses and concluded that the maximum axial strain range could
be up to 4%. This estimate was based on an earlier version of the
input wave which had a peak acceleration of 1.54g (1509 gal).
Based on this work and updated pre-test analysis information
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prov1ded by BNL, they concluded that cracking and leaks in the
piping were likely to occur during the first, second or third MPR
run. Their best estimate was that cracking would occur during the
second MPR run. These predictions were based on the assumption
that the test would induce axial strain ranges in the 3 to 7%
range.

Rockwell performed their pre-test predictions for EPRI based
on analyses with the ABAQUS Code. They performed analyses up to
the peak acceleration of the MPR time history. Based on these
results, they estimated that each segment of loading at the MPR
level would result in an accumulated hoop strain of 3 % with axial
strain ranges from 2 to 7 %. Considering uncertainties of
material properties, their time of failure prediction was between
the fourth segment of the first MPR run to the second segment of
the third MPR run. Their best estimate was that a ratchet/fatigue
failure of the hot leg elbow would occur on the top side near its
attachment weld to the hot leg straight pipe during the third
segment of the second MPR run.

The actual test run sequence used during the test differed
somewhat from the sequence used for the pre-test predictions.
However, a crack did occur in the test model durlng the second full
four segment run at the MPR level. Based on a review of the strain
gage data in the region of the crack, it appears that the crack
developed during the first segment of this run. Furthermore, the
crack developed at the exact location as predicted in the above
analyses. On the other hand, the axial strain ranges measured
during the test were not as high as the pre-test analysis
predictions. In addition, the large hoop strain ratchetting that
was included in the calculations to predict the ratchet/fatigue
life did not occur. Prior to the initiation of the crack, some
bulging of the hot leg pipe at approximately one half to one
diameter from the attachment weld to the hot leg elbow did occur.
The possibility of such bulging was noted by P. Ibanez of ANCO
Engineers, Incorporated who participated in a review of the final
test plan.
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Table 4.2 ANSYS Model Frequencies (HZ)

MODE SG_PAD FIXED SG _PAD PINNED
1 4.269 4.265
2 6.208 6.175
3 26.45 25.96

Table 4.3 Summary of Inelastic Analysis Results
with SG Pad Supports Fixed and Pinned
(Displacement-cm, Force-kg, Moment-kg-cm)

ANSYS RUN B ANSYS RUN B*
SG PAD SUPPORT FIXED SG PAD SUPPORT PINNED

Ux
Uy

Fx
Fy
Fz
Mx
My
Mz

RELATIVE DISPLACEMENT TOP OF STEAM GENERATOR

6.41 6.40
.45 .47

FORCE ON SG PIN SUPPORT

187,900 _ 182,700
6,644 6,800
70,840 71,000
1,218,000 1,266,000
0 0
1,570,000 1,520,000



Table 4.4 Summary of Inelastic Analysis Results
With and Without Rolling Motion
(Displacement-cm, Force-kg, Moment-kg-cm)

MARC RUN C MARC RUN C*
WITHOUT ROLLING MOTION WITH ROLLING MOTION

Ux
Uy

RELATIVE DISPLACEMENT TOP OF STEAM GENERATOR

7.31 7.32
.57 (1.07) Absolute Value

FORCE ON SG PIN SUPPORT

210,000 210,000
8,620 10,200
72,300 76,900
1,480,000 2,140,000
0 0
1,260,000 1,360,000



Table 4.5

SG

Ux(cm)
Uy (cm)

Ax(gal)
Ay (gal)

PIN

Fx(ton)

Mx (ton-m)

RCP

Ux(cm)

Ax(gal)

SNUBBERS
83x(ton)
84x (ton)

H.L.Strain(%)

135x%
153x
207x
207y

TEST:
Az
B:
C:

0.95

0.14
1630
212

7.0
0.16

0.021
395

2.66
1.15

0.08
0.15
0.10
0.06

0.1 MPR Test
Pre-Test Analysis (h = 3%)

h
h

0.8%
0.6%

RUN-A

0.73

0.08
1130
71

30
1.7

0.017
220

0.053
0.052
0.033
0.087

RUN-B

0.81

0.06
1280
55

31.7
2.3

0.021
195

0.06

0.062
0.042
0.079

Comparison of Pre-Test MARC Analysis with Test

RUN~-C

0.81

0.10
1280
55

31.8
4.0

0.02
195

0.06
0.062
0.042
0.08



MODE

Table 4.6 Natural Frequencies Obtained by
Three Different Computer Codes

NATURAL FREQUENCIES (HZ)

SAP MARC ANSYS

4.2 4.63 4.27

6.09 6.44 6.21

23.24 28.45 26.45

29.86 31.17 29.91

31.49 35.00 31.49
4-16



Table 4.7 (1) Summary of Input with Three Different Time Scalings

INPUT TIME HISTORY RESPONSE
MAX
SPECTRAL
MAX MAX MAX ACCEL AT
ACCEL VEL DISP DURATION 1% DAMP FREQUENCY
cm/ SeC:Z cm/seCc cm sec cn/ SeC:Z cps
MARC RUN A 1520.7 76.9 20.6 3.120 15700. 4.8
MARC RUN B 1707.8 70.1 7.45 2.770 17600. 5.5
MARC RUN C 1959.0 75.0 7.43 2.574 20066. 5.9
ANSYS RUN A 1463.4 75.0 18.9 3.24 14910. 4.8
ANSYS RUN B 1781.5 76.0 15.38 2.64 18151. 5.8
ANSYS RUN C 1908.8 76.0 15.86 2.5 19500. 6.2

NOTE: The time histories used for ANSYS RUN A, B and C are based
on the same time history used for MARC RUN A; however the
time step and magnification factor for each time history
were changed. For MARC RUN B, a different time history was
used which has a smaller displacement but an identical
response spectrum shape. MARC RUN C used the same time
history as MARC RUN B but used a different time step and
magnification factor.



Table 4.7 (2) Summary of Inelastic Analysis Results

(Displacement~cm, Force-kg, Moment-kg-cm)

MARC ANSYS

RUN A RUN B RUN C RUN A RUN B RUN C

Ux

RELATIVE DISPLACEMENT TOP OF STEAM GENERATOR

.53 6.80 7.31 6.15 6.41 5.98
.70 .53 .57 .745 .45 .54

SUMMARY OF INELASTIC ANALYSIS RESULTS

MAXIMUM AXIAL STRAIN (%)

MARC RUN A - Element 8, Point 3, €, — 4.112
MARC RUN B - Element 8, Point 3, ¢, - 3.441
MARC RUN C - Element 8, Point 3, ¢, - 3.300

ANSYS RUN A -~ Element 7, Point 2% - 1.01
ANSYS RUN B - Element 7, Point 2* - 1.01
ANSYS RUN C - ELement 7, Point 2=* - 0.94

MAXIMUM HOOP STRAIN (INSIDE) (%)

MARC RUN A - Element 32, Point 3 - 2.508
MARC RUN B - Element 32, Point 3 - 2.910
MARC RUN C - Element 32, Point 3 - 2.899

ANSYS RUN A - Element 8, Point 3* - 0.674
ANSYS RUN B - NOT CALCULATED

*ANSYS Element 7, Point 2 Close to MARC Element 8, Point 2, €4
ANSYS Element 8, Point 3 Close to MARC Element 19, Point 2

NOTE:

The difference in the maximum strain values between the
MARC and ANSYS analyses may be attributed primarily to the
difference in elements used in each analysis. In the MARC
analysis, a general 3-D shell element is used for the elbow
part, and a 3-D beam element for the straight part. In the
ANSYS analysis, a much simpler element is used for both the
elbow and straight parts. This element approximately
evaluates the average strain of a pipe section at eight
points along the middle circle of the pipe shell thickness,
and 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, effects such as ovalization and strain
distribution through the pipe thickness are not fully
considered in the ANSYS analysis.
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Table 4.8

Comparison of Strain (%) Along

Hot Leg Pipe for Three Test Levels

STRAIN

GENERAL GAGE .4AMPR(4/19/88) .7MPR(4/20/88) 1.0MPR(4/22/88)
LOCATION NO. TEST MARC TEST MARC TEST MARC

RV 130X 0.34 0.18 0.45 0.20 0.55 0.21
Nozzle
Hot~Leg 135X 0.34 0.23 0.79 0.47 1.18 0.73
Near RV
Nozzle
Tapered 153X 0.83 0.52 1.35 2.31 2.28"% 3.56
Trans- 153Y 0.16 - 0.19¥ 0.34 -
istion
Joint
Hot-Leg 207X 0.39 0.46 0.57 1.12 0.83 1.54
Elbow 207Y 0.24 0.86 0.32 1.80 0.41 2.32
Notes: 1. Strain Gages 153X and 153Y were damaged after

recording Segment A of 1.0MPR Test of 4/22/88.

Gages 153X and 153Y were damaged. Previous run at
this 1level prior to modification recorded the
following strains 135X - 0.49%, 153X - 1.19%, 153Y -
0.25%. For this test clip gage readings are
tabulated (46X for 153X and 47Y or 153Y).



Table 4.9 Summary of Results for MARC Run D

(3% Damping)

TOP OF STEAM GENERATOR

Relative Displacement - Ux
(cm) Uy
Acceleration - Ax
(gal) Ay

MAXIMUM AXTAL STRAIN (%) IN HOT-LEG PIPE

Element 8, Point 3, &, -
Element 8, Point 1, e, -

MAXIMUM STRAINS (%) IN HOT~LEG ELBOW

Hoop (Inside): - Element 32,
Element 20,

Hoop (Outside) Element 32,

Element 21,

Axial (Inside)

Element 21,

Axial (Outside) Element 31,

Element 19,

3.557
3.370

Point
Point

Point
Point

Point

Point
Point

3.000
2.911

2.319
2.288

1.310

1.538
1.375



Table 4.10 Ratchet/Fatigue Life of Hot Leg Pipe -
Accounting for Ductility Exhaustion

RUN Ae,% N % Neg TNeg Ngp N/Ngp IN/Ngy
8+8’ .8 5 .47 2.35 2.35 3888 0
.6 5 .32 1.60 3.45 7073 0
.7 5 .40 2.00 5.45 4456 0

9’ 3.9 1 2.77 2.77 8.72 96 .01 .01

2.7 1 1.88 1.88 10.60 185 . 005 .015

3.2 1 2.25 2.25 12.85 114 .009 .024

10’ 6.9 1 4.99 4,99 17.84 17 .06 .084

4.9 1 3.51 3.51 21.35 26 .04 .124

5.6 1 4.02 4,02 25.37 14 .07 .194

10A 6.9 1 4.99 4.99 30.36 5.3 .19 .384

4.9 1 3.51 3.51 33.87 6.2 .16 .544

5.6 1 4.02 4.02 37.89 2.2 .45 .994

NOTES:1. ¢;% based on Eg(l) in Section 4.3
2. N based on Eq(2) in Section 4.3
3. Strain Ranges (Ae,) for Runs 8+8’ - see Figure 4.15(a)
4. Strain Ranges (Ae¢,) for Runs 10+10’ - see Figure 4.15(b)
5. Strain Ranges (Ae,) for Runs 9’ based on average of
Figures 4.15(a) and 4.15(b)

If strains are achieved and pressure is maintained near 157 kg/cm®
a ratchet/fatigue could occur during Run 10.



N\

NN

4-2



(3x0ddng I103ERI9USH WEI3G)

TOPOW MOQTHE DIV (T)

I°% 2anbtg

23



SG INLET

2X3 93,94
0-—@'—'—1 P————@—O-—@-+——@ 0 91,92
I 2,3/ 6,7 8 9 10 11,12[13,14

4,5 (@~

HOT LEG

@ —132, 133 RCP INLET
@ 134, 135 I2|2, 213
$—1136

|

101

137, 138
<1 210, 211

) ®_ o /O

70,171 i7a 177,178

@ \rzz,:?s @

CROSS OVER LEG
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Figure 4.1 (3) MARC Elbow Model - (Piping)
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Figure 4.1 (4) MARC Elbow Model - (Node and Element Numbers for

Hot Leg and Cold Leg Elbows)
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CROSSOVER-LEG ELBOWS

101, 102 _~»
@ lQ3= 15 118 = I3Q
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! !
116 131
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109 124
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(D
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~.-_*170,I7I 147 162
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Figure 4.1 (5) MARC Elbow Model - (Node and Element Numbers for

Crossover-Leg Elbows)
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Nos. P2, P3, and P4 in MARC Analysis
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5. TEST RESULTS
5.1 Test Procedure

A total of 45 tests were carried out with the test model
including sinusoidal and random vibration tests to obtain the
characteristics of the test model. Table 5-1 lists the HLVT runs
and gives an outline of the test procedures. Figure 5-1 illus-
trates the test procedure and identifies the nomenclature assigned
to the various test stages. Also, Table 5-2 lists the details of
all the tests performed and shows the entire test history of the
test model. The excitation level of the vibration table is denoted
by the ratio to the maximum excitation run (MPR). The test was
divided into three stages, i.e., preliminary test, high level
vibration test part 1, and high level vibration test part 2. With
the exception of some early preliminary tests, all tests were
conducted with the piping at a constant pressure of 157 kg/cm?.
Photographs of the test model are included in Appendix A. Details
of the transducers and measuring points are provided in Appendices
B and C, respectively.

Appendix D provides a summary of some of the data that was
recorded during the test program. It contains table operating data
as well as response information. Representative data is presented
for each of the three test stages, that is, from the preliminary
tests (up to 0.1 MPR), the high level vibration test, Part 1 (0.2
and 0.4 MPR), and the high level vibration test, Part 2 (0.4 and
1.0 MPR). The 0.4 MPR test was repeated because of structural
modifications that were done at that time. At each test stage,
information is plotted to show:

Response spectra (table excitation)

Maximum response distributions

Instantaneous response distributions

Transfer function (SG response to table input)
Hysteresis loops

Time history response

The major test runs are described in the following
subsections.

5.1.1 Preliminary Test

Low-level excitation tests up to run 4 are included in this
stage. The main objective of this stage is to determine the
dynamic characteristics of the test model-vibration table system
in the elastic range. Therefore, the maximum strain response of
the test model was kept to a micro-strain below 2000 (0.2%
strain). The test procedure and objective of each run are
described below.



Tapping test -~ The natural frequencies in the X and Y-
direction were measured by tapping the top of the steam generator
(8G). The free vibration responses were recorded by accelerometers
mounted on the top of the SG.

Warm-up tests - A warm-up test was performed using a low-
amplitude sinuscidal motioen. The polarity of all sensors was
determined during this test.

Random tests - Random motions were used to determine the
transfer function of the combined system of the model and the
shaking table. Applied excitations were uncompensated pink-noise
with a duration of 10 seconds and the peak acceleration described
in Table 5-2 in terms of 3o0.

Sinusoidal tests - Sine-sweep tests were performed to identify
the vibration frequencies and damping values.

Run 1 - Two input motions, i.e., A-A-A~A and A-B-C-D were
scaled to 5% of full-scale.

Runs 2, 3 and 4 - Low level excitation runs at 0.075 MPR and
0.1 MPR were performed to refine the transfer function and
establish the linear responses. The 0.1 MPR test was repeated
twice since the trip was triggered after segment-C by the strain
reading of 153X.

5.1.2 High Level Vibration Test Part 1

Runs 5 through 10 are included in this stage, and the
excitation level is increased from 0.2 MPR to 1.0 MPR. In order
to minimize the fatigue damage due to intermediate level excita-
tions, only the first segment was excited in runs 9 (0.6 MPR), 9*
(0.8 MPR) and 10 (1.0 MPR).

A banging sound occurred inside the test frame during runs 7
and 8. After run 9* the cause of the sound was found to be due to
the slippage of the baseplate at the SG pin-support. The
pretension in the bolts of the baseplate was increased up to the
limit for run 10, but it was not sufficient to prevent the
slippage. Therefore, attention should be paid to unexpected non-
linearities in the data evaluation of these runs (runs 9, 9%, and
10').

5.1.3 High Level Vibration Test Part 2

After run 10' the model was reinforced. Excitations after the
reinforcement, i.e. runs 8+* through 14' are included in this stage.
Inelastic fatigue cracks initiated during run 11, and continued to
grow at each input at the 1.0 MPR level. Inspection of the cracks
was conducted after each subsequent run. The testing was completed
after run 14°,
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5.1.4 Inspection Method

The as-built dimensions of the test model were established on
the basis of design dimensions, shop dimensional records and
measurements at Tadotsu during the overall check of the test model.
Reference points were marked on the test model and on the support
frame structure. The distance between two reference points was
measured before the test (after modification of test model) and
after completion of the last HLVT run for comparison. Ten (10)
sets of scratch marks were indicated on the SG inlet elbow around
selected strain gages to measure the permanent strain induced by
the HLVT runs. Diameters in two directions and circumferences of
the pipe and the elbows were measured after modification of the
test model (for establishment of the initial condition) and after
each test run if the test run induced large strains above yield.
These measurements were made at the hot leg elbow, both ends of the
straight portion of the hot leg pipe and the crossover leg elbow
closest to the SG. Reference points were marked for diameter
measurements before the initial measurement. Visual inspection
(TV) was performed after each test run to check the integrity of
the test model. Liquid penetrant examination (PT) was performed
on the applicable portions after test runs which induced large
strains. A metallurgical investigation of the highly strained
portion of the pipe was also conducted and is fully discussed in
Section 6.0.

5.2 Results of Preliminary Test
5.2.1 Sine-Sweep Excitation

Test conditions of the sine-sweep excitation are listed below.

(Excitation Level) (Freguency Range) (Freguency Increment)
10 gal 2 7 30Hz C.2Hz
10 gal 2 ~ 7.8Hz 0.05Hz

The frequency responses of the horizontal and pitching
components of the table acceleration are shown in Figure 5-2.
Although the excitation level is very small, the vibration table
is well controlled and the fluctuation of the excitation level in
the frequency range up to 30Hz is within 20% of the target level.

The response of typical measuring points on the SG are shown

in Figure 5-3 in the form of a transfer function. Figure 5-3
jllustrates the transfer function measurement of natural
frequencies. Based on these results, the vibration frequencies

were determined as:



3.2Hz
6.4Hz

¥Y-direction: f
X-direction: f

The damping for the X-direction vibration mode was found to
be 0.86% as shown in Figure 5.4. At the higher frequency region,
the following two peaks were recognized:

£
£

20.2Hz (SG torsion)
28.0Hz (RCP vibration)

Figure 5-5 shows the vibration mode shape of the predominant mode
at 6.4Hz.

5.2.2 Low-Level Earthquake Excitation

Test conditions of the earthquake wave excitation are shown
in Table 5-3, where runs 2 though 4 are defined as the preliminary
test. As a typical case of the preliminary test, the results of
run 4 (0.1 MPR) are discussed below.

Response spectrum: The response spectrum of the table acceleration
is a measure of the controllability of the vibration table. As
shown in Figure D.1, the response spectrum of the horizontal table
acceleration was within about 10% of the target spectrum, and the
pitching, rolling and yawing components were also well suppressed
to less than about 10% of the horizontal acceleration.

Maximum response distribution: Figure D.2 shows the maximum
response distribution at run 4 (0.1 MPR). The maximum value is
defined as the largest absolute response value that occurred during
the full four segment excitation. The maximum strain of the piping
was observed at the cross section HR3A, which is the interface of
the straight pipe and the elbow of the hot leg. A discontinuity
of the pipe wall thickness exists there. Relatively large strain
was distributed over the upper part of the piping in the vicinity
of this portion. The axial strain was the largest component at
most measuring points.

Instantaneous response distribution: Figure D.3 shows the
instantaneous response distribution at the time when the maximum
strain was recorded. The tensile strain at the upper part of cross
section HR3A and the lower part of the reactor vessel (RV) nozzle
(cross section HR1A) was produced when the SG is at the furthest
distance from the RV.

Transfer function: Figure D.4 shows the transfer function of the
SG top acceleration to table acceleration as calculated by the FFT
method. The peak frequency of the earthquake wave response
obtained from the transfer function is about the same as the
natural frequency measured by the sine-sweep excitation.



Hysteresis loop: The inertia force acting on the SG estimated from
the acceleration records at the SG top and bottom is plotted
against the displacement of the SG top as shown in Figure D.5.
Since the area enclosed by this loop corresponds for the most part
to the dissipated energy of the test model, the equivalent damping
ratio is approximately calculated as follows;

1 B
C= 4m - Ep (5.1)
where,
¢ ¢ equivalent damping ratio

Ey: dissipated energy
Ep;: potential energy

Time history of response: Figure D.6 shows the respcnse time
history of typical measuring points.

5.3 High Level Vibration Test Part 1

Runs 5 through 10 are included in this stage, during which the
excitation level was increased from 0.2 MPR to 1.0 MPR. Runs 5
(0.2 MPR) through 8 (0.4 MPR) were four-segment excitations (A-B-
c-D) and runs 9 (0.6 MPR) through 10 (1.0 MPR) wvere one-segment
excitations using only the first A-segment.

During run 5 (0.2 MPR), a high pitching ratic of 20% was
obtained in the table motion. The next excitation, run 6 (0.3
MPR), was used as the first input to restart the compensation for
the subsequent compensation process. Since the 0.3 MPR test was
not compensated, a relatively large difference was observed between
the target and actual table motions. In subseguent runs 7 and 8,
the table control was acceptable. It was found later that the
slippage of the baseplate at the SG pin-support started during
these tests.

During run 9 (0.6 MPR) and 9% (0.8 MPR), a rattling sound was
created by the slippage of the baseplate. The pretension of the
bolts of the baseplate was increased to eliminate the slippage.
At the 0.8 MPR test, the achieved peak velocity was only S53cm/sec,
making the intended 0.8 MPR test equivalent to 0.7 MPR. This
reduction of the table motion was caused by the vibration of the
test model.

During run 10 (1.0 MPR), a loud banging noise was heard again.
A newly installed transducer recorded a maximum slippage of the
baseplate of 5mm. Based on the response spectrum ratic of the
table acceleration, the actual excitation level was calculated to
be about 0.85 MPR. After this test, it was decided to reinforce
both the baseplate and the SG pad support joints.
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The results of run 5 (0.2 MPR) and 8 (0.4 MPR) are discussed
below as the typical cases of this stage.

Table motion: Due to repeated compensation runs, goocd table
contrel accuracy was achieved in a period range of less than 0.1
second, as shown in Figure D.7.

Maximum response distribution: The maximum strain distribution of
the hot leg pipe durlng runs 5 and 8 are illustrated in Figure D.S.
A high plastlc strain is observed in the axial strain at the upper
half of the pipe in the vicinity of the cross-section HR3A.

Instantaneous response distribution: The instantaneous response
distributions of the strain in the hot leg pipe and the SG

displacement during runs 5 and 8 are shown in Figure D.9. The
ratioc of the strain values and the displacement values is the sane
as those of the preliminary test.

Transfer function: It is observed in run 8 (quure D.10) that the
predominant frequency is reduced and the peak is broadened compared
with those of run 5 due to the increased plastic action.

Hysteresis loops: Figure D.11 shows the hysteresis loops of the
shear force and the top relative displacement of the SG. The area
of the hysteresis loops seems to be increased with the excitation
level. Some additional damping due to the slippage of the
baseplate may be included in these loops.

Time history response: Typical measuring points for runs 5 and 8
are shown in the time history plots (Figure D.12). It can be
observed that all four segments of the input motion produced a
similar peak response. Also, a drift is cbserved in some of the
strain readings, particularly for the hoop strain at HR3B-BRY.

Excitation level and maximum responses: The relationship of the
maximum response values of selected measuring points are plotted
against the peak velocity of the table motion in Figure 5.6. The
same plots are shown for the predominant frequency and the
equivalent damping ratio in Figures 5.7 and 5.8. Since the
measured responses at higher excitation levels may contain the
unexpected nonlinear effects due to the slippage of the baseplate,
the results obtained in Part 2 should be used for comparlng the
analysis and test results. 1In Figure 5.6 (3), the maximum value
of the shear force at the SG pin-support has a tendency to level
off at higher excitation levels. It may be further evidence of
the cccurrence of slippage.




5.4 High Level Vibration Test Part 2

The hlgh level excitation tests after the reinforcement of the
SG support, i.e., runs 8** through 14' are included in this stage.
The details of the reinforcement of the pad-support and baseplates
are shown in Appendix E.

After the reinforcement of the test model, the time scale of
the input motion was changed because the elastlc frequency of the
test model increased from 6.38Hz to 6.64Hz. The corresponding
plastic frequency was estimated to be 5.8Hz compared with 5.35Hz
which had been used before the reinforcement. Therefore, the new
time interval, At, was calculated as,

At = 0.005 sec. x 5.35Hz/5.8Hz = 0.004612 sec.

The peak values of the input motion were changed as follows:

Acceleratiocn: 1908.8 gal
Velocity: 75 cm/sec.
Displacement: 16.74 cnm

After run 9 (0.75 MPR), slight bulging was observed on the
top of the straight part of the hot leg pipe about a distance of
one pipe diameter away from the elbow. After run 10 (1.0 MPR), the
bulging was clearly recognized. However, no significant pressure
drop was observed during the test. After run 11 (1.0 MPR), surface
cracks were found at the upper part of the hot leg pipe, near the
transition point of the straight and elbow parts. The maximum
crack depth was 2.5mm and the maximum length was 15mm. These
cracks were separated from each other, and some of them were too
small to clearly recognize.

During the subsequent 1.0 MPR runs, the cracks grew and merged
together to form a large crack. At the same time, the bulging
seemed to stop growing as the crack growth continued. Only the
first segment (A-segment) was used for the final run (No. 14') to
avoid the possibility of any table damage due to pipe leakage or
a catastrophic failure.

As the typical cases of this stage, the results of run 8*%*
(0.4 MPR), run 11 (1.0 MPR) and run 14' (1.0 MPR; one-segment
excitation) are discussed below.

Table motion: As described above, the time scale of the input
motion was changed for run 8**, This run was used as the initial
input for the following compensation process. Therefore, the
motion of this run had a relatively large deviation from the target
spectrum (Figure D.13). The iterative compensation was conducted
in the following runs 9, 10 and 11, and good control accuracy was
achieved in run 11. The input motion of run 11 was used for the
subsequent runs 12, 13 and 14' without compensation.
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Maximum response distribution: The maximum strain distributions
of the hot leg pipe are illustrated in Figure D.14 for runs 8&%k,
11 and 14°. There is no significant difference in the strain
distribution between these three runs. The highest measured strain
of 2.28% occurred during the run 11 at the top of the cross section
HR3A,

Instantaneous response distribution: The instantaneous response
distribution of the strain in the hot leg pipe and the SG relative

displacement are shown in Figure D.15 for runs 8** and 11. It can
be observed that there is no significant change in the ratio from
the previous runs.

Transfer function: The transfer functions of the SG top
acceleration to the table acceleration are shown in Figure D.16.
The peak of run 8%** (0.4 MPR) shows that the natural frequency of
the test model slightly increased due tc the reinforcement. Also,
the peaks of runs 11 and 14°' are broadened considerably due to the
plastic action.

Hysteresis loops: A comparison of Figures D.11 (2) and D.17 (1)
for the 0.4 MPR runs indicates that the shape of the hysteresis
loops of the shear force and the top relative displacement of the
SG are guite similar, but the peak shear force increased after the
reinforcement.

Time history response: Figure D.18 shows time history responses
of typical measuring points for runs 8**, 11 and 14°'. The time

history of the strain in the hot leg pipe at HR3A-BX in run 11l
produced the highest strain of 2.28% in compression, and the strain
response reduced suddenly after recording this peak. The
inspection after this run showed that one of the cracks was located
3.5mm from the strain gage HR3A~BX and it might have caused de-
bonding of the gage. Also, a significant drift or ratchetting is
observed in the responses of HR3B-BY (hoop strain). This gage is
the closest to the peak of the bulge near the hot leg elbow.

Excitation level and maximum responses: The maximum response
values of the SG responses and the strains in the hot leg pipe are
plotted against the peak velocity of the vibration table in Figure
5.9. It can be seen from Figure 5.9 (3) that the measured value
of the shear force at the SG pin-connection is considerably higher
than those from the Part 1 tests and analytical values. Figures
5.10 and 5.11 show some plots for the predominant frequency and the
equivalent damping ratio calculated from the hysteresis loops.

The maximum test responses that were recorded after run 4, run
8#%* and run 11 are listed in Table 5.4.



5.5 Inspection results
5.5.1 Dimension of the Test Model

In order to evaluate the amount of permanent deformation of
the test model during the HLVT runs, some dimensions of the test
model were measured. The procedure and results are shown below.
The figures and tables pertaining to this discussion are included
in Appendix F.

As-built test model location: Figure F.l shows the as-built test
model location (plane location). Dimensiocnal measurements were
conducted 3 times (just after the modification, just after the SG
support reinforcement and after completion of the HLVT runs). The
results of these measurements were essentially the same.

Relative Movement of the Test Model: Reference peints were marked
on the test model and the support frame structure to measure the
relative movement due to dynamic testing. The distance between two
points was measured 3 times (just after the modification, Jjust
after the SG support reinforcement and after completion of the HLVT
runs) by using a measuring tape. Figures F.2 through F.5 show the
measured peints and Tables F.1 through F.11 show the results of the
measuremnents.

From the results of the measurements as shown in Figures F.€é and
F.7 the following conclusions were drawn: 1) the top of the 585G
moved toward the opposite side of RV nozzle in the X-direction and
toward the opposite side of the RCP in the Y-direction, 2) there
was no other remarkable change other than the aforesaid.

5.5.2 Piping Diameter and Circumference
In order to evaluate the amount of plastic deformation in the
piping, the diameter and the circumference of the piping were

measured. The procedure and results are shown below.

Method of measurement: The outside diameter was measured by using
a micrometer. Circumferential length was measured by using a wire.

Time and item measurement: The time and item of measurement are
shown in Table F.12 and the measurement locatiocns are shown in
Figures F.8 through F.10. Additional measurements were made on the
swelling location of the hot leg pipe after completion of the HLVT
as shown in Figure F.11l.

Results of measurements: Results of the measurements are shown in
Tables F.13 and F.14. A visible change in the pipe diameter was
observed on the hot leg straight pipe. The maximum increase in
the circumferential length of that portion was measured to be about
1%. The dimensional changes in the swelling portion of the pipe
are shown in Figures F.12 and F.13.
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The records show that the diameter and circumferential length of
H' became unexpectedly larger after Run 9. Judging from the data
of adjacent locations of H' such as G' and F', whose records did
not show such a change, the diameter and circumferential length of
H' probably did not become larger, but may have been measured at
the incorrect point and circumference. The strain and
circumferential length of H' are shown in Figure F.14. There were
no large strains such as to produce the plastic deformation.

Accuracy of measurement: The document "The Accuracy of Measurement
of Component Location" (ZKS~A036 Rev. 0) refers to the accuracy of
the measurements. The resultant accuracy is summarized as follows:

Accuracy referred Resultant
in the document accuracy Reason
(ZKS - A036) assuned
The diameter of the (i) The top of anvil
pipe measurement; and spindle of out-
within 0.06mm side micrometer used

at HLVT was not pin-
shaped but thick and

1 within 0.5mm flat.

(ii) The surface of
the pipe was not ideal
Plane.

These made it diffi-
cult to set the anvil
and spindle of the
outside micrometer
on 2 reference points
on the pipe in the
complete same manner,
and caused the error.

The circumferential (i) The length of wire
length of the pipe varied with the
measurement; tension force.

within 1lmm (ii) on measuring the

circumferential length
the wire was wound
within 2mm around the circum-
ference of the pipe

2 and the wire was set
on 4 reference points
marked on the pipe.
When the wire was set
on 4 reference points
again, it could not

be set precisely on
the same circumference
of the pipe as before.




5.5.3 Crack Propagation

Figure 5.12 illustrates the observed size of the crack after
each excitation run. The crack depth measured by the Electro-
Resistance Method is shown in Figure 5.13. The crack depth was
also measured by directly installing a thin piano wire into the
crack. It showed the crack depth was more than about 24mm.

Note that the results of the crack depth measurements were
obtained as the ratio of the crack depth to the thickness of the
pipe wall, and the measured results in Figure 5.12 and 5.13 are
shown as the percentage of the crack depth to the wall thickness.
The crack growth process and the final crack profile are
illustrated in Figure 5.14.

5.5.4 Cumulative Strain and Displacement

The cumulative strain distributicn of the hot leg pipe is shown
in Figure D.19. Relatively large cumulative strains were observed
at both the top of the elbow side and the bottom of the RV side of
the hot leg straight piping.

The cumulative displacement of the SG top is shown in Figure D-
20, After the reinforcement, the SG moved gradually toward the
opposite side of the RV.

5.6 Evaluation of Test Results
5.6.1 Behavior of Test Model Under Earthquake Response
1) Dynamic Characteristics

The predominant vibration mode of the test model, as illustrated
in Figure 5.5, represents a rigid body-like rotation of the SG
around the pin-support. The damping ratio and vibration freguency
regarding this particular mode are studied below.

Figure 5.15 illustrates the estimation of the transfer function
(SG top displacement/table acceleration) natural frequency and the
damping ratio using the AR method during runs 4, 8%* and 11. 1In
this calculation, the entire four-segment records are used for the
numerical processing.

Figure 5.16 compares the damping ratios obtained by the 2R
method and those calculated from the hysteresis loops. These
results indicate that the damping values calculated from the
hysteresis loops are much higher than those obtained by the AR
methods using the entire time history data. The above difference
is clearly illustrated by the time history of plastic strain energy
in Figure 5.17. The plastic energy increases at the predominant
part of the response, and the equivalent damping was calculated
using the hysteresis loops at this portion of the response.
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Therefore, the damping ratio of 0.86% measured in the elastic
region (sinusoidal excitation) should be compared with those
estimated by the AR transfer function, and the equivalent damping
ratio calculated from hysteresis loops may be regarded as a measure
of the energy consumption due to plastic deformation.

Figure 5.18 shows comparisons of natural frequencies evaluated
by the transfer functions using the FFT method and the AR method.
The natural frequencies evaluated by both the methods agree well.

In order to investigate the frequency content of the response,
the vibration period of the displacement time history at top of the
SG was measured, as shown in Figure 5.19. The results show that
the frequency at the predominant part of the response decreased
when the excitation 1level increased. On the other hand, the
frequency at the free vibration part of the response seems to be
constant. Generally, the transient response of the structure
consists of the natural frequency component excited by the shock
input and the <forced vibration component which has the same
frequency as the input motion. In the case of the HLVT, it is
found that the predominant component of the response changes from
the free vibration component to the forced vibration component when
the excitation level increased.

2) Relationship between input level and peak responses

The peak SG top displacement and acceleration are plotted
against the input peak velocity for all runs in Figures 5.20 and
5.21. The acceleration responses tend to level off at higher
excitations, and the corresponding response magnification factor
reduces as the equivalent damping ratio increases.

Figure 5.22 shows the same plots for the peak strain values of
the hot leg pipe. At locations where higher strain values are
recorded, a significant plastic strain increase is observed at the
higher excitation level, indicating the development of a localized
concentration of plasticity.

5.6.2 Estimation of Member Force

Force and moment acting on the piping were estimated from
measured strains as described in Appendix G. The strain
distribution was assumed to be that of an elastic uniform beam, and
Young's modulus normally used for design (E=1.99 x 10'kg/mm’) was
assumed. The estimated member forces for typical test cases are
shown in Table 5.5. The instantaneous strain distribution when
the SG top achieved its maximum displacement was used for the
estimation.



The results show that the estimated member forces in different
cross sections of the hot leg in the elastic run (run 4:0.1MPR)
agree well with each other and these values seem to be reliable.
on the other hand, the estimated values become very large in the
plastic runs (Runs 8** and 11) due to the local plastic strain at
cross sections HR1 and HR3C. Because of the assumption of an
elastic strain distribution, it is difficult to estimate the member
forces in the plastic runs quantitatively. More refined analysis
is required to better estimate the member forces in the plastic
runs.

5.6.3 Fatigue Damage
The fatigue usage factor was evaluated using the strain

measurements and the following procedure. The axial stress was
estimated by

O, = E K o (g5 + vey) (5.2)
1-v
where
o, Axial Stress
e,: Axial Strain (measured strain at HR3A - BX)

Hoop Strain (measured strain at HR3A - BY)
: Poisson Ratio (=0.5)
: Young's modulus ratio (=1.99 x 10°kg/mn’)

The K-value in the above equation represents the ratio of the
actual strain at the crack location to the measured strain. This
value was assumed to be K = 1.35 as described in Appendix H.

The stress amplitude and number of stress cycles were
determined using the rain flow method. The fatigue damage factor
was evaluated as

k
D; = % ny
i=1 N,

where,

D,: Fatigue damage factor at run j

N,: Fatigue life at stress level i

n,: Equivalent number of stress cycles at level i
k : Number of divisions of stress level (=64)

As illustrated in Figure 5.23, three fatigue strength curves were
used.



The calculated fatiqgue damage factors are given in Table 5.6.
Using the fatigue curve obtained from the post-test examination
data, the fatigue usage factor exceeds 1.0 during run 14°'. During
that test the crack almost penetrated the pipe wall. Using the
design fatigue curve, the final damage value was calculated to be
3.8, indicating the conservative estimate of fatigue life in the
design formulation.

It is known that ratchet strain is one of the major factors
affecting the failure mechanism of pressurized piping. In the HLVT
test, the total accumulated ratchet strain was 2 to 3% (after run
11) compared to the ultimate elongation of the material of about
40%. Therefore, ratchetting does not appear to be a major factor
for the HLVT. Based on the above evaluation, it can be judged that
the failure of the test model was mainly due to low-cycle fatigue
damage under high-amplitude loading reversals.

5.6.4 Evaluation of the Safety Margin

The safety margin for the HLVT model can be expressed in the
following form:

Safety Margin = A/B
where,

A = The maximum base input acceleration 1level which was
withstood during the test without collapse.

B = The allowable base input acceleratiocn level using Class
1 piping stress limits.

The criteria for piping systems is based on ASME Section III.
The evaluation of the primary stress is as follows:

B,PDe B,DoM,
s = 2t + 2I < 3Sm

where

Stress Indices

Pressure

Outside pipe diameter

Wall thickness

Moment of inertia

Resultant moment due to dead weight and seismic loading
Allowable stress for SSE earthquake loading
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The allowable stress limit for primary stress is 3sm. The
primary stress consists of dead weight, pressure and selsmlc
stresses. For the piping of the HLVT model, 3Sm = 42kg/mm’?, the
pressure stress = 4.8 kg/mm and the dead weight stress = 0.1
kg/mm?. Therefore, the maximum allowable seismic stress is found
to be 37. 1kg/mm

Linear elastic time history analysis was performed on the HLVT
model using the same 1nput wave as the test. The allowable base
input loading for the seismic stress (37. 1kg/mm ) was obtained by
scaling the input wave for the HLVT. The fatigue usage for the
allowable base input was also estimated.

The calculated results are summarized below:

1) The maximum base input loading confirmed during the test
(A)...Q@Q.- 1895 gal

2) The maximum allowable base input loading (B)........ 240 gal

3) The fatigue usage factor for the allowable base input motion was
found to be 0.2; therefore, it was confirmed that at this level
the primary stress limits of the code would control rather than
fatigue.

4) Based on (1) and (2), it is estimated that the safety margin is
(A)/(B) = 7.9.

In summary, it was found that the current code allowable level
based upon linear elastic analysis is approximately 8 times less
than the maximum test level.



Table 5.1
Test Prccedures

Run No. Contents Notes
Run 2 0.075 MPR Runs 2 through 4 were performed as a
Run 2 0.10 MPR series of interactive compensation

excitations. Target level was set as
0.10 MPR and excitation gain was

Run 4 0.10 MPR adjusted properly to increase table
acceleration gradually. The transfer
function of the vibration table
measured during the proving test phase
2 was employed for table control.

- Measurement Excitation level was set as large as
of the possible keeping the response-of the
transfer test model within the elastic region.

function of
the vibration

table.
- Discussion Review data of Runs 2 through 4 and
of data determine excitation wave for elastic=-
plastic excitation (after run 5).
Run 5 0.20 MPR Runs 5 through 8 were performed
following the same procedure as
Run 6 0.30 MPR those of Runs 1 through 4 (i.e.,
Run 7 . 0.35 MPR interactive compensation with target
Run 8 0.40 MPR level 0.40 MPR and increase excitation
level gradually).
- Discussion Review data of Runs 5 through 8 and
of data determine excitation level of Runs 9°¢
and 9%°,
Run 9° 0.60 MPR Compensated input wave run achieved
! 0.80 MPR in Run 8 was scaled-up and only first
one segment was applied.
- Discussion Review data of Runs 9'and 9*' and
of data determine excitation level of Run 10°.
- 0.05 MPR Compensated input wave achieved in Run
8 was scaled-down and only first one
segment was applied at 0.05 MPR.
Run 10° 1.0 MPR Compensated input wave achieved in Run

8 was scaled-up and excited at 1.0
MPR. Only first one segment was
applied.
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Table 5.1 - Continued

Test Procedures

Run No. Contents Notes
- Reinforcement of the model and
restoration of the instruments.
Run 8%* 0.4 MPR The same input wave of Run 8 was
employed and excited at 0.4 MPR.
Run 8%%* 0.4 MPR The time scale of input
(revised wave was changed and excited
time scale) at 0.4 MPR
- 0.05 MPR Compensated input wave achieved in Run
8 was scaled-down and only first one
segment was excited at 0.05 MPR.
Run 9 0.75 MPR Input wave of Run 8** was scaled-
Run 10 1.0 MPR up and excited at 0.75 and 1.0 MPR.
- Discussion Review data of Runs 9 and 10.
of data
Run 11 1.0 MPR Same as Run 10.
(2nd run)
- Inspection of
the crack
Run 12 1.0 MPR Same as Run 10.
(3rd run)
Run 13 1.0 MPR Same as Run 10.
(4th run)
Run 14° 1.0 MPR Same as Run 10, but only first
(5th run) one segment was applied.
- Discussion Review all data and decide to
of data finish the test.

Inspection of
the test model
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Table 5.3 Test Condition of Earthquake Wave Excitation

Targetlgggiltation Excitation wave
Run No. Acceleration g:;;lent One Note
MPR ) segment

(gal) (AEEE) (A)
Run 2 0.075 133 O
Run 4 0.1 177 O
Run 5 | 02 354 O
Run 6 0.3 532 O
Run 7 0.35 620 O
Run 8 0.4 709 O
Run 9’ 0.6 1063 O
Run 9+ | 0.8 1489 O
‘Run 10’ | 1.0 1772 O
Run 8x 04 709 O
Run 8+ | 0.4 758 O "vaialgesﬁf?tleed
Run 9 0.75 1421 O 0
Run 10 | 1.0 1895 O $
Run 11 | 1.0 1895 O 1
Run 12 | 1.0 1895 O ?
Run 13 | 1.0 1895 O ?
Run 14’ 1.0 1895 O 1




Table 5.4 Maximum Test Response (A-Segment)

Top of SG

Ux (cm)
Uy (cm)
Ax (cm)
Ay (cm)

Top of RCP

Ux (cm)
Uy (cm)
Ax (gal)
Ay (gal)

SG Pin Support
Fx (ton)
Fz (ton)
Mx (ton-m)
RCP Snubbers

83x (ton)
84x (ton)

Strain in Piping (%)*

Hot Leg
at RV-end

Hot Leg at
Tapered Joint

Hot leg
at Elbow

Crossover Leg
at SG-end

(135X)
(135Y)

(153X)
(153Y)

(207X)
(207Y)

(Axial)
(Hoop)

RUN 4
(0.1 MPR)

0.95
0.14
1630

212

0.021
0.011
395
175

0.078
0.006

0.153
0.038

0.10
0.059

0.02
0.01

*X-axial strain, Y-hoop strain

22

RUN 8#*%*
(0.4 MPR)

3.88
0.92
5470

510

0.076

0.04

1610
825

254
90
3.68

RUN 11
(1.0 MPR)

7.64
3.04
7280

600

0.104
0.05
3800
1230

402
152
6.14



Table 5.5

Estimated Member Force

Locati Cross RUN 4 | RUN 8+ [ RUN 11
ocation Section (0.1 MPR) { (0.4 MPR) | (1.0 MPR)
Fx -154.642 818.907 | -2280.910
HR1 |My 23.086 -116.020 307.0€9
Mz -1.778 1.494 5.3%3
Hot L. Fx -141.906 880.179 | -2011.125
ot L8| HR3C |My -20.483 100.278 -214.869
Mz 2.718 -9.778 -17.482
Fx -150.679 566.325 -637.928
HR5 [My -18.047 33.655 14.703
Mz 4.809 -6.820 -5.317 -
Fx 14.197 -52.118. 92.910
Fy 21.376 -61.734 82.153
Cross Fz 8.455 -35.653 -67.239
XR3  |yg 1.355 .2.453 1.650
Over My 4.178 -15.349 22.875
Mz -11.599 39.761 -74.047
Leg Fx -5.241 -20.282 36.234
XR9 |My -1.578 -5.561 -10.483
Mz 6.049 292.394 43.210
Fx 4.886 -14.809 35.955
CR1 |My -1.324 3.365 -4.842
Cold Mz 3.756 -9.966 13.255
Leg Fx 4.351 -17.817 41.603
CR3 |My 0.619 -1.720 2.065
Mz -1.622 3.763 -4.421
/G Inartial
S/G Inarti Fx 47.1 -156.8 171.4
Force
- |Fx 12.0 249.6 -404.4
Support Leg Fz 9.9 87.3 139.0
Mx 0.2 3.9 6.0
UNIT : Force : Ton

Moment : Ton-m




Table 5.6

Fatigue Damage Calculation

Fatigue Design ASME best—fit Post-test Exam
Run U.F. Total y.p, rotal U.F. Total
2 0.015  0.015 0.000  0.000 0.000  £.000
3 0.013  0.028 0.000  0.000 0.000  0.000
4 0.025  0.053 0.000  0.000 0.000  0.000
5 0.077  0.130 0.003  0.003 0.000  0.001
6 0.032  0.162 0.001  0.004 0.000  0.002
7 0.088  0.250 0.004  0.008 0.003  0.005
8 0.006  0.346 0.005  0.013 0.006  0.010
9’ 0.007  0.353 0.000  0.013 0.000  0.010
9" 0.066  0.419 0.006 0.0 0.008  0.018
10 0.115  0.534 0.013  0.032 0.02  0.060
8x 0.187  0.721 0.012  0.044 0.014  0.074
§ 0.10  0.822 0.006  0.050 0.005  0.079
9 0.471  1.293 0.040  0.090 0.074  0.153
10 0.467  1.760 0.02  0.132 0.094  0.247
11 0.629  2.389 0.099  0.231 0.244  0.491
12 0.629  3.018 0.099  0.330 0.244 0735
13 0.629  3.647 0.099  0.429 0.244  0.979
14 0.157  3.804 0.025  0.454 0.061  1.040
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run 2
run 3
run 4
run b
run 6
run 7
run 8
run 9’

run 9%’

run 10’

run 8x

run 8=

run 9

run 10

run 11

run 12

run 13

run 14’

(0.075MPR)

(0.10MPR)
(0.10MPR)
(0.20MPR)
(0.30MPR)
(0.35MPR)
(0.40MPR)
~(0.60MPR)
(0.80MPR)
(0.05MPR)
(1.0MPR)

(0.4MPR)

frequency
shifted
0.4MPR
(0.05MPR)

(0.75MPR)

1.0MPR
ist run
(2 d run)

ndrun)
1.0MPR
4th run
<5th run)

=
=)
E
=

excitation level

- -—
1.0MPR
Note : Prime (’ )denotes

one segment
wave excitation

<] Reinforcement

Figure 5.1

5-25

preliminary
test

high level
vibration
test part 1

high level
vibration
test part 2

Test Procedure

Y
A




UOT3RIDTIODOY OTgeI JO

a[qe} uoljeaqiy

]

2

[qe} uoljeuqia jo
jurod joJjuojy

(Uo1jeI 1OX] JO UOI}daII()

8 "BE

o g2 221 L
' T Al a8 .
=
Q
Q
@
Pt
1]
s
S
—
r—
o
=
o~
o
Y
Pt
N
uorjeJajacoe Juryoy iy |
e °gs

d.Z

osuodsay

Aouonboaag g°g =2anbtg

. [ana] je8ae]
702

o
<

19A8] j83Je]

uorjedajadoe [ejuoZlJO})

B.X

2 "85

2°B
Z °B
- -0
—.
oy
O
=
p=te
<]
o
-
™
-
p=te
o
(o)
‘8-t
Z°8
e 8
I
(e]
O
®
—
®
=
o
-
e
©
3
o
&a
)
—
A4

5-26



(ausweoeTdsT() UOT3IOUNL ISFJSURIL (1) £€°¢ =2anbtd

0|5
\l

B
04

2l

=]y

(7l1)  Adudnbauy

-BE 3 ‘22 2-art

3R

—

ov9

uo132311p-% doj J/S Jo juawaoeidsi(

(Zlf)  Aouanbauy

3 "RE 3 "az a-at

0ze

“oga -

.8

uoiydaxip-y doy /g jo ummsmom_awm: 0%3

Qa2 "8

208 91ge]
*ds1p 9su0dsay

(IEE//WW)

ooe 81qe]
*ds1p asuodsay

(188 /uu)

5-27



192- 9. fcceleration of S/G top X-direction
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Figure 5.4 Transfer Function (Nyguist Diagram)
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6.0 POST-TEST EXAMINATION OF HOT LEG
6.1 Objective

The cracks and bulging in the hot leg pipe that were observed
after the HLVT are illustrated in Figure 6.1. The details of the
crack growth process are shown in Figures 5.12 to 5.14. To support
the evaluation of the HLVT results, detailed measurements were made
of the bulging and cracks, and material properties were
investigated. Included in this chapter are discussions of the
following items:

(1) Investigation of cracks which were not identified during the
vibration tests.

(2) Measurements of dimensions of the hot leg pipe
(3) Crack behavior

(4) Measurements of tensile strength and low cycle fatigue
strength

(5) Others
6.2 Post-Test Examination Plan
6.2.1 Test Items

The test items included in the post-test examination program
are shown in Table 6.1. Selected items are further discussed
below.

The existance of any cracks other than the dominant crack as
shown in Figure 5-12 was determined by visual inspections and dye
penetrant tests on the inner surface of the piping. The dimensions
and locations of any additional cracks were measured.

For the bulged regions, the extension of bulging and change
of wall thickness were measured. The actual size of the dominant
crack was also measured after the crack surface was exposed. Crack
growth behavior was investigated by fractegraphy.

As for the piping material properties, metallurgical tests
and mechanical tests were performed. Tensile tests of the bulged
pipe material were conducted to obtain data concerning the effect
of bulging on the tensile properties of the straight pipe. Fatigue
initiation and crack growth tests of the elbow material were
carried out to obtain data necessary to analyze the initiation and
propagation of the dominant crack.



6.2.2 Cutting Plan

To conduct the post-test examination program described above,
it was necessary to cut the test pipe properly and obtain
sufficient test specimens. The cutting process is shown in Figure
K.1 of Appendix K. First, the test pipe was cut circumferentially
into four blocks. Block #1 for the elbow, Block #2 for the cracked
area, Block #3 for the non- damaged straight pipe and Block #4 for
the end segment to the pressure vessel.

Then, blocks #1, 2 and 4 were cut longitudinally for the
inspection of their inner surface. Specimens for macro and micro
structures were cut from blocks #2A, and 4A. Macro and micre
specimens for cross sections were also cut from blocks #2A, 2B, 4A
and 4B.

Tensile specimens were cut from the straight pipe at the
bulged region. Specimens for fatigue crack initiation and
propagation were cut from the elbow. Dimensions of these specimens
are shown in Figure K.2. Details of all the examined locations
are shown in Figure 6.2.

6.2.3 Test Procedures

The test procedures are summarized in Figure 6.3 and discussed
below. All tests were done at room temperature.

(1) Tensile Tests
Specimens with fillets were used to perform the tensile tests.

During the 1loading, the displacement between the fillets was
recorded. Stresses and strains were calculated as follows:

nominal stress oy = P/A
nominal strain € = Ad/d
true stress O, = (1+e€)oy
true strain e = 1n (1+€)

where, P was the locad, A was the cross sectional area, and d was
distance between the fillets.

(2) Low Cycle Fatigue Tests

As the cracked region had been subjected to high strain
cycling during the HLVT, low cycle fatigue tests were done at very
high strain levels. Hourglass type specimens were used and their
diametral displacement was controlled at four levels. During the
test, hysteresis loops were recorded. The number of cycles to
crack initiation and failure were measured. Crack initiation was



defined as the number of cycles at which the applied load
decreased. Diametral strain was converted to longitudinal strain
by the following equation: :

D 1-—
Ast=21n. _c+ 2v
D¢

Asqv

where, Dc is the diametral strain in compression, Dt 1is the
diametral strain in tension, v is Poisson's ratio, and E is Young's
modulus.

(3) Fatigue Crack Growth Rate Tests

Low cycle fatigue crack growth rates were measured by compact

specimens. Since the HLVT showed a high rate of crack growth,
tests were conducted in the plastic deformation region where the
J-integral is used as a parameter. During the test, the load-

displacement was recorded. The crack length was calculated from
the load to load-displacement relationship of the unloading process
by the unloading compliance method. The crack length was
approximated to polynomials of the applied cycles and the crack
growth rate was calculated from the derivatives of the polynomials.
The J-integral value was calculated from the load displacement
curve as follows:

_2A 1+7 EAJ
i :1) 1+772 l—V2

Nd

where, A is the applied energy, B is the thickness, b is the
ligament length, and n is the shape factor.

6.3 Test Results
6.3.1 Appearance
(1) Visual Inspection and Dye Penetrant Test

The overall view of the hot leg pipe when it arrived at the
Takasago R&D Center is shown in Figure 6.4. A close up view of
the dominant crack is shown in Figure 6.5.

This pipe was cut into several blocks and inspected. Four

small circumferential cracks, about 3 to 5 mm long, were identified
on the inner surface of block #2A. No cracks were found on the

inner surfaces of any other blocks. Luder's band marks were
jdentified on the inner surfaces around the weld joints and in the
bulged regions. Details of the inner surface examinations are

shown in Figures K.3 to K.6 of Appendix K.
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(2) Small Cracks on the Inner Surface

The depth of the small cracks which were found by dye
penetrant testing was measured by a Crack Depth Meter based on the
electric resistance method developed by Mitsubishi Heavy
Industries. As shown in Figure K.7, the depth of these cracks
ranged from 1 to 3 mm.

(3) Dimensions

The thickness of the pipe was measured by a Sonick detector
and by a Mitsutoyo micrometer. As shown in Figure K.8, there was
no remarkable change of thickness found at the bulging region
compared with the undamaged part.

The diameter and circumferential length of the pipe were
measured by a Mitsutoyo large micrometer and an ordinary scale.
The results are shown in Table 6-2 and Figure K.9. There was about
a 3 mm increase in the diameter and about a 10 mm increase in the
circumferential length at the cross section of the bulged region
on the top side of the pipe. There was also about a 1.5 mm
increase in the diameter and about a 3 mm increase in the
circumferential length at the cross section of the bulged region.

6.3.2 Metallugical Test
(1) Macro- and Microstructures

Macrostructures of the longitudinal cross section of the pipe
at the crack 1location are shown in Figure 6.6. Additional
macrostructures of the longitudinal and circumferential cross
sections are shown in Figures K.10 to K.12 of Appendix K.
Reasonable structures common to dual phase stainless steels are
recognized at the regions of crack initiation and bulging. cCrack
origins were located at the outer surface of the elbow and were
about 45 mm from the center of the pipe-to-elbow weld joint.

Microstructures of the cross sections at the crack initiation,
bulged and undamaged regions are shown in Figures K.13 to K.16.
As in the case of the macrostructures, only reasonable structures
were observed.

2. Fractography

The fracture surface of the dominant crack was broken open at

low temperature and is shown in Figures 6.7 and 6.8. On the
fracture surface, several beach marks were identified and the crack
was observed to have grown almost to the inner surface. The

remaining ligament was only about 1.5 mm in thickness.



Typical crack origins are shown in Figure 6.9. It is obvious
that the crack initiations were caused by fatique. Near the
origin, striations were observed by Scannlng Electron Microscope
(SEM) examinations. Apart from the origin, deformation slips and
dimples dominated the fracture surface. In this area, periodic
characteristics related to high amplitude cyclic 1load were
recognized. The SEM observations are shown in Figures K.17 and
K.18 of Appendix K.

In summary, the cracks were initiated by cyclic locad and
propagated slowly at first. Then, as the crack grew, the growth
rate increased.

6.3.3 Mechanical Property Tests
(1) Hardness

Hardness in the region of crack initiation and bulging, which
was subjected to high strain during the HLVT, was higher than in
others areas. The distribution of the dlamond pyramid hardness
measured on the macro specimens is shown in Figure K.19.

(2) Tensile Strength

Tensile test results are shown in Table 6-3. Tensile
properties for the virgin condition are also shown in the same
table. The 0.2% proof stress and tensile strength after the HLVT
were higher than those for the virgin condition. The tensile
strength was not increased much by the HLVT; however, the 0.2%
proof stress was increased by about 43%. The stress-strain
relationships are shown in Figure 6.10. The specimens after the
test are shown in Figure K.20. The surface became rugged because
of the large grain and inhomogeniety of the test material. The
tensile test results for the weld metal are also shown in Figure
6.10. The 0.2% proof stress is higher than the base metal and the
tensile strength is also slightly higher.

(3) Low Cycle Fatigue Strength

Low cycle fatigue tests were conducted on the MTS servo-
hydraulic testing machine as shown in Figure K.21l. The test was
strain controlled. Loads (stresses) during the test are shown in
Figure K.22 and hysteresis loops are shown in Figure K.23.

The test results are shown in Table 6-4 and Figure K.24. The
data are compared with the low cycle fatigue strength of Japanese
austenitic stainless steels as shown in Figure K.25. The current
data are in good agreement with these data. In Figure K.25, the
results of the low-cycle fatigue tests of weld metals are also
shown. These results indicate there is no significant difference
in fatigue strength between the weld metal and the base metal.
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The appearance of the specimens after the tests is shown in
Figure K.26. Their surfaces are rugged and the irregularity
increased for the specimens with higher applied strain.

(4) Fatigue Crack Growth Rate

Fatigue crack growth rate tests were done on another MTS
testing machine as shown in Figure K.27. In order to obtain the
same order of crack growth rate as experienced during the HLVT, a
high-amplitude load was applied. During the test, the maximum load
was kept constant. As shown in Figure K.28, as load was cycled
more, the plastic deformation of the specimen increased. The crack
length and J-integral are shown in Figures K.29 and X.30 as a
function of the applied number of load cylces.

The test results are shown in Figure K.31l. The crack growth
rate is:

da/dN = 5.67 X 10 aK*®

Test results are compared with low cylce fatigue crack growth rates
of Japanese austenitic stainless steels in Figure K.32. Current
data are in good agreement with these data. The appearance of the
specimens after the tests is shown in Figure K.33.

6.4 Summary of Post-Test Examination

The hot leg pipe of the HLVT model was investigated at the
Takasago R&D Center of MHI. Conclusions are as follows:

(1) No large cracks, other than the dominant crack on the outer
surface, were found. The dominant crack initiated and
propagated by cyclic forces. :

(2) Several small cracks on the inner surface were found opposite
the outer crack portion.

(3) The outer surface of the dominant crack portion had been
repaired by shielded metal arc welding, prior to the HLVT by
the material manufacturer.

(4) At the top bulged portion, the diameter and circumferential
length increased slightly (= 0.8% and = 0.9%, respectively).
A thickness change was not clearly identified.

(5) Metallurgical examination of the fracture surface of the
dominant crack revealed a series of beach marks. Based on
Scanning Electron Mircroscope (SEM) examinations, it appears
that locations where striations clearly dominated were limited
to Runs 11 and 12 and the beginning of Run 13. The crack
propagated by fatigue during these runs. The fracture surface
also shows increasing amounts of dimple rupture starting in
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(6)

(7)

(8)

(9)

Run 11 and increasing to the point that the evidence of
striations has disappeared by the end of Run 13. The crack
propagation in most of Run 13 and all of Run 14 was due to
dimple rupture. During these last two runs, rapid crack
propagation is observed due to the ductile tearing on each of
the load cycles.

Test specimens taken from the top bulged portion showed strain
hardening, i.e. the 0.2% proof stress increased compared with
that of the virgin material.

Low cycle fatigue tests were conducted with Ae, from = 1% to
~ 6%. The low cycle fatigue strength of the base metal and
the weld metal were in good agreement with that of Japanese
austenitic stainless steels. Also, the low cycle fatigue
strength of the weld metal was found to be the same as that
of the base metal.

Based on the macrostructure examinations, the bulged portions
had the same metallurgical structure as the non-bulged
portion.

Crack Propagation Mechanism
- Cracks were caused and propagated by fatigue.

- When the crack was small, it propagated slowly and left
striations.

- As the crack grew, it propagated fast and left deformation
slips and dimples.

- For the region where striations were observed, the applied
load cycles were roughly calculated from the striation
spacings. In addition, the applied load cycles were roughly
estimated from the intervals of the fracture surface
characteristics.

- Cracks were subjected to very high, plastic range, stresses.
Furthermore, the loading amplitudes were varied. These
conditions made it difficult to estimate the number of
applied load cycles from the fracture surface examination.
With this limit in mind, the total number of applied cycles
was roughly estimated to be about 500-700 cycles.

- The actual applied load cycles were about 800, based on the
time history responses, and it was concluded that the above
estimated value fell within a reasonable range.
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Table 6.3

Tensile Test Results

Tensile  10.2 % proof | Tensile |Eiongation | Reduction
roperties| ctress 0.2 | Strength | - g ! of Area Remarks
Base Metal (kgf/mm2) ( %% (%) (%)
Specification 210 - 490 - 330 L d=2 14
SCS 14 A - CF 7 el =4 =33 GL=70
Specification - 211 - 492 : 300 o d=212.7
SA - 351 CF8M | o o GL=50.8
Before N d=210
HLVT MCP1 22.7 51.3 47.6 63.9 GL=50
i d=g 10
Svalght MCP2* 23.0 51.5 47.0 66.3
pipe GL=50
d=210
MCP3* 23.4 51.9 444 67.8 GL =50
After d=210
1 A . X :
HLVUT 2A 32 53.8 46.0 79.8 GL=50
Bulged ) 0 33.7 55.0 39.0 775 | 97219
pipe | ) ' ' GL=50

* Internal test data of virgin material MHI
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Figure 6.1 Bulging of the Test Pipe
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Figure 6.2 Details of Examined Location
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Figure 6.7 Crack Propagation Behavior
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Figure 6.9 Details of Crack Origins
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7.0 POST-TEST ANALYSIS
7.1 Input Motion

The accelerogram input to the seismic simulator is shown in
Flgure 7.1. The recorded table motion durlng Run 11 on April 22,
1988 is also shown in Figure 7.2 for comparison. Although the peak
acceleration is increased by 27% from the original input signal
(1909 gal to 2431 gal), the response spectrum and peak velocity
value, which may be more representative of the actual response
potential, are closely reproduced. The three recorded table
motions during Run 4 (0.1 MPR), Run 8*%* (0.4 MPR) and Run 11 (1.0
MPR) were selected in the post-test analysis to represent a mostly
elastic, a moderately plastic and a fully plastic response,
respectively. Moreover, only the first segment (A-segment) was
used in the analysis as shown in Figures 7.3 to 7.5. An analysis
has indicated that the table:motion components other than the
excited motion, e.g., pitching and rolling motions, have negligible
effects on the responses of the test model. Therefore, only the
excited motion, i.e., A,, was used in the subsequent analysis.

7.2 Analysis Model Description
7.2.1 General

In addition to the MARC elbow model used in the pre-test
prediction analysis, four other models were developed using the
MARC and ABAQUS Codes for the post-test analysis. These are
designated as the MARC plate model, the ABAQUS elbow model, the
ABAQUS beam model and the ABAQUS shell model. Among these models,
the ABAQUS shell model was used only for a static analysis to study
the strain concentration near the crack location in the hot leg
pipe. The other four models were used to study the differences in
calculated responses due to different codes and different modeling
at three excitation levels. The details of each analysis model are
described below.

7.2.2 MARC Elbow Model

The same model as shown in Figure 4.1 was used with a few
minor changes. For the SG pin-connection, all the rotational
components are assumed free while all the translational components
are restricted, maklng the connection an ideal pin in all three
directions. Thls is to reflect the existence of a gap at the pin
connection. The same assumption is applied to all the following
analysis models. Moreover, to simulate the reinforcement at the
pad-support performed between Run 10' and Run 8%, the elements
directly connected to the SG channel head, i.e. elements 223, 226,
229, and 232 in Figure 4.1, are assumed to be rigid for the
analysis of Run 8*%* and 11. The rest of the model is identical to
the one used in the pre-test analysis.
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7.2.3 MARC Plate Model

The foregoing MARC elbow model simplifies piping modeling by
using 3~D beam elements for a straight segment and axisymmetric
shell elements with a uniform strain along the pipe axis for a
pipebend segment. The MARC plate model was developed to investi-
gate possible differences in strain responses around the hot leg
elbow when the above simplifications in modeling are eliminated.
The four-node flat-plate element (element 75) was used to model
the critical portion of the hot leg pipe as shown in Figure 7-6.
Twenty four elements are used around the circumference; therefore,
a cross~section has forty eight integration points.

A significant simplification was made to save memory space
for the parts of the model which are expected to stay in the
elastic range. The truss elements to model the SG channel head as
well as the SG support beams were replaced by the equivalent
rotational springs, K, and K,. The rotational spring constant was
determined based on a linear static analysis using the foregoing
MARC elbow model as,

K, = K, = 1.2 E + 9 (kgecm/rad)...before reinforcement
1.6 E + 9 (kgecm/rad)...after reinforcement

Moreover, the RCP, crossover leg and the cold leg pipes were
replaced by a "super element," which is connected to the SG at
Node 331 (see Figure 7-6). The ANSYS Code was used to obtain the
properties of the "super element" as follows:

- Translational springs (kg/cm)
K, = 3.47 E+4, K, = 6.65 E+4, K,
- Rotational springs (kgecm/rad)
Ry = 2.27 E+9, K, = 1.09 E+9, K, = 8.0 E+8
- Translational masses (kg-sec’/cm)
M, = 0.62, My = 0.89, M, = 0.96
- Rotational masses (kgecm-sec?)
I, = 1.16 E+4, I, = 2.72 E+3, I, = 5.94 E+3

5.21 E+4

In developing the above model, the use of curved shell
elements, which seemed to be a logical choice, was attempted. This
was not successful due to a serious numerical instability problem

even during the 0.1 MPR level analysis. The same numerical
problem, although to a smaller degree, was experienced during a
full-plastic analysis using the flat-plate element. Because of

this, only the peak portion of the input motion (from 1.0 sec to
1.6 sec) was analyzed for the 1.0 MPR excitation.



7.2.4 ABAQUS Elbow Model

In addition to the two MARC models, the ABAQUS Code was used
to compare time history responses using different computer codes.
The elbow elements in the MARC Code are formulated based on Fourier
interpolation around the circumference and linear or quadratic
interpolation along the pipe axis. In this formulation, the
ovalization of a cross-section is approximated by Fourier series,
called the "ovalization modes" in the documentation of the ABAQUS
Code, which are truncated after M terms.

To model the piping of the test model, the two-node elbow
element, "ELBOW 31," was used for straight pipes, and the three-
node elbow element, "ELBOW 32," was used for pipebends. Linear
polynomials are used for "ELBOW 31," and quadratic polynomials are
used for "ELBOW 32," to interpolate strains along the pipe axis.
Twelve integration points and three ovalization nodes were used for
both of the elbow elements. A comparison with a more detailed
model using eighteen integration points and six ovalization nodes
showed no noticeable improvement, both in the overall responses of
the SG and the strain responses of the piping. Therefore, the
above piping modeling was used throughout the analyses discussed
below. Figures 7.7 to 7.11 show the analysis model and Table 7.1
lists the element properties. The model is identical with the MARC
elbow model except for the piping modeling and a few details,
reflecting differences in codes. The non-uniform pipe thickness
around the circumference is not considered in modeling elbows since
the ABAQUS elbow element assumes uniform thickness. The hinge
connections at the leg-supports of the RCP (nodes 301 and 302, etc.
in Figure 7.9) are modeled by constraint equations without using
additional beam elements (i.e., elements 254 and 255 in Figure
4.1). Moreover, the snubbers are modeled as a parallel combination
of a spring and a dashpot (see Table 7.1).

7.2.5 ABAQUS Beam Model

The piping of the test model, especially the elbows, is a
relatively thick-wall design. The piping modeling of the foregoing
analysis models, however, are based on thin-wall shell assumptions.
An additional analysis model was developed to obtain responses
without the shell-type deformation of piping in order to compare
with the foregoing models. The above ABAQUS elbow model was
modified for this purpose by replacing the elbow elements, ¥“ELBOW
31" and "ELBOW 32," by nonlinear beam elements, "B31" and "B32,%
respectively. Therefore, in this modeling, the effect of the
internal pressure is not included.



7.2.6 ABAQUS Shell Model

The ABAQUS shell model was developed to examine the detailed
strain distribution at the critical section of the hot leg pipe
where cracks occurred. Only static analysis was performed using
this model. As illustrated in Figure 7.12, the model is very
similar to the foregoing MARC plate model. 1In this model, eight-
node doubly curved thick-shell elements, "S8R," are used to model
the critical part of the hot leg pipe. Twelve shell elements are
used around the circumference. Nonlinear beam elements are used
for the remaining part of the hot leg pipe.

7.2.7 Material Properties

No changes were made regarding the material properties for
the MARC Models as shown in Figure 4.2 and Table 4.1. A multi-
linear curve was used to model the stress-strain relationship of
the stainless steel virgin material used for the piping. In using
the ABAQUS Code, however, a bilinear curve as listed in Table 7.2
is used for the same material, since it is the only available
option. In using both the MARC and ABAQUS Codes, the kinematic
hardening rule was used to prescribe the hysteretic behavior of the
material. More advanced plastic material modeling, such as the 0Oak
Ridge Model, is not available in current commercial codes in such
a way that the complex hardening behavior, resulting from random
cyclic strain reversal, can be reproduced to fit the stress-strain

curves obtained from laboratory tests. Since the kinematic
hardening rule is "history-independent," the effect of previous
loadings could not be incorporated in the analyses. Therefore,

each analysis was performed as an isolated run.

Viscous damping was assumed to be 0.8% at the vibration
frequency in the excited direction. The damping matrix was assumed
proportional to the mass matrix.

7.3 Analysis Results
7.3.1 Vibration Frequencies

The measured and calculated vibration frequencies are listed
in Table 7.3. The mode shapes of the first three modes of the

ABAQUS elbow model are also shown in Figures 7.13 to 7.15. The
calculated frequency in the excitation direction ranges from 6.46Hz

to 6.81Hz compared with the measured value of 6.64Hz. For the
vibration frequency in the direction orthogonal to the table
moction, however, the range is much higher, i.e., from 2.23Hz to

3.81Hz compared with the measured value of 3.15Hz. In both the
MARC and ABAQUS elbow models, the analysis overestimated the
frequency in the Y-direction by about 20%. This difference may be



largely attributed to the additional flexibility caused by the gap
at the SG pin-connection. The effect of the flexibility of the
supporting frame at the RV-end of the hot leg pipe seems
negligible. By including additional springs at the connection,
the vibration frequency in the X-direction decreased by only 0.6%.

7.3.2 Response of Steam Generator

The maximum responses during the first segment of the selected
three runs are listed in Tables 7.4 to 7.6, including displacement
and acceleration at the top of the SG and the RCP, forces at the
SG pin-connection and snubbers, and selected strain values. In the
MARC analysis, the plate model was used only for the 0.1 MPR and
the 1.0 MPR tests. Moreover, time history respcnses for the 1.0
MPR test were not obtained since only the peak part of the base
‘motion was analyzed due to numerical instability problems. In the
ABAQUS analysis, two sets of material properties were used as
listed in Table 7.2 for the 0.4 MPR and 1.0 MPR tests. Thus, there
was a total of four analyses for each run, except for the 0.1 MPR
test in which only the original yield stress values were used.

In Figures 7.16 to 7.18, the relationship of the peak input
velocity versus the peak responses of the SG, (i.e., the top
relative displacement, the top absolute acceleration and the shear
force at the pin-connection) are shown in which the analysis values
from Table 7.4 to 7.6 are indicated by a range. From these
comparisons, it can be said that the acceleration and displacement
responses of the SG in the X-direction agree fairly well,
especially at lower excitation levels. The ABAQUS elbow model
gives the best prediction at the 0.1 MPR level. However, at the
1.0 MPR level, the MARC analyses have slightly better results than
the ABAQUS analyses.

In spite of the above agreement in the responses in the X-
direction, all the analyses underestimate the responses of the SG
in the Y-direction, as well as the shear force at the pin-
connection in both directions. After the reinforcement of the SG
support, the shear force at the pin-connection increased
considerably. However, the analyses, which are more representative
of the test specimen conditions after the reinforcement, follow the
lower shear force values obtained before the reinforcement.

The hysteretic behavior of the SG hot leg pipe system is
illustrated in Figures 7.19 to 7.21 in terms of the top SG relative
displacement and the shear force at a cross-section of the SG right
above the hot leg connection nozzle. The reversed S-shape type
nonlinearity observed in the hysteresis loops at the 0.1 MPR test,
which may be attributed to the gap at the SG pin-connection, is not
present in the analysis results as shown in Figure 7.19. Other
than this difference, the ABAQUS analysis results agree fairly well



with the observed hysteretic behavior at the 0.1 MPR and 0.4 MPR
tests. However, at the 1.0 MPR test, the calculated hysteretic
loops show a slightly lower yield strength and higher hysteretic
damping compared to the test results (see Figure 7.21).

The comparison of time histories are shown in Figures 7.22 to
7.51 for selected channels. The time histories relevant to the
responses of the SG are Figures 7.22, 7.32 and 7.42 for the
relative displacement in the X-direction, Figures 7.23, 7.33 and
7.43 for the relative displacement in the Y-direction, Figures
7.25, 7.35 and 7.45 for the absolute acceleration in the X-
direction, and Figures 7.26, 7.36 and 7.46 for the shear force at
the pin-connection. A clear similarity can be observed between
test and analyses for the SG responses in the X-direction and the
shear force. However, all the analyses underestimate the responses
in the Y-direction. Moreover, the observed one-sided biased
response in U, was not reproduced in the analysis. The biased
response may be caused by the nonlinear behavior at the SG pin-
connection due to the gap which is not reflected in the analysis
models.

7.3.3 Response of Reactor Coolant Pump

The response of the steam generator is dominated by the
inertia force of the large mass of the SG itself and the inelastic
resistance of the hot leg pipe. The contribution by the crossover
leg pipe is very minor based on the calculated forces in the pipes.
For the response of the RCP, the effect of the transmitted force
through the crossover leg pipe is not negligible, considering the
relatively small mass of the RCP. The time histories of the RCP
given in Figures 7.24, 7.34, 7.44 show a little more complex nature
of the RCP responses due to the contributions by the inertia force
of the RCP, the transmitted forces by the crossover leg pipe and
the resistance by the hot leg pipe.

The comparison of the peak responses in Table 7.4 to 7.6 shows
that the analyses agree fairly well at the 0.1 MPR level,
especially the ABAQUS models. However, at higher excitation
levels, the analyses overestimate the displacement response and
under-estimate the acceleration response in the X-direction. The
peak snubber forces are relatively well predicted especially in
the ABAQUS analyses.

7.3.4 Strain in Hot Leg Pipe

The hot leg pipe was the most heavily instrumented part of
the test model since major plastic action, as well as crack
initiation, was expected. About 140 strain gages were used to
monitor the elastic-plastic deformation behavior of the pipe.
The corresponding analysis results are described in detail in this
report. In Tables 7.4 to 7.6, comparisons of the peak strain
values at nine key locations are listed. The location 135 is at
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the bottom of the RV end; the locations 143, 148 and 153 are at the
top of the straight portion near the elbow; and the locations 164
and 207 are at the top of the elbow near the SG end. Similar
comparisons in the strain time histories are also shown in Figures
7.27 to 7.31 for the 0.1 MPR test, Figures 7.37 to 7.41 for the 0.4
MPR test, and Figures 7.47 to 7.51 for the 1.0 MPR test. Figures
7.52 to 7.54 illustrate the axial strain distribution of the test
and analyses for each of three runs. The comparisons of the
circumferential strain distribution are also given for both axial
and hoop strains in Figures 7.55 to 7.66. In addition, strain time
histories at eight locations are shown for each analysis run in
Figures 7.67 to 7.82.

At the 0.1 MPR level, the peak responses in Table 7.4 indicate
that all the analyses underestimate the axial strain at 153X.
Comparisons in Table 7.4 and Figure 7.52 show that the ABAQUS elbow
model gives the best prediction and the MARC plate model also
provides a fairly good prediction. The MARC elbow model
consistently underestimates the axial strain and overestimates the
hoop strain compared to test results and other analysis results.
It should be noted that the initial yield strain of the stainless
steel used for the hot leg pipe is about 0.1%. Since the strains
calculated using the MARC elbow model and the ABAQUS beam model are
within this yield 1limit, these two analysis results are purely
elastic solutions. For the ABAQUS elbow model, a purely elastic
analysis gives a lower strain value for 153X (e.g., by assuming the
linear property in the ABAQUS elbow model, the peak strain value
at 153X is reduced from 0.124% to 0.11%). The circumferential
strain distributions, particularly by the ABAQUS elbow model, agree
well with the measured ones (see Figures 7.58 and 7.59) except the
axial strain distribution obtained by the MARC elbow model (see
Figure 7.55).

At the 0.4 MPR and 1.0 MPR levels, discrepancies between
analysis and test results become clearer. The comparisons of
strain time histories in Figures 7.37 to 7.41 and Figures 7.47 to
7.51 show a "ratchetting phenomenon” in the analysis results using
elbow models which is not present in the test results. These time
histories indicate a significant bulge in the hot leg pipe and the
axial strains drift to either the tension or the compression side.
These trends are more prominent in the ABAQUS analyses than in the
MARC analyses. During the tests, bulging was observed in the hot
leg pipe about one pipe diameter from the transition peint.
However, the observed bulging is much smaller than the elbow model
analyses indicate. Moreover, virtually no drifts are observed in
the measured time histories of axial strain. The comparisons of
the peak strains at the 1.0 MPR level in Table 7.6 and Figure 7.54
indicate that the ABAQUS beam model gives a much better prediction
of axial strain than the MARC and ABAQUS elbow models. Since the
beam model yields no shell-type deformations, these comparisons



indicate that the elbow models overestimate the ovalization of the
HLVT hot leg pipe which may be classified as a thick-walled pipe
(thickness ratic is 0.09 for straight part and 0.11 for elbow
part).

The ovalization behavior can be more clearly compared in the
form of circumferential strain distributions. Figures 7.62 and
7.63 show the comparison of the circumferential strain distribution
by the MARC elbow model at the time the analysis predicted the peak
axial strain at 153X location. Clearly, the analysis considerably
overestimates the ovalization deformation in the plastic region.
Figures 7.64 to 7.66 show the comparisons using the MARC plate
model and the ABAQUS elbow model at the time the analysis predicted
the peak displacement of the steam generator. Fairly good
agreement can be seen in these comparisons. However, the
"ratchetting" starts right after this peak in these analyses.

In the ABAQUS elbow model, it was found that the assumed yield
stress values have a significant impact on the calculated strain
values. Comparisons of peak and time history responses indicate
that the use of higher yield stress values significantly reduces
the ‘'ratchetting phencmenon® and, thus, leads to a better

prediction. In order to determine the material properties
correctly for each run, the stress increase due to prior loading
reversals should be evaluated. This is not possible in the

foregoing analyses since the currently available commercial codes
are not capable of reproducing the complex hardening behavior under
cyclic loadings. As mentioned before, the kinematic hardening rule
is used in both the MARC and ABAQUS analyses since it is the best
available option for nonlinear dynamic analyses of piping. A more
sophisticated material modeling should be developed to improve the
capability of shell-type analysis under nonlinear loading
reversals.

As an overall comparison regarding the prediction of strains
in the hot leg pipe, the ABAQUS elbow model and MARC plate model
produce fairly good results at the 0.1 MPR level. However, at
higher excitation levels, both the MARC and ABAQUS elbow models
overestimate the ovalization effect and a "ratchet-like" effect
appeared in the analyses. At the highly plastic region, a simpler
modeling using beam elements seems to produce better results for
the thick-walled HLVT piping. Although both the MARC and ABAQUS
elbow models produced similar "ratchet-like" effects at higher
excitation levels, one remarkable difference was noticed between
the two analyses at all the excitation levels. In the MARC elbow
model, the largest strain in the hot leg elbow occurs at the inside
hoop strain, whereas in the ABAQUS elbow model it is at the outside
axial strain.



7.4 Additional Static Analysis

To supplement the above dynamic analyses in which the shell-
type deformations were approximated by use of beam, elbow and plate
elements, an additional static analysis was performed using eight-
node doubly curved thick shell elements as shown in Figure 7.12.
The specific objective of this analysis was to obtain the detailed
strain distribution around the critical part of the hot leg pipe.
A lateral displacement was applied at the top and bottom of the SG
in the X-direction and monotonically increased up to the recorded
peak values at the 1.0 MPR test (U, = 7.64 cm). The original
stress-strain relationship was used in the analysis.

Figure 7.83 shows the calculated relationship between the
applied SG top displacement and strain values at several locations.
Within the element nearest to gage 153X, the axial strain varies
from 2% to 4% along the pipe axis. Also, the ratio of the average
strain over the gage length of 153X to the strain value at the
crack location was calculated to be about 1.3 based on the shape
function of the shell element. From the same figure, it can be
observed that plastic strains around 153X develop rapidly after
reaching the yield value. Figures 7.84 and 7.85 show the strain
contours at 20% and 100% of the SG displacement, respectively. A
clear formation of a plastic hinge is observed at the transition
point from the straight and elbow parts of the hot leg pipe. The
strain concentration around gage 153X increases at larger dis-
placement levels. However, the hoop strain 1is much less
concentrated. At the maximum displacement level, the calculated
shear force at the SG pin-connection is 218.0 tons; which is closer
to the value of the ABAQUS elbow model than the recorded wvalue.

7.5 Conclusions from Post-Test Analysis

Based on the comparisons of analyses and test results, the
following conclusions can be drawn:

> The input base motion was very accurately reproduced in terms
of response spectrum and peak velocity.

+ For the SG and RCP responses, i.e., relative displacement and
absolute acceleration, all the analyses agree reasonably well
with recorded values at all the excitation levels.

« The snubber forces were well predicted. However, the shear force
at the SG pin-connection was underestimated by as much as 50%.

« At load levels corresponding to the onset of plasticity, e.g.,
at the 0.1 MPR level, the ABAQUS elbow model reproduced the
recorded responses very well, including the ovalization effect
at and near the hot leg pipe elbow.



At the higher plastic ranges, e.g., at the 0.4 MPR and 1.0 MPR
levels, both the MARC and ABAQUS elbow models exhibit a "ratchet-
like phenomenon" in the strain responses of the hot leg elbow
which was not present in the test results. The simpler model
using beam elements produced a better result than the elbow
models for the plastic deformation for the thick-walled HLVT
piping.

Material properties, especially the hardening due to previous
cyclic loadings, have a significant impact on the calculated
strain responses using shell-~type elements.

Currently available commercial computer codes are not capable of
reproducing the complex strain hardening behavior of steel under
earthquake-like cyclic loads.

According to a detailed static analysis, the maximum strain near
the cracks may have been higher than the recorded value of 2.3%
at gage 153X.



Table 7.1 ABAQUS Elbow Model-Element Properties

Element No. Material Element Type D1= D2#* D3*
{HOT LEG PIPE)

1,20 El Pipe 10 50

2 Pl Straight Elbow 2.91 17.67

3 P2 Straight Elbow 2.91 17.67

4-11 P3 Straight Elbow 2.91 17.67

12,13 P3 Straight Elbow 2.8 17.67

14 P3 Elbow 3.71 18.43

15 P3 Elbow 3.76 18.74

16 P3 Elbow 3.81 19.05

17 P3 Elbow 3.86 19.36

18 P3 Elbow 3.91 19.66

19 P4 Straight Elbow 3.11 18.86

(CROSSOVER LEG PIPE)

41 El Pipe i0 50

42,44,46 P3 Elbow 3.91 19.66

43,45 P3 Straight Elbow 3.11 18.86
{(COLD LEG PIPE)

66,70 El Pipe 10 50

67,68 P3 Straight Elbow 2.75 17.72

69 P3 Elbow 3.515 17.485

(8/G)

33,34,35 E2 Pipe i0 50

36-40 E2 Pipe 4 69.25
{(8/G BUPPORT)

71,72,73,74 E3 Rigid Beam

75,76,77,78 E3 Beam 413 4.488E+4 4.553E+4



Table 7.1 (Cont'd)

D2

Element No. Material Element Type D1* D3*

79-86 E3 Beam 820 1.76E+5 2.47E+5

87,90 E3 Rigid Beam

88,89 E3 Beam 720 1.16E+5 9.6E+4

{RCP)

47-50 E2 Pipe 6.86 35.435

57-58 E2 Pipe 40 43.5

59 E2 Pipe 4 51.5

60-65 E2 Pipe 4 38.16

102,103 Snubbers 1.5E+5 0.15
{RCP-SUPPORT) _

91-96 E2 Beam 115.2 2,14E43 1.99E+4

97,98,99 E2 Pipe 1.59 7.0

100 E2 Beam 38.4 205 73.7

101 E2 Beam 345.6 6.64E+4 8.67E+3

*NOTE:

Pipe D1 = thickness (cm), D2 = Outsite radius (cm)

Elbow D1 = thickness (cm), D2 = Outside radius (cm)

Beam D1 = A (cm®), D2 = Ix (cm‘), D3 = Iy (cm")

Snubbers D1

Axial Stiffness (kg/cm), D2 =

~J
i

12

Damping ratio



Table 7.2 ABAQUS MODEL-MATERIAL PROPERTIES

No. Material Type E(kg/cm’) fy(kg/cm?) Ep (kg/cm?)
El Elastic 4.0E+6
E2 Elastic 1.96E+6
E2 Elastic 2.10E+6
Pl Bilinear 1.99E+6 4900 1.0E+3
P2 Bilinear 1.99E+6 3086 (4051) 4 .94E+4
P3 Bilinear 1.99E+6 2430(3190) 3.89E+4
P4 Bilinear 1.99E+6 2928 (3844) 4.68E+4
NOTE:

(1) Ep is the post-yield modulus.
(2) Yield stress within parenthesis is used for additional analyses
to account for the yield stress increase due to prior runs.



TABLE 7.3 COMPARISON OF VIBRATION FREQUENCIES

Test
(Before Reinforcement)

(After Reinforcement)

MARC Elbow Model (B.R.)
MARC Elbow Model (A.R.)
MARC Flat-Plate Model

ABAQUS Elbow Model
ABAQUS Beam Model
ABAQUS Shell Model=*

SG-X

6.38
6.64

6.35
6.46
6.81

6.59
6.68
6.55

* Model used for static analysis

14

Hz
Hz

Hz
Hz
Hz

Hz
Hz
Hz

S5G-Y

3.15
3.15

3.81
3.61
2.23

3.76
3.80
2.71

Hz
Hz

Hz
Hz
Hz

Hz
Hz
Hz



TABLE 7.4 COMPARISON OF PEAK RESPONSES AT 0.1 MPR (A-Segment)
MARC ANALYSIS ABAQUS ANALYSIS
Test Elbow Model Plate Model Elbow Model Beam Model
SG
Ux (cm) 0.95 0.808 1.04 0.95 0.945
Uy (cm) 0.14 0.062 0.070 0.093 0.074
Ax (gal) 1630 1276 1606 1580 1610
Av (gal) 212 55 25 102 890
RCP
Ux (cm) 0.021 0.016 - 0.021 0.020
Uy (cm) 0.011 0.0035 - 0.003 0.0C3
Ax(gal) 395 188 - 220 221
Ay (gal) 175 i3 - 29 36
PIN
Fx(ton) 7.0 31.6 34.1 33.9 32.2
Mx (ton-m)0.16 0.32 0.58 0.51 6.29
SNUBBERS .
83x(ton) 2.66 - 2.85 2.66
84x(ton) 1.15 . - 1.48 1.5
H.L.Strain(%)
135x 0.078 0.053 0.086 0.058 ‘0,058
143x 0.068 0.048 0.067 0.058 0.063
148x 0.073 0.057 0.083 0.086 0.080
153x% 0.153 0.062 0.114 0.124 0.083
153y 0.038 - 0.019 0.030 -
164x 0.054 0.030 0.067 0.078 0.062
164y 0.045 0.070 0.022 0.036 -
207x 0.10 0.028 0.051 0.081 0.061
207y 0.059 0.080 0.003 0.033 -



TABLE 7:5 COMPARISON OF PEAK RESPONSES AT 0.4 MPR (A-Segment)
MARC ‘
ANALYSIS ABAQUS ANALYSIS
Test Elbow Elbow Elbow* Beam Beam*
Model Model Model Model Model
SGc
Ux (cm) 3.88 3.32 3.38 3.75 3.55 3.68
Uy (cm) 0.92 0.31 0.41 0.44 0.31 0.33
Ax (gal) 5470 3928 4400 5180 4450 5240
Ay (gal) 510 309 371 402 284 327
RCP
Ux (cm) 0.076 0.067 0.079 0.084 0.081 0.085
Uy (cm) 0.04 0.02 0.015 0.019 0.016 0.017
Ax(gal) 1610 1196 1210 1210 1210 1270
Ay (gal) 825 186 292 254 408 447
PIN
Fx (ton) 254 119 110 124 105 116
Mx(ton-m)3.68 0.8 0.9 1.17 0.93 1.05
SNUBBERS
83x(ton) 13.5 10.5 11.1 10.9 11.3
84x(ton) 6.6 5.8 6.3 5.9 6.4
H.L.Strain(%)
135x 0.39 0.25 0.80 0.48 0.36 0.29
143x 0.43 0.16 0.83 0.36 0.25 0.23
148x% 0.46 0.21 2.05 1.38 1.15 0.88
153x 0.78 0.73 4.04 2.28 1.42 1.17
153y 0.19 - 1.90 0.90 - -
164x% 0.16 0.42 1.92 0.79 0.24 0.22
164y 0.15 0.54 1.63 0.64 - -
207x 0.39 0.49 0.49 0.28 0.21 0.22
207y 0.22 0.70 0.22 0.10 - -

* Analysis using the increased yield stress



TABLE 7.6 COMPARISON OF PEAK RESPONSES AT 1.0 MPR (A-Segment)
MARC ANALYSIS ABAQUS ANALYSIS
Test Elbow  Plate Elbow Elbow* Beam Beam*
Model Model Model Model Model Model
8G
Ux(cm) 7.64 7.10 7.43 6.41 6.84 6.38 6.7%
Uy (cm) 3.04 0.56 - 0.69 0.75 0.47 0.55
Ax(gal) 7280 5853 6669 6400 7460 6330 7250
Ay (gal) 600 495 - 566 622 516 611
RCP .
Ux (cm) 0.104 0.11 - 0.127 0.142 6.137 0.14S
Uy (cm) 0.05 0.036 - 0.03 0.03 0.03 0.03
Ax(gal) 3800 3049 - 2970 2950 3470 3480
Ay (gal) 1230 776 - 720 694 1060 949
PIN
Fx (ton) 402 203 272 178 200 1561 182
Mx 6.14 1.45 1.22 1.40 1.40 1.38 1.56
(ton-m)
SNUBBERS
83x(ton) 23.7 14.6 - 17.1 196.2 i8.5 20.0
84x(ton) 11.6 4.9 - 9.4 10.6 9.3 10.1
H.L.Strain(%)
135x% 1.18 0.72 0.88 1.85 1.08 1.20 1.06
143x% 1.10 0.36 0.55 1.77 0.87 0.59 0.49
148x% 1.38 0.42 0,93 2.08 1.67 2.42 2.51
153x% 2.28 3.59 2.03 4.94 3.32 2.73 2.20
153y 0.34 - 0.30 4.26 1.81 - -
164x% 0.24 1.14 0.52 3.34 1.37 0.46 0.46
164y 0.21 1.23 0.35 3.76 1.06 - -
207x 0.78 0.94 0.47 0.69 0.57 0.34 0.39
207y 0.37 0.83 0.27 0.79 0.38 - -

*Analysis using the increased yield stress
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Figure 7,19 Shear Force-Top Displacement Relationship of SG
at 0.1 MPR
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(b) ABAQUS Elbow Model Analysis

Figure 7.20 Shear Force-Top Displacement Relationship of SG
at 0.4 MPR
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Figure 7.23 Displacement at Top of S/G, Uy (0.1 MPR)
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8.0 CONCLUSIONS

The previous sections have discussed the details of the high
level vibration test and analysis program which was carried out
jointly between the United States and Japan. Conclusions have
already been stated as the material has been reviewed in the
individual sections. This section provides a summary of the more
important conclusions, together with a general overview of the
accomplishments of the entire program.

8.1 TEST RESULTS
8.1.1 Characterization of Dynamic Response

Forty five tests were performed during the test progran,
including low-level random and sinusoidal tests to identify the
dynamic characteristics of the test model. The natural frequency
of the test model was 6.4 Hz in the elastic range and decreased by
approximately 10% at the maximum excitation level. Based con the
test results, the equivalent viscous damping ratio was measured to
be 0.9% in the elastic range. The damping increased at high
excitation levels and was estimated to be between 6 and 10% in the
intermediate plastic strain range and 10 to 15% at the high level
strain. A maximum axial strain of 2.3% was measured on the outer
surface at the top of the hot leg pipe in the vicinity of the
tapered transition joint with the hot leg elbow.

From the test results, it was confirmed that the development
of the input wave, the table control techniques and the test
procedure were adequate to achieve the gocals of the HLVT. After
Run 10, bulging was observed in the hot leg pipe approximately one
pipe diameter from the transition joint. Crack initiation was
detected after Run 11 in the vicinity of the strain gage where the
maximum strain was measured. Crack growth was monitored in
subsequent excitation runs. The final maximum crack depth was
estimated to be 94% of the wall thickness and the crack extended
approximately 110 degrees around the outside of the pipe.

8.1.2 Post-Test Examinations

Post-test examinations were conducted to provide data for
post-test analyses and evaluation of failure modes. Measurements
of bulging and crack growth were made and material properties were
investigated. Dimensional measurements showed that the diameter
and circumference increased by about 3 mm and 10 mm, respectively,
at the cross section of the bulged region closest to the hot leg
elbow. Slight bulging in the hot leg pipe near the reactor vessel
end was also detected.



In addition to the cracks on the outer surface, visual
examinations of the hot leg pipe showed that four small circum-
ferential cracks had also occurred on the inner surface. They were
approximately 3 to 6 mm long and 1 to 3 mm in depth.

The mechanical property tests showed that the hardness of the
material in the region of the crack initiation and bulging was
higher than the hardness of the material in the virgin condition.
This region was subjected to many cycles of high strain during the
HLVT. The low cycle fatigue test results and the fatigue crack
growth behavior were in agreement with available data for Japanese
austenitic stainless steels.

Metallurgical examination of the fracture surface revealed a
series of beach marks. Based on Scanning Electron Microscope (SEM)
examinations, it appears that locations where striations clearly
dominated were limited to Run 11 and 12 and the beginning of Run
13. The crack propagated by fatigue during these runs. The
fracture surface also shows increasing amounts of dimple rupture
starting in Run 11 and increasing to the point that evidence of
striations has disappeared by the end of Run 13. The crack
propagation in most of Run 13 and all of Run 14' was due to dimple
rupture. During these last two runs the rapid crack propagation
appears to be due to ductile tearing on each of the load cycles.

8.2 ANALYSIS RESULTS
8.2.1 Pre~Test Dynamic Analvsis

Prior to the testing, prediction analyses were performed to
ensure the success of the test and optimize the input table motion.
Linear and elastic~plastic responses were analyzed by using various
finite element analysis programs and simplified analysis
techniques. Good agreement was obtained regarding the vibration
frequency in the excitation direction. However, the frequency in
the direction orthogonal to table motion was overestimated by 20
to 30%.

The overall displacement and acceleration responses of the
steam generator in the direction of excitation are in good agree-
ment with the test results at all levels of excitation. The
analytical results for axial strain were higher at some points and
lower at others when compared with the test measurements. The only
qualitative comparisons that appeared to be generally true are that
the analytically determined axial strains at low excitation levels
underestimated the actual response. In addition, the calculated
hoop strains were much higher than the measured values. However,
at the maximum excitation level, the maximum axial strain was
computed to be between 3 and 4 percent, depending on the relation-
ship between the natural frequency and the frequency of the peak
of the response spectra. This compares with the test measurement
of 2.3%. The analysis showed that the location of the maximum
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strain was at the junction between the elbow and the hot leg pipe
and this is where the actual crack was observed to start. Although
the actual test run sequence used during the test differed somewhat
from the original plan, cracking did occur in the test model at
approximately the same time as predicted by the pre-test analysis.
Oon the other hand, the large hoop strain ratchetting that was
included in the calculations to predict the ratchet/fatigue 1life
did not occur.

8.2.2 Post~Test Dynamic Analysis

In addition to the pre-test analysis models, post-test
analysis finite element models of the problem were developed. The
results were compared with the test measurements.

It is noted that the post-test analytical results were closer
to the test results than the pre-test analysis, but the pre-test
general conclusions are still valid. The computed natural
frequency range for all methods and all models is less than 7% for
the predominant mode. The analytically determined displacement
and acceleration at the top of the steam generator compare very
well with the measured wvalues. This holds at all levels of
excitation and for all methods and all models. The time histories
of these dynamic responses from test measurements and from the
analytical results are strikingly similar.

The snubber forces were well predicted by analyses at all
excitation levels, however, the shear force at the steam generator
pin-connection was underestimated by as much as 50%.

The analytical results of the axial and hoop strains were
generally underestimated at 10% of the maximum excitation level.
However, for some models there was a good comparison between the
test and analysis results. At higher excitations, the hoop strains
determined analytically were very much higher than the test
measurenments. "Ratchet-like" effects appear extensively in the
analytical results but did not show up to any great extent in the
tests. These analysis results indicate that the material proper-
ties, especially the hardening due to previous cyclic loadings,
have a significant impact on the calculated strain responses in
shell~type elements. Improvements are clearly necessary in
nonlinear computer ccdes since the currently available commercial
codes are not capable of reproducing the complex strain hardening
behavior under strong seismic motions.

In general, the pin forces and the strain magnitudes that were
calculated were significantly different from the measured values
at the higher levels of excitation. At some points, they were
higher and at others they were lower. Nc one method or model was
consistently better for all measured items and at all excitation
levels.



In summary, it appears that finite element codes, as is,
cannot predict well inelastic strains at or near failure locations.
However, further blind post-test predictions utilizing wvarious
simplified and detailed analysis techniques are being performed to
study this matter further. Based on the analysis results to date,
the HLVT program has identified some areas where further studies
and development are needed to improve nonlinear computer codes.
These include the use of strain hardening models that can follow
the cycle to cycle characteristics of a particular material.
Furthermore, numerical instability problems are easily encountered
in these lengthy calculations and ways to eliminate or reduce this
effect should also be explored. With such improvements, nonlinear
computer codes could be better utilized to assess the margin of
safety in structures and components.

8.3 FAILURE MODE ASSESSMENT
8.3.1 Fatigue Damage

The fatigue damage factor after Run 14' exceeds 1.0 when the
fatigue strength data obtained from the post-test examinations are
employed. This factor agrees fairly well with the actual condition
of failure of the test model. Although it is well known that the
permanent strain due to ratchetting affects the failure mechanisnm,
the measured permanent strain at the cracked portion (2-3%, after
Run 11) 1is significantly smaller than the elongation of the
material (39-47.6%). Therefore, it is considered that the dominant
cause of the failure is not ratchetting but low cycle fatigue.
However, since some ratchetting did occur during the test it would
be useful to perform further studies to understand the occurrence
of mixed failure modes involving ratchetting and fatigue. Such
studies could assist in possible future design code revisions
concerning this subject.

8.3.2 Crack Propagation Mechanism

The cracks were initiated and propagated by fatigue. When the
crack was small, it propagated slowly and striations were observed.
As the crack grew, it propagated faster and deformation slips and
dimples developed. For the region where striations appeared, the
applied load cycles were roughly calculated from the striation
spacings. In the region where striations were not observed,
applied load cycles were roughly estimated from the intervals of
the fracture surface characteristics. The cracks were subjected
to a very high, plastic range cyclic stress. Furthermore,
amplitudes were varied. These conditions made it difficult to
estimate the number of applied load cycles from the fracture
surface examination. Under these limited conditions, a total
number of applied cycles was roughly estimated as 500-700 cycles.
Since the number of actual applied load cycles was about 800, the
estimated value fell within a reasonable range.
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8.4 EVALUATION OF SAFETY MARGIN

The safety margin of the HLVT model piping was evaluated by
comparing the maximum base input locading for the HLVT test with
the allowable base input loading for Class I piping based on the
current standard design analysis practice.

The maximum base input loading, related to the allowable
stress limit for the design basis earthquake, was found to be 240
gals, while the maximum base input acceleration for the HLVT test
was 1895 gals.

Comparing these base input levels, it is estimated that the
maximum test loading level is approximately eight times greater
than the current code allowable design loading. Therefore, the
tests demonstrated that there is a safety margin of at least a
factor of eight for the HLVT model piping.

8.5 GENERAL SUMMARY

The objective of the HLVT was to use the NUPEC vibration table
to drive a large diameter nuclear piping structure to a condition
of substantial strain with an earthquake-like excitation. The test
results were to be compared with state-of-the-art analyses. These
program objectives were attained. The specified high level
vibration table motion was satisfactorily reproduced and large
plastic strains and cracks were developed in the piping up to the
point of imminent failure.

The program has enhanced the understanding of the behavior of
large~size piping systems under severe dynamic loading. It
provided extensive test data to evaluate elastic and inelastic
dynamic analysis techniques, as well as data to assess the
conservatisms 1in current criteria and to investigate improved
criteria which could be used in the future for seismic design. In
addition, unique test data were obtained to understand fatigue
crack initiation and crack growth under seismic loading conditions.
The program showed that there is a significant seismic margin in
nuclear power plant piping.

Finally, the HLVT program demonstrated the ability to
successfully plan and execute a major cooperative seismic testing
program between the United States and Japan.
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Appendix A

Photographs of Test Model



Figure A.1 Test Model on Sheking Table

Figure A.2 Steam Generator
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Figure A.7 Crack Opening (After Run 14': Final Stage)
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Appendix B

Specification of Transducers



Table B.1 Specification of Transducers

#
3

item manufuctrure/type specifications note
, ENDEVCO type : piezoelectric o prepared
Accelerometer /7751 - 500 with integrated in proving
amprifier test
range : MAX. 10g
freq. renge : 0.2~500Hz
Strain gage KYOWA type : foil type for
/Iliéi‘LC ;)g - gl range : estlmated.
) 500- (for elastic strain) max. strain
<0.2%
gage length : 5mm
KYOWA type : foil type for
/ELM-6-A9 range : max. 20% strain estlma:ed.
1 h:6 max. strain
gage lengt min ~0.2%
Displacement type :strain type
transducer measuring range : £10%

Back - up for
strain gage

(“clip gage”)

material : stainless steel

mounting : spot welding

displacement AEC type : eddy current prepared
sensor DPU - 50 range : max. 25mmp g 0 proving
freq. range: DC~5KHz test
GENISCO type : wire type
PT-10 renge : max. 254mm(10”)p.p or 381mm
PT-15 (15”) pp freq.
range : DC~more than 30Hz
Pressure KYOWA type : strain type o prepared
transducer PAYV - 200KES runge: max. 200kgf/cm?® in proving
test




Appendix C

Details of Measuring Points



Table C.1 (1)

(1/2) Measuring Point

in Measuri . Number .. Measurin
component Measun g easung Notation . Directions g
item point of points channels
Hot leg H1 1 3 3
Act:ele ) Cross over leg X2 1 3 3
ration Cold leg c2 1 3 3
R/V nozzle HRIA 2 2 4
Hot leg HRI1 4 2 8
t HR3C 4 2,3 9
t HR3B 4 2,3 9
1 HR3 4 2,3 9
Strain t- HR3A 4 2,3 13
Main SG inlet elbow HR4A 14 1,2,3 25(4)
coolant 1 HR4C 14 1,2,3 25(4)
piping t HR4 14 1,2,3 25(4)
% HT4B 4 2 8
SG inlet nozzle HR5 4 2 8
SG outlet nozzle XR2A 8 1,2 12
SG outlet elbow XR2B 8 2 16
Cross over leg XR3 4 3 12
RCP inlet elbow XR9 4 1 4
Cold leg CR1 4 1 4
t CR3 4 2 8
Dis- Cross over leg XD1 1 2 2
placement Hot - leg and SG HDIA 1 1 1
S1X1 1 1
Top S1X2 1 1 3
Accele - S1Y 1 1
ration S5X 1 1
Channel head 85Y 1 1 3
S1Y 1 1
Steam
) Top SD9A, 9B 2 1
Generator | Dis- SD10 1 1. 3
placement
Channel head SD11-13 3 1 3
Inlet nozzle SR1A 1 2 2
Pad SR2A-5A 4 2 8
Strain -
Pin bracket SR6A - 8A 1 3 3
Frange SR9A 1 2 2
R2X1 1 1 2
R2Y 1 1
Accele -
ration Rax 1 1
Bottom R4Y 1 1 3
Coolant R4Z 1 1
pump Top RD1 1 1
RD2 1 1 2
Dis-
placement RD3 1 1
Bottom RD4 1 1 3
RDS 1 1
() :back - up




Table C.1 (2) (2/2) Measuring Point
Measurin Measuri . Number N Measurin
Component |, cas g . g Notation ) Directions g
item point of points channels
Sunsbber RR1, RR2 2 1 2
RCP Load Tie rod RR3 1 1 1
Support column RR4-6 3 1 3
RCP upper support F3X1, Y1 2
F3X2, Y2 2 4
F4X1-X4 4 1
Accele - Control point F4Z1.Z4 4 1 9
Support ration FAYA 1 1
frame R/V wall F5X-Z 1 3 3
Bottom F6XA 1 1
F6ZA, ZB 2 1 3
Load Bolt BR1, BR2 2 1 2
.. Pressure Internal press. EP 1 1 1
Piping
Temperature | SG inlet elbow ET 1 1 1
Target (H) XT i - 1
Average (H) X0
Accele - ﬁverage (}F;:ﬁh) YA -_ —— 3
ration verage ( ) Z
Table Controll (H) Xo
controll Point  (Pitch) z9 — R 3
parameter (Rolh Al
Horizontal PLHO
. Vertical PLVO
Hydraulic Pitching PLO - - 5
pressure Rolling PL$
Yawing PL®
Summary of measuring channel Number of
measuring channels
Main coolant piping Acceleration 9 -
Strain 199 (back-up:12)
Relative displacement 3
Pressure and Temperature 2
Steam generator Acceleration 6
Relative displacement 6
Strain 12
Support load 3
Reactor coolant pump Acceleration 6
Relative displacement 5
Support load 6
Support frame Acceleration 18
Load of boit 2
Vibration table Control parameter 12

Total

290 (+back-up:12)
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Summary of Test Results
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Inertial force of S/G (TON)
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Figure D.17 (1) Hysteresis Loop of Force and Displacement
of S/G (Run 8%%*; Freq. Shifted 0.4 MPR)
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Appendix E

Details of the Reinforcement of the Test Model



During the latter half of HLVT run, the following

reinforcements have been made on the S/G supports.

Additional plates (8 pieces)

— o s o - -y e Rl

\ ~ S/G Sil'pport Pad Reinforcement

Additional Plates
(each 2 pieces)

S/G Support Flange Rinforcement

E-2



Appendix F

Summary of Inspection Results



z-1 “Bid > z—a B4 ainBiy asuatsjay
9tz 8ys painseaw 10N 601 painseawi 0N | peinseaui 10N 1ATH 10
uona|dwod oy

uoddns o/s jo

seall 10
painseaul 10N JUSLIBI0UIRI 1YY

painseaw JON

painsegaw 10N poinseall 10N palnseail 10N Umh:mﬂoE 10N

982 8vSi painseaw JoN G'g0v painseaw JoN | painsesw JoN uoneoIIpOW Jaliy
9€e AL S G 9001 LY v'889¢ ¥'o8LL anjea ufisaq
181Ud2 /5 uni WbIens | 5550y p/y pue |8[zzou A/ pue
untybrens pajieisul pue [EWOZUOU | o noieisur | g0y patieisul awy
ajzzou ! !
! Bajioyjo B untybrens Baj 4aA0 JusWaInNseay
191110 A/H apIs B/s 10 181U92 10 19}UB2
Plam taamiag Bojioyjo B "SS0R 0 B usemlaq usamiaq
0 uolIsuaLy
d ) ' uoisuawlig | Plom uaamiaq Plam usamiaq
uolsuswiq usisuawiq uoisuswiq uolsuawig uoNEso]
JUBWAINSEA

®

O

®

®

1°d S1deL

o~

2



£— abid Z-a b4 ¢ —a biq g—a-Bid Z—d bid ¢—da-bid alnbiyy aouslajoy
. ] ] . LATH Jo
G°G98¢ §°680¢ L8 G'¥98¢ S6LL G6L1 uonedwoa Jayy
) ] i uoddns 5/g jo
€98¢ 5'880¢ §°0¢8 998¢ S6LE 86.L1 JUSWa210julal 18y
g98¢ 0602 S'6L8 98¢ GLLL L6LL uoljediipowt 18y
{anjea 1og) (anjea 1ag)
998¢ G0 9¢8 q98¢ 9Z1 0081 anjea ubisaqg
[ewos] [ewos] pue [twos] pue [twos] awin
e pue jjem apis 1e)arIq apis 13 ouj| piepuels pue |jem apIs juswainseapy
[zwos) ,081 Uaamiaq 06 U9amMIaq [twos] UaaMIaq .06 Udam1aq
UOoISUIWIP A uolIsuUsIP X uolIsuawip A UoISUIWIP X
uoneao|
JuswiaInsesayy
@) @) D € @) ©

Z°d STdRL




g—a *Bid 2 -1 -big Z—-4 b4 e —d B4 z-4 bid Z—4°614 ainB1y aoualajay
. . . . LATH O
G'€9ge 8,02 G918 98¢ g2coLLE S'v6L1 uonajdwos seny
1oddns 9/g jo
vage 2LL0¢ vl 98¢ £0LLE g°l6L)
Juawealojuiad 1al}y
69g8¢ 6.0¢ gpig 982 oLl . JAYAS :o:mu_:UoE 8l
(anjea 128) (enjea j108)
698¢ €L02 928 98¢ 10LE 0081 anjeA ubisag
[vw5s] [F75s] [E5s] | [EBs] pue aui
13 pue [[em 8pis | Pue [[em apis 13 pue jlem apis 193981q 3pIS JuswiaINseap
[rnos) 2081 UBaMIBq | o0/Z Uaamiaq [ewos] o081 UBAMIAY | 06 UBIMIAY
uoIsuswiIp A uolsualiip X uojsuawip A uojsuauwip X
uoneao|
@ ® @ ® @ @ |

¢d STdeL




g—a b4 Z2-abid Z -4 b4 g—d *Big z -4 B4 Z—d *Biq a.nBy eousiajoy
. . 1ATH JO
G28Yg 8621 88€ 281 LEE 61681 wonaidwos 11y
] ) yoddns /g jo
S'18Y2 8621 68€ S'18Y2 8ee 5'Z681 JUSWaDI0UIRl oY
0gtre A TAR g8¢t G'6.Lv¢ 9¢e 1681 uojjedijipowl 1ayy
(ebuey dwnd ug) (on[ea jog) (aBueyy dwnd :OV (onjea 10g) (eniea 108)
08ve 14 (40153 88¢€ 0gve 13 9¢e 1681 anjea ubisaqg
] pue (] pue
[z-wd] | jas0e4q 10SUBS 19)081q 10SUBS [--wd] awn
13 pue |[jem apis | juswaaejdsip 13 Juaaoe|dsip pue ||em 9pIs jusuiainsespy
[z-nd] o0 Usamiaq apis E apIs .06 Usamiaq
uoisuawip A 006 Usamiaq o0 uUsamiaq uoisuawip ¥
uoisuswip A uoisuawip x uoieao]
@ ® @ @ @ ® |
pd @Tqedl




£ - B4 Z -4 b4 24614 £ —.d b4 Z—d big Z—4 ‘b ainby mo:mhm_mm
. ; \ : LATH 10
¢8be geoet 6°686 _mmmr G99 [WAR uoneduios Japy
] . . 1oddns /g jo
S'18t¢ coel 686 pact v9 G§'CLElL UBLIDD10JUIA] 1AYIY
§'6.v¢C Z0ElL 066 £9€lL 59 S°0L61 uoiledljipoul 19|y
(aBuey dwnd ug) {(enjeaas)
08v2 *13 2oeL 986 g9cL 13 9 6461 anjea ubisag
[ [rd] [&d] pue (] ou
13 pue jjem apIs pue [jem BpIs 13 auj] plepuels pue jjem apis juswainseaiy
. [v-d] .0 Usamlaq | 0.2 usamiaqg [£Wd] usamlaqg .06 Usamiaq
uolisuauip A HoIsudWIp X uojsuauwp A UOISUBWIP X
uol1eoso|
juswisINsSeay
@9 ©) ©9 @ (8 @)

G°d PTAERL




£ —d B4 G—a -HBid G -d B4 2.InHiy aouaualey
GvLEY LATHIO
6985 0,85 uoiajduiod layy
. poddns g/g jo
GECLEY /985S 0/8G UBWA2I0JUIal JolLY
cley 6985 698G UOIIEIIPOLL IBJ}Y
cLeb 13 0,85 0.8S anjea ubisaqg
sl
Juswainsesy
13 do1 doH 13 do1 ©/s ~13 do1H/s
uoI1e90|
juswiainsea

974 9TdeL




p—~a 614 > p—a b4 ainbi 9ouad)oy
. 1ATH JO
LLLL £.02 8662 LLLL vi0¢C S°009L uona|duwod 1oy
. . yoddns 9/g jo
painseaw JON | painseaul JoN | palnseaw 10N ¢LLL SvL0C S Lo9t JUBWS210}UIa1 JB1}Y
CLLL €202 ¥65¢ CLLL v.L02 1091 uofjeayipowt layyy
0LLL M3 §°GL0C S6S¢ 0114 VAN A 0091 anjea ubisaq
13 pue jjem apis pue |jem apis .h_m pue jjem apis pue [jem aplis juswialnseay
[cwe] o081 UBDMIAG | ,0/Z UdDMIa] [+wa] o081 USBMIDG | .06 UDIMIDG
uolsuawip A uolsuawip ¥ uoisuawip A uoisuswip X
uo1eoso|
@ @ G JusWaINSeapy
L4 9TdelL




v —a 614 > p—-d B4 ainBiy aouadiajay

. . . . LATH JO
G'G18L 5'p081 0Lk} o8 56 S'y081 uonodwoa 11y

oddns oys jo

vigL o {0]:) 8 [AANE 08 g6 G'eost JUBIA210JUIAI JalY
vigl Sso8lt cLLL 08 G6 . €08t uonealjipow Islyy
SiglL 0081 0ZLL 13 9L 00L 008} anjea ubisag
E E uid 10 E pue E awn
pue jjlem apis pue jjem apls E i aull plepuels pue jjem apis juswainsesiy
uonebuojoid -
081 UBdMId] | .06 UsaMIq [1-wag] ,%_m . usamiaq | .06 UdIMIaq
uoisuawiIp A uoisuawip X o uolsuawip A uolsuauwp X
uoneoo|
JuawaINseaw

@) ) @) @9 @) @

8°d STARL




G —d Big G —d B4 p —d By p—d By a.nB1} aousiagoy
) . ) LATH 10
Sv/.09 G¢'890¢ L66 GOLLE LL uone]duwos Jayy
) uoddns o/g jo
Sv.L09 890¢ 9001 LZLY L JUBLLIS0I0JUIBS JOLIY
¥.09 990¢ 120108 SLLL LL uolledijipout isljy
0909 14 Gl0¢ G001 0Lil 13 9/ anjea ufisag
awin
13 [Lweos] puerem | [1-naos| pue jiem 13 uid uswainsesyy
: o uonebuo
[i-aos] apIS ,0 UdBMId] | BPIS ;06 UBaMId [zwda] jo uonebuojoid
aeisuswiip A uolsuswip X 9pIS ,081

@)

9

€

uoI1}e00|
juswiainseapy

6°d 2TARL

F-10



G —d “Dig G -a Bi4 2inHij aoualajay
, . . 1ATH J0
G'1L02 51802 7209 802 5'666 tona|duos 1ony
. ] ] poddns /g jo
§'€L02 5'2802 5'2.09 2202 166 JUBWaI0MUIR] Sl
G.02 80¢ £409 GL02 66 uonedyjipoiu 19}y
GL0C GL02 0909 13 5.0¢ GL00L anjeA ubisaqg
_ N.Emcw_ Iuiny
pue jjem apys | (FWE9S] puejiem 13 [-naos] pue jlem | [z-WEDS| pue [lem juawainseayy
081 usamjoq | °P!IS o081 UsaMIaq [Z7E55] apIS ,0 UdaM1aq | apIs ,0/Z UsamIaq
UoISUBUIP A UOISUSWIP A uoIsuaWIp A uoIsuawWIp X
ucHEe90|
JuswaInseapy

)

@

&9

(9

0T°d °TdRL

F-11



e-d B4 | < > | g-d4 64 ainBbi aoualojoy
€—-19M07 | g—i9moT | E+IomoT | Z+ 1amoT |~ 1m0 | gz+Jomo | G'o+J4omo | 0 48moT 1AIH JO
0 Joddn| o 49ddn | o0 4oddn| o dtoddn| o 4oddn| o Jeddn 0 taddn| o saddn uonajdwod layy
G- 19M07 | §'Z— I1aMOT | G'Z+ Jom0T b+ 1omo | painseaw | painseaw 1oddns o/ jo
0 Jaddn 0 dJaddn 0 Jtaddn 0 Jladdn 10N JION | juawddIoulal IB3)}Y
- — I9MO + . . - Iamo — lamo
£€—19M07 | €—JamoT | g+ lomoT L+ 1omo7 | g' 1+ JomoT | G g+ JomoT] [—lamoT | ¢ 1 LOIEONIPOL JO1}Y
0 Jeddn 0 Jaddn 0 1addn 0 4Jaddn 0 Joeddn | o Jtoddn o0 Joddn 0 Jaddn
oszl ueds | oszt ueds | oGzt ueds | oszt ueds | oot ueds | 0sst ueds | 00S) ueds | 06Gh ueds an[eA 195
géey "3 | 0sey 13 0S¢y 13 | 0S¢y 1T f 069G 1T | 009G 1T | 0665 1T | 0098 13
0042 o081 006 o0 0012 2081 006 o0 a1} JuswaInseay
. 0GSG "3 uondalIP ,0.2 ‘.06
052y 13 opis Jaddn . ; uoIe90|
A 904 EEE:EV doH 0096 “13 uoNvalIp .08} .0 apistaddn ) B/S JUBWRINSEA

qoq jswuwnid

11°d ST9edl

F-12



Table F.12 Time and Item of Measurement

Time of Item of
measurement | measurement

Location marked |Before and after | Diameter
with O HLVT only Circumference

Before and after

Location marked |each Run from Ipi meter

X 8 excluding Run| |
with © 84 and Run 8sx | Circumference
*

. Before and after
Location marked |{cach Run from

with ©* 8 excluding Run
8+ and Run 8sx

Diameter

¥ Note ; Location, @ was measured
from Run 107
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Appendix G

Estimation of Member Force in Piping



Forces and moments in the piping are estimated
using measured strains according to the following
procedures.

Location of strain gages are considered as
shown in Figure G.1

1. Axial force ; Fy

Axial stress of each measuring point.

© E @ L]
6V = (eo +vel )
x 2 c
1-v
L] E e (]
0% = (890 +ve90 )
x 1—v? ¢
L] E L] L]
. 180 — (8180 +V8180 )
x 1—v2 ¢
2 E o (-]
02'70 = (8270 +V8270 )
X 2
1—-v
1 . ° ° °
F =- (00+090+0180+0270)A
X 4 X X
Where,
E ; Young's moduls (=1.99X10* kg/mm?)

v ; Poisson’s ratio (=0.3)
A ; Cross sectional area of the pipe at measuring

point



2. Shear force : Fy and F,

Shear stress v, is evaluated from the shear strain r
at each measuring point and they are everaged in the

measuring cross section.

i) Fy
90° _ 90° %0° 90°
rac . —2£b - (e—ﬁ +ec )
270° _ 270° 270° 270°
7o =28 - (e +e )

1 o .
y = = % 270
7™ 3 (r. +r,. )
v =K-G-77Y
ac ac
Thus,

F =t/ A=K-G-A-Y
y ac ac

Where, G ; Shear moduls (=E/2(1+vV) )

KA ; Effective shear area

m ; ratio of outer and inner diameter
(=out/in)

Ko 6 (1+v) (1+m?)?
(7+6v) 1+m?)%+ (20 +12v) m?

. oo=2£b o— (ea0°+ eco')

180°

- 180°
Tee =28~ (g te )



Thus,

F =K-G-A-72
z ac

3. Bending moment ; My and My

i) My
@ E L] L ]
0% = (ego+vt:90 )
X E: [
1-v
@ E e -]
0270 - (8270 +V8270)
X E: [
l—v

M 1 © L]
v - %0° 270
Oy = 2 (0x o )
Thus,
g Y
My =0y zZ

Where, Z : Section moduls

ii) Mg

L] E L] L]
00 = (eo+ve°)
X E: [

1-—v

L] E L] L ]
o 180° _ (c 180° 1y ¢ 180°
x 1—v2 a c



Figure G.1 Location of Strain Gage






Appendix H

Strain Concentration at Crack Location



Appendix H Strain Concentration at Crack Location

The stress distribution in the vicinity of the crack and the
strain gage closest to the crack is calculated by use of a static
finite element model. The relation between the measured stress and
the stress at the crack location is then evaluated.

(1) Stress Concentration Factor in Elastic Range

Figure H.l1l shows the finite element model used for the stress
calculation. The axial axi-symmetric, two dimensional solid
element of the ABAQUS code was employed, and a static tensile load
was applied to the left side boundary of the model. Figure H.2
shows the maximum principle stress distribution in the vicinity of
the crack and the strain measuring point.

When the crack location is considered to coincide with the
maximum stress location, the magnification (K) of the stress at
the crack location to the gage location becomes;

stress at crack location 401 [kg/mm’]
K = average stress in the gage length = 341 [kg/mmz] =1.2

thus, the stress at the strain measurement location should be
multiplied by K =1.2 for the fatigue damage assessment at the
cracked location.

(2) Strain Concentration Factor in Plastic Range

Figure H.3 illustrates the three stress-strain points, A, B
and C as follows:

Stress conditions without any stress concentration
Stress concentration assuming elasticity
; Actual stress concentration

0w

also, the following ratios are defined

k., = 0,/0. (elastic stress concentration factor)
ka = GC/Oa’ kE = ec/ea

Then, according to Neuber, the following relationship can be

k. =k, * ke

Using the above ralationship, a strain concentration factor of k.
= 1.35 is obtained as illustrated in Figqure H.4 (k. = 1.2).
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Appendix I Back-up Procedures for Damaged Strain Gages

1. Introduction

Strain gages at cross section HR3A failed due to the large
cyclic strain and/or the crack initiation under the gage base. As
these are very 1mportant for estimating the cumulative fatigue
damage factor of the piping, estimation procedures for strain
signals of these damaged gages using neighboring gage signals are
discussed.

2. Backup Procedures

Backup procedures of the measuring point HR3A~BX (Channel
153X) and HR2A-EX,EY (Channel 144X,Y) are discussed. The following
backup procedures are considered:

a. For HR3A-BX, the following two types of backup procedures
are tried:

i. Evaluate average of the ratio of maximum values
(HR3A~-EX/HR3A-BX, Channel 144X/153X) in some plastic
runs, and the product of this ratio to the measured
maximum value of HR3A-EX is considered as the
estimated maximum response of HR3A-BX.

ii. Evaluate average of the ratio of maximum values
(HR2A-FX/HR3A~BX, Channel 149X/153X), and the
product of this ratio to the measured maximum value
HR3A~FX 1is considered as the estimated maximum
response of HR3A-BX.

b. For HR3A-FX and HR3A-EY, the following procedure is
considered: Evaluate average of the ratio of maximum
values (HR3A-EX/HR3A-FX, Channel 144X/149X), and the
product of this ratio to the measured maximum value of
HR3A-FX is considered as the estimated maximum response
of HR3A-EX. The same procedure is also applied to the
Y direction data.

3. Estimated Response

Estimated maximum responses of HR3A-BX, HR3A-EX and EY are
shown in Table I.1. In Table I.1, available measured maximum
values are compared with corresponding estimated values and it is
found that estimation errors are about 10% or less for these test
cases. Thus, it is concluded that the proposed backup procedures
are acceptable for practical use.



Table I.1

Estimation of Maximum Response

HR3A-EX HR3A-EY HR3A HR3A -BX
Run _ FX
, (144X) (144Y) (153X)
(MPR) (149X)
Measured Estimate | Measured Estimate | Measured | Measured Est( +2) Est( «3)
8* 6562 2342 7792 7539
6835 2287 4654 8325
(0.4) (-4.0%) (+2.4%) (-6.4%) (-9.4)
g** 7575 2556 8367 8703
7340 2521 5372 7792
(0.4) (+3.2%) (+1.4%) (+13.8%) | (+11.7%)
9 11250 3711 . 11946 12926
10479 3867 7979 failed
(0.75) (+7.4%) (-4.0%) (NA) (NA)
10 ) 13312 ) 3955 . NA 15294
failed failed 9441 failed
(1.0) (NA) (NA) (NA) (NA)
11 19575 5583 23527 '
20638 failed 13883 22819 ’ 22491
(1.0) (+5.4%) (NA) (+3.1%) | (-1.4%)
Note *1) Percentage in parenthesis denotes the estimation error
*2) Estimated from measured value of HR3A - EX (Ch 144X)
*3) Estimated from measured value of HR3A - FX (Ch 149X)
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Appendix J Correction of S/G Top Displacement

Wire type displacement sensors were employed to measure the
displacements at the S/G top (SD9A, SD9B, and SD10). As shown in
Figures J.1 and J.2, measured displacement signals are affected by
the cross-talk components (i.e., interaction of X and Y direction
movements) due to the finite length of the wire. The correction
procedure for this error and results are discussed below.
1. Correction Procedure

As shown 1in Figure J.2, measured displacement x and y are related
to the actual displacement x and y as follows.

(L+xP+y*= (1, +x)?
(L+y)P+x>=( +¥)
where,
) 1 ='iy= 127mm for Run 1 ~4
Iz, ly : length of wire 3 | =1 =191mm for Run 5~14’
=y
Thus, x and y are evaluated as follows.

cetar B[]
Y

I G2 -%)

y y y

;2 lx lx 2
B-_-[ X =+ [—;-‘y'-.(‘yz-}z)/zz }2/2] [1+(—-> }/2.
2 5 y %



2. Results of Correction

Correction results for the maximum response of SD9A and SD10 for
typical test cases are shown in Table J.1. It is found that the
effect of the Y-direction movement on the X-direction data is
small. On the other hand, the effect of the X-movement on the Y-
direction data is rather large and the actual displacement in the
Y-direction is larger than the measured value.

Data shown in Figure 5.6 (2) and 5.9 (2) in the report are already
corrected by the above mentioned procedure.



Table J .1

Correction of S/G Top Displacement

(mm)
Measuring Point RUN 4 RUN 8** RUN 11
(0.1 MPR) (0.4 MPR) | (1.0 MPR)

SD9A Original “ -10.6 -38.7 -75.6
(58X) Corrected -10.6 -38.9 -80.2
SD9B Original -10.7 -37.4 -73.3
(59%) Corrected -10.7 -37.6 -177.9
SD10 Original -0.3 -3.6 -13.1
(60Y) Corrected -0.7 -1.7 -32.7




I9oupsuel], FO poyuldW burtizunoy T1°r 2anbra

]
¥
e
1 1_-
it Tl
[Th o —— - oo
aam N AN Y% S KL
O ][
3 S
P ;
157
TET
T
—_—

I &0 1$53) LEQU

Rﬁ&m 3
()5 omy ) iz\v\w_ \_\\.Wrw\ 4! 8 f 7 @

(B~irnyg) wHlZz) M )
?\i»l woysva), 9 -~ - |
r.l_ —5 : es. A . ) ~
Nt | 7es Wu.U/ |
A2 Y ! . .
= ) = ! Ny RI_.._
[4 T . Letto Sy S \
‘\h<»n¢rab§% + AR x z N
H N i T . = .
e o : 1 &
Nt . 4 [ ¢ @
A gt/ 3
Ty . . <
AFSH g0 v 17K E i .‘ -
i 5/
; 4 50| 08 |og
(] (X
bo et
R AR R
XYW P
- %3 ot/
4 </ ﬂdxu:.\\q 4o Frelshowlp A5y (%
= X
(dﬂ:. 111@ —
a
] o¢
LR ETE



Figure J.2 Measured Displacement and Actual Displacement
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Summary of Post-Test Examination Results
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Maker : MHI
Name : Crack depth meter

Accuracy : 110%
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Figure K.7 Depth of Small Cracks on the Inner Surface
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Manufacturer : Sonick

UT Detector MK-3
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Figure K.8 (1) Thickness of the Test Pipe (1/5)
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Figure K.20 Specimens after Test
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Figure K.26 Specimens after Test
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Figure K.27 Fatigue Crack Growth Rate Test
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Figure K.31 (1) Fatigue Crack Growth Rate (1/2)
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Figure K.33 Specimens after Test






NRC FORM 335 U.S. NUCLEAR REGULATORY COMMISSION f 1. REPORT NUMBER
{2-89} . (Assigned by NRC, Add Vol., Supp., Rev.,

NRCM 1102, and Addendum Numbers, If any.}
3201, 3202 BIBLIOGRAPHIC DATA SHEET
(See instructions on the reverse) NUREG/ CR-5585
2. TITLE AND SUBTITLE BNL~-NUREG-52240
The High Level Vibration Test Program »
3. DATE REPORT PUBLISHED
MONTH [ YEAR
May 1991
Final Report 4. FIN OR GRANT NUMBER
P . FIN A-3288
5. AUTHOR(S) 6. TYPE OF REPORT
- Technical

Y.J. Park, J.R. Curreri, and C.H. Hofmayer

7. PERIOD COVERGSD (Inciusive Dares)

8. PERFORMING ORGANIZATION — NAME AND ADDRESS (/¢ NRC, provide Division, Office or Region, U.S. Nuclear Regulatory Commission, and mailing address; if contractor, provide
name and mailing address.}

Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

9. SPONSORING ORGANIZATION — NAME AND ADDRESS (1t NRC, type “Same as above”, if contractor, pravide NRC Division, Office or Region, U.S. Nuclear Regulatory Commission,
. and mailing address, )

Brookhaven National Laboratory
Upton, NY 11973

10. SUPPLEMENTARY NOTES

11. ABSTRACT (200 words or fess]

As part of a cooperative study between the United States and Japan, the
U.S. Nuclear Regulatory Commission (USNRC) and the Ministry of Internation#&l
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.

12. KEY WORDS/DESCR!PTORS (List words or phrases that will assist researchers in locating the report, ) 13. AVAILABILITY STATEMENT

uclear Power Plants--Pipes; Pipes--Performance Testing; unlimited
Pipes--Seismic Effects; PWR Type Reactors--Pipes; Primary 14. SECURITY CLASSIFICATION
Coolant Circuits--Performance Testing; Mechanical Vibrationg 7 e

Scale Models; Test Facilities; Earthquakes; International unclassified
Cooperation; Japan; Modifications; Simulation; Strains: {7ris Recort)
Cracks; USA ‘ unclassified

15. NUMBER OF PAGES

16. PRICE

NRC FORM 335 {2-89)



THIS DOCUMENT WAS PRINTED USING RECYCLED PAPER












UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE, $300

SPECIAL FOURTH-CLASS RATE)
POSTAGE & FEES PAID
USNRC

PERMIT No. G-67






