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R>REWARD

This report provides information about and results from specific tests completed at Oak Ridge
National Laboratory (ORNL). The subject of the program was failure testing of a Savannah
River C-reactor piping weldment, which will be referred to as the C-pipe in the remainder
of the report.

Prior to completion of the ORNL high load cycling of the C-pipe, Battelle Columbus
Laboratory completed analytic studies simulating both a modeling of crack growth and
realistic dynamic fracture assessment of a typical New Production Reactor (Heavy Water)
primary pipe system. Provided in this report are specific comparisons between the Battelle
analysis results and ORNL C-pipe test data which confirm the analytic techniques. These
studies have confirmed that the analytic techniques used can predict observed experimental
behavior with an acceptable degree of accuracy. The analytic results are discussed in the
report and specific sections of the Battelle report are provided in Appendix C.
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1. EXECUTIVE SUMMARY

This report provides information about and results from specific tests completed at Oak Ridge
National Laboratory (ORNL) in support of the Department of Energy's (DOE's) New
Production Reactor-Heavy Water Reactor (NPR-HWR) program. The report also provides
detailed analytical studies completed by Battelle Columbus Laboratory and Argonne National
Laboratory. All of this information is presented in a demonstration that the primary piping
of the NPR-HWR, with its relatively moderate temperature and pressure should not suffer
an instantaneous double-ended-guillotine-break (DEGB) under design basis loadings and
conditions.

The first ORNL test series obtained pipe crack extension data representative of large dynamic
loads applied to a flawed stainless steel 316L pipe weidment. The results of that testing was
reviewed by a special Piping Integrity Review Group (PIRG) established by DOE. Members
of this group are identified in Appendix A

The PIRG review comments were such as to necessitate a second series of tests. This report
provides results of that second series of pipe tests. An aged section of 304 stainless steel pipe
was obtained from the C-reactor at Savannah River and it was subjected to large fully
reversed cyclic bending loads. An initial flaw size was based on leakage flow testing at
prototypic NPR-HWR pressure and temperature. The detectable leakage flawwas cycled in
bending at large loads for 40 cycles.

The members of PIRG assessed these results together with analytic work by Battelle and
stated that provided the caveats cited in the Applicabilityof Results section of Appendix B
are in force, then the following conclusion is applicable:

• For DOE low pressure, (:s; 1.72 MPa) low temperature (100°C) reactors with
austenitic stainless steel piping, the DEGB should not be a design basis
condition.

2 lNTRODUcnON

The United States Department of Energy (DOE) initiated the design of a new generation of
production reactors to replace the aging production reactors at the Savannah River Site
(SRS) in Aiken, South Carolina. A heavy water reactor was one of the options considered
during the Title I design phase. This program was continued through the design phase;
however, a decision was made not to construct a new production reactor.

The increase in understanding and the vast experience gained from existing production
reactors and commercial nuclear power plants led to proposed improvements in several areas
of the proposed NPR·HWR design. One such area of improvement was to confirm that for
the tough austenitic piping of the NPR-HWR at the moderate temperatures and pressures
expected, an instantaneous DEGB was highly improbable.

The Pipe Impact Test Facility (PlTF) at ORNL was designed to load pipes in four-point

1
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bending. The maximum bending stress is located at the center of the pipe. This loading
condition provides a uniform constant bending stress across the three foot (914.4 mm) long
center section of the pipe. The flaw being studied is located in a weld in the exact center of
the constant bending section of the pipe. Static slow oscillatory cyclic (SOC) and dynamic
loadings have been used to produce bending in the pipe. These bending loads tend to open
the flaw in the pipe. Therefore, the PITF can be used to show crack stability in tough
austenitic piping when being loaded at safe-shutdown earthquake (SSE) load levels and
above.

3. BACKGROUND

The PITF at ORNL was designed to test a 16 in. (406 mm) diameter schedule 40 stainless
steel pipe. The pipe is approximately 20 ft (6.1 m) long and has a circumferential weld at the
center. For the first test series, the center weld was completed using a tungsten inert gas
(TIG) weld joint design that provided a lack of penetration 360 degrees around the pipe and
0.17 in. (4.45 mm) deep at the inside surface. This represented a worst case 6O-year flaw at
the pipe inside diameter. At the center of the pipe weld, a 0.03 in. (0.76 mm) wide by 1 in.
(25.4 mm) long slot was machined by metal disintegration from the outside pipe surface
totally through the 0.5 in. (12.7 mm) thick pipe wall. This design represented the estimated
worst case complex crack that could exist after 60 years of service.

The test facility design is such that the pipe can be loaded in bending using a hydraulic ram
and/or a 3,100 lb (13.79 KN) swing weight. 'Figure 1 provides the life prediction analysis for
NPR-HWR plant piping and test design for confirmatory impact testing. The worst case 60
year flaw was impact tested and shown ttl be stable at SSE loads. This crack was then
extended along the circumferential weld by fatigue using the hydraulic ram. At various crack
lengths the flaw was tested by dynamic impact loading using the swing weight. The first test
article was subjected to considerable overloadings. The pipe was impacted 104 times at levels
equal to and well beyond the one SSE load.level. In addition, 569,751 fatigue cycles and 20
purposeful static overloads were applied to extend the flaw completely around the pipe. At
no time during the first test series did the c§rack grow in an unstable manner.

The testing concept and results of the initial first test series on the 316LN stainless steel pipe
were discussed in a previous ORNL report [1], and at the American Society of Mechanical
Engineers (ASME) 1992 Pressure Vessels and Piping Conference [2]. The results were
reviewed by a special Piping Integrity Review Group (PIRG) established by DOE. Members
of this review group are identified in Appendix A The initial meeting of this group was held
in August 1992 and the last meeting in December 1992. Based on their review of the first
test series, the PIRG was impressed by the pipe flaw stability. However, in order to ensure
very low probabilities of failure during an SSE, the PIRG stated that a second test be
completed at high load levels. Also, the high load levels should be applied in a slow
oscillatory cyclic manner until at least 40 cycles of bending had been obtained. Successful
completion of this test (e.g, no unstable crack growth) would provide for a very low
probability of pipe failure during an SSE.

In order to bound age effects relative to the pipe material, the second pipe test series was
scheduled so that a degraded pipe weldment from the Savannah River C-reactor could be
used as the test piece. This testing is discussed in the following sections of this report.
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4. DEGRADED PIPING MATERIAL TFSfS

This report addresses the recent failure testing of the Savannah River C-reactor piping
weldment, referred to as the C-pipe in the remainder of the report. The intent is to further
familiarize the technical community with Oak Ridge National Laboratory's (ORNL) pipe test
program and activities associated with the C-pipe test (as conducted on behalf of the
DOE-NPR Program).

The C-pipe is a 16 in. (406 mm) diameter schedule-40 [0.5 in (13 mm) wall pipe of type-304
stainless steel (SS304) which saw service in the Savannah River Plant (SRP) C-reactor for 27
years (1957-1984). The two foot (610 mm) pipe piece containing the subject butt weld was
selected because of its availability, because it could be decontaminated to levels that allow its
handling under DOE regulations, and because it appeared from outside-surface in-service
inspection (lSI) by ultrasonic methods (UT) to suffer from inside-surface stress corrosion
cracking (SeC) in sensitized material near the weld.

The C-pipe weld was taken from the reactor hot leg near the entrance to the loop heat
exchanger. This weld was completed in approximately 1957 using a gas metal-arc welding
process. After completion of the weld, grinding was performed on the pipe inside surface.
This grinding was probably completed in an effort to remove areas with a lack of penetration
at the weld root. The final inspection at that time accepted the pipe weld for reactor
operation. During later inservice inspection this weld (3C-PW15-16, Weld 15) was identified
as having two indications of intergranular stress corrosion cracking (IGSCC).

After decontamination, additional detailed inspections were performed in July 1992 These
inspections included dye penetrant examination of the pipe weld inside surface and a full
volumetric ultrasonic (UT) examination of the weld. These inspections were completed by
Westinghouse Savannah River Company (WSRC) K-reactor lSI team members. The dye
penetrant examination showed that a lack--of-penetration (LOP) ran circumferentially in a
dashedlbroken pattern at the inside center of th~ weld for much of the pipe's circumference.
This.LOP was estimated to be approximately 0.030 in. (0.76 mm) deep. The UT examination
revealed that one of the IGSCC crack indicatioqs was most likely due to the UT equipment
sensing grinding marks on the inside surface of the pipe.

The two foot (610 mm) C-pipe piece was selected for testing, because it had seen
considerable service in the various production campaigns of the SRP Creactof, because it was
degraded in a natural manner, and because it was judged to provide a weld condition that
would represent a very worst case, degradation beyond current acceptable nuclear plant weld
practice and acceptance standards. The two foot (610 mm) piece was welded to spool pieces
of 5S304 at both ends with the original butt weld centered in the test section of the 20-ft (6.1
m) article. The largest LOP signal location was positioned for maximum stress.

The testing of the C-pipe commenced on August 18, 1992, and was completed on November
20, 1992. A large number of individual tests was performed using the C-pipe in order to drive
the initial weld flaw through the 0.5 in. (13 mm) pipe wall and around the pipe's
circumference to produce separation. Themore important tests (listed in chronological order)
are the following:
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1. Ten original hammer drops (8/18192),
2. 118,000cycles of fatigue to break through-wall and create a leak before break

(LBB) crack (ending 10/13/92),
3. Reverse loadings to establish the 2*Sy loading for C-pipe (ending 10/13192),
4. How tests of the pipe's LBB crack (ending 10/15/92),
5. 4O-cycle failure test of the LBB crack (ending 10/21/92),
6. 188 cycles of fatigue to grow 25 in. crack (11/09/92),
7. 12-cycle failure test of the 25 in. crack (11/09/92),
8. 9 hammer drops to the 30-35 in. crack (11/18/92),
9. 305 fatigue cycles to grow 45 in. crack (11/19/92),

10. 8 hammer drops with the 45 in. crack (11/20fl2),
11. Fatigue separation of the remaining 5 in. ligament (11/20/92).

Of the above 11 test items, by far, the most important is the fifth item, a test intended to
address most of the important questions raised by reviews, particularly the first PIRG review.

Relationship of C-Pipe Test to the First ORNL Pipe Test. The original SS316L pipe [1]was
tested to supply failure-related data for the case of a representative bounding initial flaw in
a representative weld under representative loadings anticipated for the New Production
Reactor's (NPR's) SSE. For various through-wall crack lengths from 1 to 47 in. (25 to
1,194 mm), dynamic impacts (104 hammer drops representing earthquake cycles) were
interspersed with fatigue sequences (16 sequences totaling 561,000 cycles) to extend the one
inch (2.5 mm) initiating crack to pipe separation (50 in. or 1,270 mm). Loads were cyclicly
applied, with dynamic loadings being statically reversed, normally at the level estimated to be
the SSE level in terms of peak opening moment applied to the circumferential crack.
(Discussion of load level will be elaborated on in the following paragraphs.) The applied load
level was below the crack tearing-instability level for all cases of SS316L pipe testing. For
short cracks « 1/2 the circumference), the duration of loading and the system stored energy
were not sufficient to sustain crack growth and the SSE moment produced only small amounts
of stable crack extension per cycle of load. In an actual piping system subject to realistic
seismic input, crack growth might have occurred. For crack lengths in excess of 25 in.
(635 mm), the test loads were limited in magnitude to levels below the estimated SSE peak
moment because of inherent limitations in the static loading system composed of the hydraulic
ram (because of limitations on stroke capacity) and limitations in the dynamic loading system
based on hammer drops from various heights (because impact loads transmitted through the
load cell were purposely kept below levels that would destroy the load cell).

As identified by the reactor system designer (EBASCO), the central important purpose of the
oriiinal SS316L failure test was to determine the minimum time-to-failure of the cracked pipe
as such failure would be assumed to occur during the actual SSE event. EBASCO imagined
that a small departure from the IOCFR50 Appendix K's instantaneous double-ended guillotine
break (DEGB) would be acceptable in NPR-HWR "regulatory space" as the design basis of
the HWR EeCS. The small departure would be to define the minimum timing surrounding
the design-basis loss-of-coolant accident (DBLOCA) where the LOCA size would be assumed
to remain that of double-ended pipe separation of the primary piping [(or a flow area of 400
in.2 (0.26 m2

) ] . Pipe-test-supplied specific information concerning timing of the break
development (in terms of flow area versus time during the SSE) would then be fed into the
designer's thermal/hydraulic models to analytically demonstrate that significant voiding in the
HWR core would be avoided as the cooling/protection systems would have sufficient time for
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activation and successful core cooling. Therefore, .theworst case DBLOCA of the primary
piping would be mitigated without core damage.

The purpose of the C-pipe test Simply stated. the purpose of this test was to perform an
overwhelmingly convincing test that would demonstrate that a leak-before-break(LBB) crack
in the NPR..HWR large primary piping could not lead to tearing instability under seismic
loads. Analytical work completed byBattelle (see AppendixC) providedconfirmation of the
test data and showed large margins to failure. This analytical work: as supported by the C
pipe testingwas the basisfor LBB and for eliminating a DEGB/LBLOCA as the design basis
for the NPR emergency core cooling system (ECCS). The phrases "overwhelmingly
convincing" and "could not" simply equate to the statement that the test was intended to
demonstrate with high confidence that the HWR large primary pipe break is a very low
probability event. Additional probability work has been completed by Argonne National
Laboratory using the Praise Code. These Praise Code evaluations (see Appendix D) also
confirm very low probabilities of failure. Confidence and probability levels would need
further quantification that would presumably be determined during the NPR-HWR seismic
margin assessment (for example. as per NRC generic letter 88-20) required to be conducted
to support the final design.

For the SS3I6L pipe the center load for the pipe test configuration in the Pipe Impact Test
Facility (PITF) used to represent the estimated SSE level was the following:

lXSSB = Z7.5 kips(load) [122 kN] or 110 ft-kips(moment) [149 kN111]
or 14.5 bi(stress) [100 MPaJ

The lXSSE level was estimated in an attempted-conservative fashion by ORNL. Since the
PIRG commented in great depth concerning appropriate load level and appropriate
designationof load level, we, in thisdocument,will be lessspecific concerningthe relationship
of test load to the actual SSE load. ~rtainly the subject is one of high importance being
reviewedand reconsideredat many levels of the current reactor designand regulatoryprocess
and merits additional discussion and associated analysis. For the remainder of the report we
will refer to the normal load levelof the first test simply as Lt.

Simple specimen tests show the 0.2 percent-offset yield for the SS316Lbase material to be
between 36 and 39 ksi (248 and 269 MPa) at room temperature. This is lower than the
preliminaryvalue re{K>rted earlier which wasbased on the ball-indentationmethod.Since the
SS316L pipe testing was performed at a maximum temperature of only about 13S·F (S7·C),
it is expected that the actualyield of the pipe material for the SS316L test conditionwasonly
slightlybelow the 36-39ksi (248 ... 269 MPa) range. This means that the applied stress of 14.5
bi (100 MPa) was about 38-40 percent of the yield stress of the test article base metal.

The SS3I6L pipe impact load level applied to open the crack was controlled through
adjustment of the drop height and calculatedfrom measurementsof elasticstrain in the pipe.
The control and measurement methods were quite reliable for through-wall cracks to about
1/2 the pipe's circumference. ' For essentially a11 hammer drops, the stress levels were
controlled to be the same as the normalstatic stress level, or LI.

. Here it should be noted that the minimum American Society of Mechanical Engineers
(ASMB) yield strength of the subject material is of the order of 3()..3S ksi (2m ·241 MPa)
depending on temperature assumptions. For the remainderof thisdiscussion, however,wewill
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not refer to the ASME yield stress values, but rather reference the test stress levels to the
yield stress of the base metal of the specific test article. Recall that the ASME yield (Sy) is
a minimum value provided for conservative design and is used in acceptance criteria when
stresses are being calculated using linear-elastic stress analysis assumptions. Also, recall that
the allowable level of calculated stress for the SSE evaluation is, for the primary piping, the
Level D value of twice the yield strength (2Sy). As pointed out by several of the PIRG
members, these statements mean that the Ll load level would be of the order of 20-25
percent of the ASME allowed value (from elastic calculations) for the case of the SS316L
test. Further, the Ll level would likewise be only about 20 percent of the ASME allowed
value for the SS304 (C-pipe) test.

Confusion over appliled load level versus estimated seismic loads potentially arise when the
plastic straining in the test is significant or when other nonlinearities such as crack opening
occur. This is the case for the C-pipe test. Here, a few statements, perhaps oversimplifying
statements, will be interjected to keep notation and definition straight. High load level
earthquakes are expected to yield reactor primary pipes at certain localized regions. The C
pipe was tested at high load levels to address pipe response to loads corresponding to an SSE
that has a very low probability of occurence. The only quantities relating to stresses that can
be measured during testing of the pipes are the applied loads and the response deflections
and certain specimen response strains. At points where strain gages are located, stresses
cannot be directly measured for plastic loading levels.

In the case of the C-pipe, the PIRG recommended testing at levels which represent loads
required to produce the "real" elastic-plus-plastic strains associated with the 2Sy ASME
Level-D. In an attempt to determine a Level D load as per PIRG recommendation, we
employed strain measurements from the reference base-metal strain gage on the C-pipe (on
the side of the pipe opposite the cracked region). These measurements represent the
maximum strain obtained during the crack-closing half of the load cycle. We attempted to find
a load level that would produce 0.4 percent plastic-offset strain. At the maximum load that
the system could provide and control we were unable to place the C-pipe at such high strain
levels because of the rather high apparent yield stress of the C-pipe 55304 material, likely
somewhere around 40-45 ksi (276 - 310 MPa).

It should be noted that stress and plastic strain are not uniquely related for a strain-hardening
material such as stainless steel due to the nonlinear path-dependent behavior of the material.
This explains why there is uncertainty regarding (and sometimes confusion) when defining the
Level D stress and/or load since that stress is not uniquely defined by the 0.4 percent 'value"
of plastic strain. Also, the pipe is a structure that everywhere obeys the material response
behavior and structural equilibrium and compatibility requirements; indeed, once yielding
occurs stress redistribution in the pipe results and the relationships of applied load to
resulting stress and strain are difficult to state in terms such as the elastic simplifications of
Mlz for bending stress and stress/E for strain.

Larger and more difficult questions arise in relating load used in the test to the load level that
might be experienced by the HWR primary piping system for SSE earthquakes of various g
level ground motions. Additional details of analyses conducted at ORNL and Battelle to
complement the C-pipe test are discussed later.

To characterize the C-pipe test loads in simple terms, certain values of stress and strain will
be given without complete explanation. As with the first pipe, test loads could be increased
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only to maximum levels permitted within the limitations of the PITF static hydraulic-ram load
and control systems. As it turns out, this maximum level of load was +/- 100 kips (445 kN),
and it will be referred to below as 1.2. The 85304 base material of the C-pipe has a room
temperature average yield value quoted by WSRC of 38 ksi (262 MPa) and an average yield
at 257°F (125°C) of 29 ksi (200 MPa). As observed during testing, the SS304 base material
exhibited a yield stress more like 40-45 ksi (276 - 310 MPa). For the C-pipe test load of 100
kips (445 leN) the following is approximately correct, with strains quoted for the base metal
away from the crack and for a test temperature maintained at 135-140°F (57 - 600 e):

U = 3..6 X L1 = 100 kips (load) [445 kN] or 400 ft-kips (moment) (542 kN 111]
or 0.3% (peak measured strain),
or aOOut 0.16% (peak measured offset plastic strain),
or aOOut 48 ksi (331 MPa)(estimated peak stress of uncracked pipe),

or a peak stress of S2..5 oi (362 MFa) if no yielding bad occurred.

It is not clear from this test observation exactly what load would have caused 0.4·percent
plastic strains for the C-pipe uncracked base metal. OUf guess would be a load of about 120
130 kips (534 - 579 kN) which would be somewhere between 4.4 - 4.7 Ll.

Testin&of the pi~ specimen. This second PITF series of tests on the C-pipe was conducted
in four major sequences. Table 1, Test Histogram for C-pipe, shows all tests in sequence and
major test parameters. The nominal load range (LOAD) in kips, the periodicity (PRO.) in
seconds, and the number of test cycles (CYC.) executed are listed when the test was under
servo-hydraulic actuator control. When a test was a dynamic test, "HIT' is listed in the
LOAD.column, and the load reversal (LO.RV.) value in kips, the pre-load (PR-LO.) value
in kips, and the drop height (DR.HT.) in inches are given. The C-pipe temperature (TEMP.)
in degrees Fahrenheit, the internal pipe pressure (PRES.) in psi, and the fuIVempty
(WETIDRY respectively) status for every test are also listed.

The first test sequence was conducted on August 18, 1992 A compliance test (hwp2t1cl) of
fOUf cycles to :tLl load with a four second periodicity was performed to verify proper
operation of the data-acquisition system, the selVO-hydraulic control system, and the
instrumentation installed on the pipe. Then, a series of 10 hits (hwp2tlhl through
hwp2t1h10) was conducted on the as-received C-pipe. The pre-load was five kips (22.3 kN
applied in conjunction with the dynamic load), the drop height was 5.5 in. (139.7 mm), and
the load reversal value was Ll (performed after each hit).

The second test sequence started with a set of fatigue cycles (Tests hwp2t2f1, hwp2t2f2,
hwp2Tt2f3, and hwp2t2f4) in an attempt to drive the existing fusion line inside crack through
wall. A total of 104,134 fatigue cycles was conducted, but a through-wall, 14 in. (356 mm)
long crack in one of the C-pipe spool piece welds [the connection of one end of the 28 in.
(.71 m).long spool C-pipe to a nine f1. (2.74 m) long pipe end piece] developed. The weld
was repaired, and the pipe was re-instrumented with strain gages. These gages been
removed during ultrasonic crack inspection. Tests hwp2t2f5, hwp2t2c3, and hwp2t2c4 were
executed to assess the effects of a facility weld repair and the pipe weld repair. After assuring
these modifications did not affect overall structural behavior and localized near...crack
behavior, a series of tests (hwp2t2c5 through hwp2te13) was conducted. This series loaded
the pipe in the crack closing direction only.. Low-cycle fatigue test hwp2t2ti drove the inside
crack through-wall with only an additional 14,076 cycles for a total of 118,210 cycles.
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The third test sequence started with a set of tests (hwp2t3cl through hwp2t3c18). These tests
were an attempt to obtain crack opening, load, and flow data for many conditions. New strain
gages at different locations and a crack-opening displacement gage (COD gage) were
installed. Tests hwp2t3c19 and hwp2t3c20 were executed to validate the performance of this
new instrumentation. The main test sequence of 40 cycles under hydraulic actuator load
control to ±12 (test hwp2t3c21 through hwp2t3c62) was conducted. The periodicity was
increased from 16-sec. on cycle one, to 32-sec. on cycle two, to 64-sec. on cycle three. A .5
sec. hold period at the load peaks was added for cycle four (hwp2t3c24). This hold period
was increased to one-sec. on cycle five (hwp2t3c25). AU modifications to the test parameters
were to allow the servo-hydraulic control system to attain the ±U load range. The test
parameters were constant from cycle 5 to cycle 39 (hwp2t3c60). On cycle 39, a maximum
actuator stroke limit in the crack opening direction was exceeded and the nominal -I2load
was not achieved. The first half (hwp2t3c61) of cycle 40 (crack closing) was conducted as in
all the previous cycles. Then the actuator was shimmed to attain 1.5 more inches stroke in
the crack opening direction, and the last half (hwp2t3c62) of cycle 40 was conducted. The
cycle halves were combined post-test and stored as hwp2t3c63. Post-test analysis showed
unstable crack growth below the 12 load level during the last half of cycle 40, thus, ending
this test sequence.

The purpose of the fourth and final testing sequence was two fold; investigate the behavior
of the pipe with a large crack [approximately 25 in. (635 mm) long] during a dynamic event,
and to grow the through-wall crack completely around the circumference so fractography of
the crack surfaces could be easily performed. A series of load controlled fatigue cycles
(hwp2t4f1, hwp2t4f2, and hwp2t4f3) was executed to lengthen and sharpen the crack. Then,
a series of dynamic hits was conducted on November 18, 1992. The drop height was
increased from 6 in. (152 mm) to 60 in. (1.52 m) as shown in Table 1 for tests hwp2t4h1
through hwp2t4h9. Also, due to actuator stroke limitations, the pre-load of -2 kip (-8.9 kN)
was not imposed after Hit five (hwp2t4h5), but lowered to -1.5 kip -(6.7 kN) on Hit six and
then to zero thereafter. To hasten crack growth, a series of stroke control fatigue cycles
(hwp2t4f4 through hwp2t4f9) of ±3 in. (±76.2 mm) was performed. Next, another series of
hits (hwp2t4hlO through hwp2t4h16) was conducted with two more stroke control fatigue
sequences interspersed. The last fatigue test drove the crack around the circumference, thus,
ending the test

5. TEST RESULTS

This section provides results from the C-pipe tests to determine the LBB crack sizing and
results from the 40-cycle PIRG test.

Crack Sizing Wet Tests. The initial through-wall fatigue crack in the C-pipe was 1.7 in. (43
mm) long. This initial fatigue crack was very tight allowing measurements of near minimum
anticipated leakage flows for the NPR-HWR reactor large primary piping conditions. The
leakage flow rate as a function of pipe stress is provided on plot a of Fig. 2. Data taken
during these tests represent a condition of 200 psig (1.4 MPa) pressure and 138°F (59°C)
temperature. The nominal NPR-HWR plant primary pipe cold-leg operating stress condition
(0. + 0b) is estimated to be approximately 6.8 ksi (47 MPa). The leakage rate measured at
this condition was 0.15 gpm (9.5 ml/s), In order to develop larger leak rates at normal
operating conditions, the pipe was slowly cycled at higher loads. This slow cycling enlarged
the crack length and caused the crack to open wider at the centerline. This higher load
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Table-1 , Test Histogram for C-pipe

DATA SET DATE LOAD PRO. eve. W£T/ TEMP. PRES. lO.RV. PR.LO. OP.HT.
or TEST moldylyr kip. ••c. lORY d.g. F PtJ. IdD KIP ~

I hwo2tlcl 8/18192 -·1. 27.S- 4 .. DRY 75 0 N/" HIA HIA
nwo2tlh1 8/18192 HfT N/A H/A 'NET 135 125 21.5 ·5 , 5.5
hwo2tlh2 ' 8/18192 HfT N/A H/A WET 135 125 21.5 ·5 5.6
hwp2t1n3 8/18192 HIT N/A N/A WET 135 125 27.5 ·5 6.5
hwp2t1M 8/18192 HIT H/A NIt.. WET 135 125 27.5 -5 5.5
hwo2t1h5 8118192 HIT H/A H/A WET 135 125 27.5 ·5 5.5
hwo2t1h6 8/18192 HIT N/A H/A WET 136 125 27.5 ·6 5.5
hwp2t1h7 8/18192 HIT N/A HlA WET 135 125 27.5 ·5 5.5
hWD2tlhS 8/18192 HIT NIt.. H/A WET 135 125 27.5 -6 6,.5
hwp2tlh9 8118192 HIT NIt.. H/A WET 135 126 27.5 ·5 5~5

~o
I 8118192 HIT H/A N/" WET 135 126 21.5 ·5 5.6

11 8/18192 -·1. 27.5- • 20.000 DRY 75 0 N/" H/A H/A
1 8119192 -·1. 27.5- • .. DRY 75 0 H/A N/" HIA

hwp2t~c2 8/19192 -·1. 27.5- 4 • DRY : 77 0 H/A H/A N/A
hwp2t2f2 8/20192 -·1+ 27.5- • 20,000 DRY 75 0 H/A HI" N/A
hwp2t2f3 8/21192 -·1. 27.5- 4 64,134 DRY 66 0 H/A NIA N/A
hwp2t2f. 8/24192 -·1. 27.5* .. • WET 73 0 HI" HI" NI"
hwp2t2f5 9/4192 ··1. 27.5* .. 4 WET 76 0 HI" H/A HlA
hwo2t2c3 10112192 -·10110· 4 4 DRY 75 0 N/A. HI" HlA
hwo2t2c. 10112192 ·-I. 27.5- 4 4 DRY 75 0 HIA NIA HIA
hwo2t2cS 10/12192 *01-55- S 2 DRY 15 0 N/A N/A H/A
hwp2t2c6 10/12192 -01·15* a 1 DRY 75 0 H/A HI" H/A
hwp2t2c7 10/12192 -01·85* S 1 DRY 75 0 H/A HI" , H/A
hwp2t2c8 10113192 *01·90* a 1 DRY 72 0 HIt.. N/A N/A

, hwp2t2c9 10113192 *01·95* a 1 DRY 72 0 NIt.. N/A H/A
hwo2t2el0 10/13/92 *0/·9S* a 1 DRV 72 0 N/" HIA HIA
hwo2t2e11 10113192 *01·97- a 1 DRY 73 0 H/A HIA H/A
hwo2t~e12 10113192 ·01·100* a 1 DRY 73 0 H/A N/A NJA
hw92t2c13 10113192 * ·1. 27.5- 8 • CRV 15 0 HI" H/A H/A
hwD2t2fl 10113192 ·-I. 27.5* 4 6 ORY 75 0 HI" N/A HIlt.
hwp2t2f7 10/13192 ··1. 27.5- 4 14,076 DRY 75 0 NJA HIA HIA
hwp2t3el 10/14192 0 H/A H/A WET 15 241 HIA N/A HI"
hwp2t3c2 10114192 *·SIS- 6 4 WET i 75 221 H/A H/A NlA
hwp2t3c3 10/14192 -·10110- HIA N/A WET 75 192 HIA N/A HlA
hwp2t3c4 10114192 --1+ 27.6- N/A HIA WET 75 206 NlA NJA H/A
hwp2t3cS 10114192 -·15115- I • WET 75 212 HlA NJA , HIA
hwp2t3c6 10114192 -·1+ 27.5* I • WET 75 206 HIA NIt.. HIA
hwD2t3c7 10115192 *·55155- e 4 . WET 75 200 HIA HlA HIA
hwp2t3c8 10/15192 *·55156* • .- WET 15 200 H/A HIA NIt..
I\wD2t3c9 10115192 a·70nO- • 4 WET 15 200 H/A HIA NJA

hwD2t3c10 10115192 a·70nO- e 4 WET 15 200 H/A HIA HIA
hwD2t3cl1 10/15192 a·l0110* • 4 WET 15 204 H/A HIA N/It.
hwp2t3c12 10/15192 a·70nO· • 4 WET 15 180 NJA HIA HIA
hwp2t3c13 10115192 *·70nO- • 4 WET 75 180 HIA H/A HIA
hwp2t3cl. 10115192 -·10110· I 4 WET 75 205 HIA HIA , H/A
ftwo2t3c15 10115192 *·10110* I .. WET 16 26 N/A H/A H/A
hwl>2t3cl I 10115192 .·15115* I .. WET 76 24 HIA HIA ,

HfA
ftwo2t3c17 10115192 -·10110* I • WET 75 104 NIl.. HIA NlA
hw1)2t3c18 10115192 *·15/15* S 4 WET 75 106 N/A HIA HlA
~2t3c19 10119192 ·./+ 27.5* 8 4 DRY 75 8 H/A HIA HI"
M~2t3c20 10/19192 ·./+ 27.5* • 4 DRY 75 8 H/A H/A NlA
M 1)2t3e21 10119192 -,001·100· ,. , WET 136 0 NJA NIA NIl..
~ 1>2t3e22 10119192 -'001·100- 32 , WET 131 0 H/A NlA HIA

,
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DATA SET DATE LOAD PRO. eye. Wf.T1 TEM'. PRES. LO.RV. 'R.lD. D'.HT.
01 TEST mo/d'l/vf kip. IK. JDRY d.g.' Pit kip K. ftchM

hwp2t3c23 10119192 ·,00/·,00· e4 1 WET 13e 0 N/A NIA N/A
hwp2t3c24 10/19192 ·,00/·,00· 6S 1 WET 138 0 H/A N/A NlA
hwp2t3c25 10/19192 • 100/-100· 6e 1 WET 138 0 H/A N/A H/A
hwp2t3c2e 10/19192 ·,00/-100· ee 1 WET 13' 0 N/A N/A NlA
hwp2t3c:27 10/19192 ·,00/-,00· 6e 1 WET 133 0 N/A N/A NIA
hwp2t3c28 10/19192 ·,00/-100· 68 1 WET 133 0 N/A N/A H/A
ttwp2t3c29 10119192 ·,00/·100· 66 1 WET 132 0 NJA NJA N/A
hwp2t3c30 10/19192 ·,00/·100· ae 1 WET 131 0 N/A NJA N/A
hwp2t3c31 10119192 ·'00/-100· 66 , WET 131 0 N/A NIA NIA
hwp2t3c32 10/20192 ·,00/·,00· 66 1 WET 137 0 N/A N/A NIA
hwp2t3c33 10/20192 ·,00/·100· 66 1 WET 136 0 N/A NIA N/A
hwp2t3c34 10/20192 ·'00/·100· 66 1 WET 136 0 N/A NlA NIA
hwp2t3c3S 10/20192 ·,00/·,00· 66 1 WET 138 0 N/A N/A N/A
hwp2t3c36 10/20192 ·,00/·100· 66 1 WET 136 0 N/A NIA N/A
hwp2t3c37 10/20192 ·,00/-,00· 66 1 WET 135 0 N/A N/A NlA
hwp2t3c38 10/20192 ·,00/·100· 66 1 WET 135 0 N/A N/A N/A
hwp2t3c39 10/20192 ·'00/·100· 66 1 WET 134 0 NIA NIA N/A
hwp2t3c40 10/20192 ·,00/·100· 6e 1 WET 134 0 H/A NIA N/A
hwp2t3c41 10/20192 ·,00/·100· 6e 1 WET 133 0 HIA NIA NIA
hwp2t3c42 10/20192 ·'00/-100· 6e 1 WET 140 ° H/A N/A N/A
hwp2t3c43 10/20192 ·,00/-100· 66 1 WET 142 ° HIA NIA N/A
hwp2t3c44 10/20192 ·,00/·100· 6S 1 WET 142 ° H/A N/A NlA
hwp2t3c45 10/20192 • 100/-100· 66 1 WET 142 ° HIA NIA NIA
hwp2t3c46 10/20192 ·,00/·100· 66 1 WET 142 ° H/A N/A NIA
hwp2t3c47 10120192 •100/-100· 66 1 WET 141 0 N/A N/A NIA
hwp2t3c48 10/20192 ·,00/·100· 66 1 WET 140 0 N/A N/A N/A
hwp2t3c49 10120192 ·'00/-100· S6 , WET 140 0 HlA NIA NIA
hwp2t3cSO 10/20192 ·'00/·100· 66 1 WET 131 0 HlA NIA N/A
hwp2t3cSl 10/20192 ·,00/·100· 6S 1 WET 131 0 N/A NIA N/A
hwp2t3cS2 10/21192 ·,00/-,00· 6S , WET 140 0 N/A N/A N/A
hwp2t3c53 10/21192 • 100/·100· 66 , WET 13. 0 N/A NIA NlA
hwp2t3cS4 10/21192 • 100/·100· 66 , WET 137 0 HIA NIA N/A
hwp2t3cSS 10/21192 • 100/·100· 6S , WET 137 0 HIA H/A N/A
hwo2t3cSa '0/21192 ·,00/·100· 66 , WET 133 0 HIA NIA HlA
hwp2t3c57 '0121192 • '00/·100· es , WET 132 0 HIA NlA HlA
hwp2t3c51 10121192 ·,00/·,00· sa 1 WET 131 0 HIA NlA HlA
hwp2t3c:5' '0/21192 ·'00/·,00· la 1 WET 121 0 HJA N/A HlA
hwp2t3c:60 '0121192 ·,00/·100· 6& 1 WET 12. 0 HIA HlA NJA
hwp2t3c61 10/21192 ·01100· 33 O.S WET 120 0 HIA NIl. NJA
hwp2t3c:62 10121192 0/·100· 33 0.5 WET 120 0 HJA NIl. HIA
hwp2t3c:63 10/28192 'I , WET 120 0 H/A WA HlA
hwp2t4f1 1119192 ·301·30· e 172 DRY 72 0 HlA WA NIA
hwp2t4f2 1119192 ·311·3" • 1& DRY 72 0 HIA NIl. HlA
hwp2t4f3 1119192 ·311·31· • 12 DRY 72 0 HIA NIA NlA
hwp2t4h1 11111192 HIT HIA HlA WET 72 0 0 ·2 •hwp2tCh2 11118192 HIT HIA N/A WET 72 0 0 ·2 12
hwp2tCh3 11111192 HIT N/A N/A WET 72 0 0 ·2 2_
hwp2tCh4 11118192 HIT N/A HlA WET 72 0 0 ·2 30
hwp2tChS 1'"1192 HIT N/A NIA WET 12 0 0 ·2 3&
hwp2t4h1 ""8192 HIT N/A HlA WET 72 0 0 ·'.5 _2
hw~2t4h' 11111192 HIT N/A NJA WET 72 0 0 0 4'
hwp2t4h1 11/11192 HIT NIA HlA WET 72 0 0 0 54
hw~2t4h1 11111192 HIT N/A N/A WET 12 0 0 0 10
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Table-' , Test Histogram forC-pipe

DATA SET DATE LOAD PRO. eye. WETI TEMP. PRES. LD.RV. 'R.t.D. OP.HT.
Of TEST mo/dy/yf klo. IK. lORY dig. F Dtl. kJD It. I k'ldw

hwp2t4f4 11/191'92 STROKE 24 40 DRY 12 0 HI" HIA I HIA
hwo214f5 11/191'92 STROKE 24 29 DRY 12 0 N/A HI" H/A
hwD2t4f6 111191'92 STROKE 24 96 DRY 12 0 H/A HIA H/A
hwD214f1 , 11191'92 STROKE 24 .. ORY 12 0 H/A HIA NJA···
hwp214f8 "/19192 STROKE 24 36 CRY 72 0 HIA NIA N/A
hwp2t4f9 11119192 STROKE 24 100 pRY 72 0 NJA N/A NIA
NO NAME 11/20192 HIT NIA NIA WET 72 0 NONE NONE 12

hwo2t4h10 11/20192 HIT NIA H/A WET 72 0 NONE NONE I 16
hwo2t4h1 t 11120192 HIT N/A NIA WET 72 0 NONE NONE 20
hwD2t4h12 11120192 HIT NIA NIA WET 72 0 NONE NONE 24

...

hwo2t4h13 11/20192 HIT N/A N/A WET 72 0 NONE NONE 31
hwo2t4h14 11/20192 HIT H/A HlA WET 72 0 NONE NONE 31
hwD2t~"'0 , 1/20192 STROKE 24 20 WET 72 0 HIA NlA N/A
hwo2't4h15 1 tl20192 HIT HIA HIA WET 72 0 NONE NONE 31
hwp2t4h16 11/20192 HIT HIA NIA WET 72 0 NONE NONE I

4'
hwD2t4f11 11/20192 STROKE 12 163 WET 72 0 NIA NIA N/A
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cycling was completed for six cycles. These higher load cycles would represent plant heat-up
and cool-down conditions on a small flaw.

The normal operating load condition was then applied to the pipe, and a leakage rate of
approximately two gpm (0.126 lis) was measured. The crack length was measured to be twa
in. (50.8 mm), and this was defined to be the detectable leakage flaw size, or LBB crack.

With the crack length at two inches (50.8 mm) a series of tests was completed to define
leakage flow as a function of pipe stress and pressure. These data are provided on plot b of
Fig. 2.

Lar2e Load Cyc1in2 Test. The referenced two-in. (50.8 mm) crack was then loaded in fully
reversed bending cycles at the ram maximum load of 100 kips (445 kN) as previously
discussed. This loading provided a bending moment in the pipe center section of 400 ft-kips
(542 kN 111) which is a factor of 3.6 times larger than the previous testing completed on the
SS316L piping. For this load, three strain gages located 180° away from the crack developed
on the average over 0.2 percent strain (with peak strains approaching 0.3%).

After ten cycles of loading, the surface crack length was measured at 3.0 in. (76 mm). The
crack length at the end of 20 cycles was established at 3.7 in. (94 mm); and at 30 cycles was
4.8 in. (122 mm). At the end of 30 cycles the top of the crack had twisted over to the west
weld fusion line, while the bottom of the crack tip had twisted over to the east weld fusion
line (see Fig. 3). From this position, the remaining 10 cycles caused the crack to tear
essentially along the weld fusion line. Tearing was essentially evenly incremental at 0.3
in./cycle (7.6 mm/cycle) through cycle 33: The incremental tearing then increased to 0.7
in./cycle (18 mm/cycle) through cycle 37. On the remaining load cycles, tearing was as listed
below:

~ Crack Growth
38 1.2 in. ( 30.5 mm)
39 1.5 in. ( 38.1 mm)
40 5.0 in. (127.0 mm)

It is important to note that the crack was between 10 and 11 inches (254 - 279 mm) when,
in cycle 39, the 100 kip (445 kN) load could no longer be supported. Crack extension rates
during the tearing instability were of modest value on the order of two-in./sec (51 mm/sec).
Further, it is noted that the frequency of loading programmed into the controller was
1/60 Hz.

Sketches of the crack length dimensions are shown on Fig. 3.

Plots of load versus pipe centerline displacement are shown on Fig. 4. The cyclic variation
of load versus crack mouth opening displacement is provided on Fig. 5.

6. DISCUSSION

Prior to completion of the ORNL high load cycling of the C-pipe, Battelle completed
sensitivity studies of the effect of crack length on the pipe loading [3]. This was done for the
ORNL configuration (circumferentially through-wall cracked pipes under four-point bending)
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using NRC-Pipe Code version 1.4 and using average material properties of SRP SS304 at
125°C, as provided by WSRC [4]. The LBB.ENG2 J-estimation scheme option was used to
obtain predictions of load versus load-line displacement. The base metal stress-strain curve
was represented by WSRC and used by Battelle as a Ramberg-Osgood curve with yield =29
ksi (200 MPa), epsilon-O = 0.001, N = 5, and a = 2.

The Battelle estimate of load versus load-line displacement for weld metal [3] is shown on
Fig. 6. This Battelle estimate is compared to measured ORNL C-pipe test data using Fig. 7.
The estimate correlates surprisingly well with the ORNL measured values.

Battelle Figure 3.3
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Using the measured load-displacement behavior of the C-pipe, ORNL calculated an estimate
of deformation J for the C-pipe. The ORNL estimate of J is compared to the Battelle
power-law fit J-estimation [3] on Fig. 8. These methods likewise correlate well.

The hydraulic ram loading fixture used in the C-pipe test is shown in Fig. 9. The C-pipe
crack after 40 load cycles to high loads is shown in Figs. 10, 11, and 12. The crack length at
the end of 40 cycles of large load was 16.5 in. (419 mm), or the crack grew a total of 14.5 in.
(368 mm) during the test. At this crack length the pipe could support a load of approximately
85 kips (378 kN) without additional tearing. That load represents a factor of 3.1 times the
previously employed Llload of 27.5 kips (122 kN).

The C-pipe held the 100 kip (445 kN) load for between 38 and 39 cycles and could still
support 85 kips (378 kN) after 40 cycles. It is clear, nevertheless, that if a mechanism for
providing 100 kips (445 kN) were available, the pipe would have failed by separation during
the 40th cycle. The necessary deflection to provide that separation is believed to be in excess
of 30 in. (762 mm), while the PITF system's deflection capacity was but 4.5 in. (114 mm) as
set up for the C-pipe failure test.

The C-pipe loads are considered to be very high loads, yet the degraded pipe, with 27 years
of reactor service and considerable additional punishment to obtain the LBB through-wall
crack, survived for 38-39 cycles at 100 kips (445 kN).

The above discussion of C-pipe test data together with the previous dynamic testing of the
SS316L pipe provide a major data base in support of the hypothesis that the NPR-HWR
primary piping provides high confidence of low probability of failure during a SSE covering
the total life of the plant.

In order to establish a better analytic correlation of actual earthquake loading on a flawed
pipe, dynamic pipe fracture calculations of the NPR-HWR system were also completed by
Battelle (Appendix C). The analysis model was the cold-leg piping between the reactor vessel
and heat exchanger. The approach was to determine an appropriate time history using a
supplied floor response spectrum. The analysis was first completed for a pipe with no crack,
From this first analysis the area of maximum stress was determined to be at the reactor vessel
nozzle to elbow weld (see Fig. 13, node 1).

A second analysis was then completed in which a 10 in. (254 mm) long through wall crack was
modeled as a nonlinear moment-rotation spring located at the highest stress location (node
1). The conditions for this analysis were for a 16 in. (406 mm) diameter schedule 40 [O.S-in.
(13 mm) wall] reactor coolant pipe of Type 304 stainless steel material. The boundary
condition at the reactor vessel was fixed and free lateral translations at the heat exchanger
were assumed. The pipe fluid was at a temperature of 2300 F (1100 C) and pressure of 150
psig (1.03 MPa). The analysis included dead weight loading and seismic load in the Y
direction. The analysis assumed 0.5 percent Rayleigh damping. At node I, the linear elastic
analysis had provided a von mises equivalent stress at SSE loading of 19.0 ksi (131 MPa).
The design and analysis spectra is shown on Fig. 14 and the SSE spectrum compatible time
history is shown on Fig. 15.

In order to show margin on crack stability, the 10 in. (254 mm) long crack model was loaded
at 3 times the SSE loading. The analysis shows that portions of the piping WIll yield; however,
the 3 SSE loading does not initiate crack instability. The analysis also shows the leak rate
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FIg.8. - Battelle caJculated power-law fit for crackgrowth resista.Dce for the
base metal, beat-affected ZODC; aod weJd metal The data points
shown on the graph are estimated J values developed by ORNL
using -C' pipe test data.
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ORNL-PHOTO 8500-91

Fig. 9. - The ORNL test fixture is shown here with the hydraulic ram in
position to load the pipe in four-point bending.
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ORNl·PHOTO 8367·92

Fig. 10. - The -c- pipe shown here after 40 cycles of bending at +/- 400 ft
kips moment The original 2 in.. crack has grown to 16..5 inches in
length.
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ORNL-PHOTO 8369-92

Fig. 11. - The top portion of the 165 in. crack is shown in this picture.. The
crack has twisted to the west (left side) and is tearing along the
weld fusion-line.
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OANL-PHOTO 8368-92

Fig_ 12 - The bottom portion of the 16..5 in.. crack is shown in this picture..1l'

The crack has twisted to the east (right side) and is tearing along
the weld fusion-line.
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Battelle Figure 5.21
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Battelle Figure 5.20
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opening area to be small during the 3 SSE loading.

The final crack geometry considered wasa complex crack that is consistent with 8 pipingflaw
at the Duane Arnold nuclear plant that was not discovered until it leaked; 40.6percent of the
circumference and 75 percent of the wall thickness deep. Compared to the 10 in. (254 mm)
through-wall crack and a 40 percent deep complex crack, this complex-cracked-pipesection
is much more severelydegraded.

ted moment-rotation response at 3 SSE loading for the "Duane Arnold" complex
that the crack reaches maximum moment and then tears stably. Compared to
t deep complex crack, the 75 percent deep complex crack does not tear

y more, but it undergoes mu ore severe crack closure.

It is obvious from these data that the pipe remote from the crack undergoes very large
deflections and that significant portions of the pipe would be well above yield Combining
the finite element crack rotations, J-estimationschemecracklength and crack.-mouth-opening
data, and assuming a diamond-shaped crack-opening area, the leak area asa function of time
was established. The leak rate area reaches a maximum of 21 square inches (.013 m~ during
the seismic event with a very small residual crack opening after the seismic event. On the
cyclewhen the crack reaches 21 square inches(.013 m1, it takes 115milliseconds to go from
basically closed to the maximum opening.

The results from the complex-crack analysis support the contention that a large undetected
surface flaw that breaks through and leaks under normaloperating loads has enough integrity
to sustain a 3 SSE loading. Because plasticity hasbeen ignored,except at the crack, however,
the results presented for the complex cracks cannot be relied upon as the sole basis for
justifying removal of the instantaneous DEGB as,the design basisevent because the energy
dissipated during yielding would alter the system dynamics.. The uncrackedpipe plasticity will
effectively increase the damping which would. reduce the loads on the pipe.

For the case of the 75 percent deep complexcrack, the predicted maximum momentwas only
27.1 ft -kips (36.7· kN-m). The elastic uncrackedmoment wasa factor of 5.9 timeslarger than
this, and amazingly the crack still survived with only a small amount of tearing. This
demonstrates the large margins that may be realized from using nonlinear time-history
analysis.

7. POST TEST EXAMINATION

After the C..pipe was separated into two pieces, the fatigue/fracture surface in tbe weldmeta)
wasexamined. The through-wall fatigue crack that developed during 118Kcycles was shown
to have grown from a small lack of penetration area at the weld root; This lack-of
penetration (LOP) area was essentially located in the pipe wall thickness at an orientation
which experienced the largest bending stress during the 118K cycles of fatigue. This bending
stress essentially put the local pipe wall through thickness in tension. This tension stress
caused the LOP to grow a fatigue crack from the inside surface to the outside surface as
shown on Fig.. 16. This growth pattern is nearly elliptical with a depth to length ratio of
approximately 0.2 .The initial LOP depth was approximately 0.03 in. (0.762 mm) which
represented a wall defect of six percent at the inside surface.
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During in·plant ultrasonic (U1) inspections prior to C-pipe removal, two detectable
indications areas had been identified by UT inspectors. These indications were at locations
19.5 - 20.4 in. and 35.2 - 36.1 in. relative to a permanent marker on the pipe weld. After the
C-pipe section was removed and decontaminated, a visual examination could be completed
at the same time as UT inspections. The UT indication at 19.5 - 20.4 in. was established to
be a reOector from a grinding mark located on the inside surface. The UT indication at 35.2 
36.1 in. was not associated with any pipe inside surface wall reflector. The initial UT
examination in·plant sized the 35.2 .. 36.1 in. indication at ten percent through-wall. The
inside surface lack of penetration that grew through-wall during fatigue loading was located
approximately between 36.2 - 37.0 in. relative to·the UT marker location.

Examination of the C-pipe fracture surface provided several indications of IGSCC near the
LOP. Fig. 16 provides pictures of the fracture surface and shows numerous locations by
numbered enlargements. The number I enlargement is at the inside pipe surface
approximately I-ttl in. below (to the right on the picture) the center of the lack of
penetration. On Fig. 16, the side of the picture showing the 37 position is toward the top of
the C-pipe as it was placed in the loading flXtu~e. The centerline on Fig. 16 locates the
position of maximum bending stress in the pipe during fatigue loading cycles. The depth of
IGSCC in the number 1 enlargement is 0.07 in. (1.78 mm) from the inside wall surface. At
the deepest part of the crack the IGSCC appealS to extend in the longitudinal direction of
the pipe toward the heat affected wne (HAZ). In the bottom of the IGSCC crevice brown
stain can be seen on the material surface. It should be noted that this IGSCC crack is
located at the 35 in. position relative to the UT marker. This puts it near the original in
plant UT call at the 35.2 • 36.1 in. location. The IGSCC depth is 14 percent through-wall
relative to the initial UT call of to percent through-wall.

Slightlybelow (in the picture to the right of) the IOSCC indication (enlargement 1) there is
seen a large area of brown stain almost completely across the pipe wall. Enlargements 2 and
3 show two sections of this stained area. In botb of these enlargements, cracked areas can
be seen. Near these cracked areas, patches of darker brown stain appear. This crack pattern
and brown stain is indicative of IGSCC. 11)ese cracks are oriented radially and longitudinally
along the pipe and have not been opened':by the fatigue loading.

In the center of the C-pipe weld opposite from the LOP there are several areas that appear
to be porosity in the weld. Enlargements 4 and 5 are of areas in the depressions of die
porosity. Enlargements 4 and 5 show what appear to be cracking areas that have the dark
brown stain located near the crack. Enlargements 6, 7 and 8 show areas near the inside
surface LOP that may show indications of cracking.

It should be stated that the C..pipe was decontaminated prior to testing and during this
decontamination the inside pipe surface was cleaned as follows:

a. Degrease with a solution of 50 volume percent Momar 800. This solution was heated
to 50:1: SoC for S minutes and stirred.

b. Rinse with room temperature water.

c. Clean in mixture of 3.5 M HN03 and OAM HF at 5O:t: 5°C for 30 minutes and stir.

cL Rinse with room temperature water.
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e. Clean with mixture of 100 gil oxalic acid. This solution was heated to boiling for one
hour.

f. Final water rinse at room temperature and air dry.

The LOP areas were exposed to this decontamination process. Some of the cracking could
have been enhanced by the decontamination process. However, of approximately seven lack
of penetration areas observable around the fracture surface. the only area showing any
evidence of IGSCC is that between markers 35 in. and 37 in. This location is near the
original area identified in-plant as potential IGSCC indications.

After the C-pipe section had been load cycled to lOOK cycles, WSR·NDE personnel traveled
to ORNL to re-examine the C-pipe weld. All examinations were performed by WSRS/SSQ
NDE examiners using P-scan and manual UT detection equipment. All the SSQ personnel
had been qualified through the Electric Power Research Institute (EPRI), NnE center for
detection and sizing of IGSCC with both manual and P-scan tIT methods.

Manual and automated P-scan trT examinations were performed on C-pipe weld 3C-PW15-16
W1S at ORNL The manually operated, weld scanner (MWS-2) was used for the P-scan
examinations. The entire weld was scanned with 460 shear wave transducer. The area of
interest, 34 - 38 in. from the marker location, was also scanned with a WSY70 flaw
characterization/sizing transducer. A-scandata from the area of interest was stored from both
transducers. The flaw areas were also sized manually using additional approved sizing
methods.

The P-scan automated UT examination (S] revealed several high amplitude (> 100% DAq
indications in the weld area and one low amplitude indication in the HAZ. The HAZ
indication (#3) bad previously been evaluated and attributed to a grinding gouge. After lOOK
cycles this HAZ indication (#3) was still approximately 0.6 in. (15.2 mm) long, and still of low
amplitude and did not appear to be a crack or have much of a through-wall dimension. The
other six indications appear to be lack of fusion (LOF) and Jack of penetration (LOP). both
fabrication/welding imperfections. The lOOK cyclic loading apparently had caused some of
these indications to propagate. Table 2 provides the location or all the indications.

Indication #S gave a response 224% DAC (over two times greater than the response from
a 10% deep notch in the calibration standard). This indication (#5) was sized to a depth of
72% through-wall depth (lWD) and is located in the vicinity of the indication which was
called during the previous examinations. No depth measurements were requested on any of
the other locations.
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TabJe2

I
P·scan indication locations in weld 3C..PWtS·16- WlS

Indication Number

#1
#2
#3
#4
#5
#6
#7

Location from Marker

5.28· 6.60 in.
7.48· 9.68 in.

13.20 - 14.08 in.
29.44 • 30.81 in.
34.33 • 37.85 in.
41.37 ·42.28 in.
47.54 .. 49.30 in.

A visual examination of the C-pipe fracture surface showed that during pipe tearing a lack
of penetration area had been broken into near each oC these called indications with the
exception of #3 which was in the vicinity of a large grinding mark,

The C·pipe fatigue data can provide three points of measured crackdepth as shown in Table
3.

Table 3

C-pipe Fatigue Crack Data

Crack Depth Number of Cycles

0.03 in. (0.76 mm) 0 cycles

• 0.36 in. (9.14 mm) lOOK cycles
Based upon UT

O.SO in. (12.7 mm) 118K cycles
through-wall

Using Fatigue Crack Growth methods an estimation of crack growth though the waD was
completed and isshown in Fig. 17. The Battelle EDEAC data for 304 stainless steel shown
on Fig. 18was used in thisestimation. Provided on Fig. 18 are areasof fatigue crack growth
representative of different pipe stress levels and crack sizes as estabJihsed by this testing and
analysis program.

8. PIRG COMMENTS (Taken Direcdy from Appendix B)

FOJJ.m'ard. The Piping Integrity Review Group (PIRG) was established to provide a technical
review of tests on wrought austenitic stainless steel piping subjected to repetitive loads
simulating sixty years of operation of the heavy·water New Production Reactor. This end-of
life condition was followed by severe loadssimulating greater than SSE seismic loading. The
following is takeD from the second and last PIRO report. with discussion limited to one



ORN1.lNPR-92164
32

ORNL·DWG 93M·2366 ETC

<I:
a,Sin

r

16 in. 0.0.

20 40 60 80 100 120
NUMBER OF CYCLES, N (xl03)

0'-----'----"----&..---'----....-.......
o

0.5 r-------r----r-.......,..-.......,--...,.--.,...

- 0.4§,
co
J
...J
oct
~
W
Q.. 0.3
0:
w
:t:
I-
:t:
o
::>
0

0.2a:
:t:
I-
W
0
Z
oct
t-
en
0 0.1

Fig, 17. - Fatigue crack growth through the SS304 pipe wall during fully
reversedbending cycles at a bending moment of +/- 110 ft-kips.
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experiment (C-Pipe) and supporting analytic studies (See Appendix B for full report).

The following PIRG members participated actively in the development of this report:

Spencer H. Bush, Chairman
Robert J. Bosnak
Macintyre R. Louthan
Everett C. Rodabaugh
Gery M. Wilkowski

In addition, the following memberprovided written comments, but did not attend the review
and discussion sessions:

Robert P. Kennedy

Introduction. The second PIRG report addresses the comments, conclusions and
recommendations of PIRG related to the C-Pipe test and the analytic studies supporting or
expanding on this test. The first report addressed scope issues in the PIRG Charter. The
second report has, as its basis, the experience gained in preparing the first report; however,
the second report is a "stand alone" document based on information providedat or before a
meeting of PIRG held at Oak Ridge National Laboratory (ORNL) on December 16-17,
1992. The conclusions and recommendations of this report are based on this second meeting
of PIRG, the information exchanged and the combined engineering judgement of the
members cited in the Foreward who actively participated, or provided comments in the form
of letter reports.

Experimental Pr02ram. The experimental program on C-Pipe can be divided into three
distinct sectors presented in the "White Paper for the PipingIntegrityReviewGroup: ORNL
1211192:

• The fatigue test leading to the generation of a through-wall crack;

• The severe cyclic loads attempting to simulate a seismic event greater than 1 SSE;

• A combination of load sequences ultimately leading to complete severance of the pipe
weld;

PIRG agrees that cumulatively these three sectors represent very severe loads that confirm
the high toughness of a wroughtausteniticstainless steel such as AlSI 304and the resistance
to double-ended guillotine break (DEGD) of this class of alloys; however, PIRG bas specifIC
reservations with regard to the test when taken in the context of an operating reactor piping
system.

Analytic Programs. PIRG compliments Battelle Memorial Institute (BMI) [sic] on an
excellent, albeit preliminary, analytic study simulating both a modeling of crack growth and
realistic dynamic fracture assessment of a typical NPR-HWR primary pipe system. Other
experiments and accompanying analyses have confirmed that the analytic technique used can
predict observed experimental behavior with an acceptable degree of accuracy. These studies
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confirmed which welds would see the highest loading conditions. ~ expected. they were in
the welds attaching elbows to the reactor pressure vessel nozzles and the heat exchanger
DOmeL

Direct DELTA J versus daldN calculations were made using the EDEAC data base and
comparing predictions to the ORNL C-Pipe tests, assuming the presence of a crack prior to
the simulated seismic event and modeling the seismic event. The comparison of the C..Pipe
test data was extremely close to the predicted EDEAC curve, even without crack closure.
This modeled crack growth quite well. The analysis methodology verification covered:

• A comparison of J-estimation scheme prediction with NRCs degraded Piping Program
cracked pipe quasi-static loading experimental data base.

• Comparison of dynamic cracked pipe analyses with International Piping Integrity
Research Group (IPIRG-l) pipe system experiments.

The crack locationwas predicted to be at the weld attaching the elbow to the reactor nozzle.
The summary statements are significant; namely:

• 3 SSE loading does not initiate (propagate) the crack;
• Portions of the piping wilt yield;
• The leak rate area is very small;

The above summary statements are sensitive to input assumptions (not surprising). Also, the
model assumes the following:

• Onlyductile tearing with no fatigue crack growth;
• No plasticity assumed in pipe;
• Analyses based on best information available;

The latter caveal covers the use of average properties not necessarily those of C-Pipe. A
conclusion one can draw from these anaJ)'$CS is. that the experimental results were more
severe (and more conservative) than the analytic results simulating seismic loads. This could
be due to load rates and times to load reversal where the analytic model had rapid fc:versak
compared to the slow reversals in the experiment. PlRa recognizes that the approach used
represents -advanced state-of-the-art- and. will require validation. AU seismic analyses
conducted for this study utilizecurrent regulatory guidance and were Dot based on proposed
revisions now out for public comment; i..e•• the new Appendix B to 10 CFR 100and the DeW
Appendix S to 10 CFR SO.

Implications of Failure Probabilities. If reactors are grouped looselyinto three sets; namely:

• Operating DOE heavy or light-water reactors where T is about l000C, maybe lessand
the primary system is austenitic stainless steel;

• Planned DOE reactors where T is about uxrC and P is < 1.72MPa;

• The proposed ALWRs; [sic]
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For the first group probability oC a through-wall fatigue crack is very low; e.g., <E-7 during
plant liCe. IGSCC will have 8 much higher probability; however, the probability of a
potentially unstable crack such as 36()0 and nearly through-wall should be low because of
bending moments during plant operation driving the crack through the wall so it is detected
by leakage.

Failure (DEGB) due to fatigue cracking plus a severe seismic event has a very low probability
(- E-13) so this scenario should be relegated to beyond DBE.

IGSCC can occur; however, IGSCC plus seismic to yield DEGB should have a low
probability. The proposed analysis should clarify this scenario.

Set two is the same as the first part of Set 1 where IGSCC is not an issue. The scenario
should be relegated to beyond DEGB.

Set three represents higher pressures and temperatures, more mechanisms such as thermal
fatigue and stratification to fatigue the pipe, IGSCC should not be an issue. Therefore, one
should anticipate 8 low probability of DEGB, but a higher overall probability of severe
cracking. Also, axial cracking could be a problem. One can be cautiously optimistic that the
overall probability of DEGB is <E-7, but more work would be necessary to arrive at a value
accepted by Regulatory Authorities.

Restrictions Related to Conclusion One Below. Conclusion is based on a case where fatigue
is the mechanism leading to cracking and the following restrictions also apply:

• Material is wrought austenitic stainless steel;
• Pipe is schedule 40 or no less than 0.5 in. (13 nun) wall for larger diameter piping;
• New materials selected essentially are immune to IGSCC;
• Reactors considered are essentially free from severe water hammer;
• Primary system temperatures not exceeding (-1000C) and pressures « 1.72 MPa);

therefore, thermal fatigue should not be an issue;
• Massive components such as pumps or heat exchangers are anchored so that a severe

seismic event will not lead to gross movement of the component and overload failure
of the pipe;

• For newer reactors ASME Section m Division 1 mused; for planned reactors the
1992or later edition of the Code is used, provided that later editions are comparable
to the 1992 edition;

• An Inservice Inspection program basically complying with IWB of Section XI (1992
edition) is in place;

• Technical Specifications define a leak detection system; this may be more difficult for
low pressure light-water reactors;

9. PIRO CONCLUSIONS/RECOMMENDATIONS

Provided the restriction cited in the RESTRICTIONS RELATED TO CONCLUSION ONE
section are in force, then the following conclusions are applicable:

(1) For DOE reactors at low pressure (~ 1.72 MPa) and temperatures not exceeding
(-1000C) with austenitic stainless steel piping, the DEGB should not be a DBE;
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(2) For DOE low pressure low temperature reactors subject to IGSCC the analytic results
with a J600 deep crack indicate that an instantaneous DEGB is highly improbable;
PIRG believes further analyses would confirm that the instantaneous DEGB need not
be a ODE used to evaluate core flow instability;

• For ALWRs, information is inadequate to justify relaxation of the current DEGB
requirements other than that provided by 10 CFR SO GDC-4 and 10 CFR 50.46
regarding leak·before-break;

With regard to recommendations PIRG suggests that further analytic studies could lead to
relaxation of the instantaneous DEGB requirement as a DBE when the crack mechanism is
IGScc.
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October 7, 1992

Mr. David L. Moses
ORNL·NPR Project Manager
Oak Ridge National Laboratory
P.O. Box 2009
Oak Ridge, TN 37831-8051

Dear Mr. Moses:

Subject: First Report of the Piping Integrity Review Group (pIRG)

ORNlJNpR·92164
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Attached is the first Piping Integrity Review Group (pIRG) report. The report addresses items
a through & of the Scope of the Charter and represents compliance with item h of the Scope.
Each issue is identified separately, PIRG member comments given, and a statement as to
whether the comment represents a consensus, or is an identification of comments representing
a departure from consensus.

While PLRG complies with the Scope as cited in the first paragraph, we feel that limiting the
report to these issuesalone is not adequate; therefore, we have addressed several ancillary items
that we believe both amplify and strengthen the Scope issues. Each ancillary item is clearly
identified in the report, followed by comments on the item.

The PIRG has the following membership:

Spencer H. Bush, Chairman
Robert J. Bosnak (Lawrence C. Shao as alternate)
Robert P. Kennedy
Donald F. Landers
Macintyre R. Louthan
Everett C. Rodabaugh
Gerald C. Slagis
Gery M. Wilkowski

Mr. Bosnak attended as did all other PIRG members except D. F. Landers.

Telephone: Business" (509) 375·2223 & 375·37491 Home· (509) 94J.0233
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Review & Synthesis Associates
Spencer H. Sush, P.E.• 630 Cedar I Richland, Washington 99352

The report is an attachment rather than being combined with the comments in this letter as a
letter report. We believe this permits greater flexibility. If, after reading the report, you
believe specific items require clarification, please contact me and I will attempt to provide
clarification with the caveat that such clarification cannot change the intent.

I suspect that this will be the only PIRG report because of the DOE action concerning NPR.
Therefore, I have minimized deletions so that you obtain the collective opinions of all PIRG
members. While this makes the report longer than intended, it does give you the various
shadings of opinion in such a collective document.

On.behalf of PIRG I thank ORNL for their hospitality.

Spen • Bush
President
REVIEW &. SYNTHESIS ASSOCIATES
Chairman, PIRG

2

Telephone: Susiness - (509) 37$·22231,.375.37491 Home - (509) 943-0233
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FIRST REPORT OF THE PIPING INTEGRITY REVIEW GROUP
BY MEMBERS OF PIRO

EXECUTIVE SUMMARy

This report contains the comments, conclusions and recommendations of PIRG in response to
the specific issues cited in the Scope of the PIRG Charter. In addition, we have addressed
ancillary issues impacting on the various Scope statements. Each of these ancillary issues are
identified in the report.

Particular emphasis has been given to item h of the Scope because it represents a suggested
redirection of the parameters in the proposed test program.

a. Review and Comment Qn the Merit of Present Test Methods and the Data CoUected
Merit Qf Test Method

The first test didn't seem to have a central theme, other than "let's put a lot of cycles on the
pipe", More sensitivity studies to define the family of cracks that could cause problems at
N+SSE loads is desired. A surface crack could be worse than the crack that has been tested.
Pretest analysis would have shown that in the first test, the crack would have been very stable
and that only subcritical crack growth should have been expected.

b. Evaluate the Testin& PrQ&ram bein~ Conducted: Discuss Streneths, any ShQrtcQmine and
RecQmmend any AdditiQnal Testine Considered Necessary to Accomplish the Test Proeram
Ci2aJJ

One component of the modified test program is to select a through-wall pipe flaw sufficiently
long so that the 0 20 release during cyclic loading by reactor transients is roughly an order of
magnitude higher than should be detected by redundant and diverse tritium detectors. This
would place the flaw lengths well above the detection size of intermittent releases that would
lead to shutdown and repair/replacement of the leaking section. This should be the flawed base
line for the severe repetitive simulated seismic loads suggested by PIRG,

Impact Versus Slow OscillatoO' Cyclic Tests

It is our understanding that the ORNL test fixture can either apply impact loads or slow
oscillatory-cyclic (SOC) loads laterally to the pipe specimen.

SOC loadings can be applied as either displacement or force controlled loadings. So long as the
response remains nearly linear under multiple cycles of loading, it is immaterial whether the
cyclic loadings are displacement or force controlled. However. if responses are highly
nonlinear, substantial differences can result. Under highly nonlinear response, displacement
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conuolled SOC loading may understate the damage from an actual earthquake input; whereas
an adequate number of force controlled SOCloadings will always conservatively replicate (often
excessively so) the effects of earthquake induced responses. It is easy to show by an analytical
comparison that 10 to 20 cycles of force conuolled SOC loadings, each to the maximum
earthquake-induced response overstate boththenumber andtotal duration of near-peak responses
so long as SOC loadings are applied at a rate of two cycles per second, or slower.

Amplitude of Loadin&

Irrespective of whether future testina is conducted using impact or SOC loading, it is
recommended that the response amplitude be significantly increased beyond that used in the
previous test. Such an increase is necessary to find thelargest response for which a civen crack
size remains reasonably stable (i.e., does not result in a LBLOCA) in about 40 cycles, which
is more than sufficient to replicate earthquake responses.

R~mmendatiQns {or Future Tests

To conservatively overstate earthquake-induced response effects, it is recommended that about
40 cycles of force-control1ed SOC loading be applied in future tests. Ideally, the force level
should be set as high as possible without resulting in a LBLOCA in less than about 40 cycles.
Unfortunately, it may not be possible to achieve such a high force level. Because the test is
force controlled and the oscillations are sufficiently slow to be essentially static: loads, the force
level should not exceed about 75~ of that needed to induce plastic collapse under static load on
an uncracked pipe.

The maximum force level which can be applied might also be limited by the test fIXture. It is
recommended that initially the applied force besetat a level 3 times that needed to producethe
moment used in the previous test. After40cycles of applied force at thislevel, the force should
be increased in about 30~ increments until one of the following limits is reached:

1. 75S of theplastic collapse

2. limit of test fixture

3. load at which LBLOCA occurs in less than about 10 cycles

"IOU9tiono! FutureTest Results

It is our understanding that the DBE for the NP·HWR wiD correspond to about a 10'" annual
probabilityof exceedance of It'Ound motion level. Furthermore, to achieve a lo-fold reduction
in the annual probability of exceedance requires a doubling of the DBE. Ground motion
corresponding to three times the DDE are esli havean annual probability of exceedance
of about 2.SxlO'. Therefore, substantial margtn IS required between the design force level for
the OBE and the maximum test force levelapplied for 40 cycles in the test program In order

ii
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to achieve an adequately low probability of a LBLOCA, the design force level should be set a
factor of two to three below the maximum test force level.

Comments on Second Test

The -roeus of experiment 2 should be to examine crack opening for leak rates under normal
operating conditions, and crack opening rates. This experiment would be a two part test;
namely:

Experiment 2(al

The initial objective is to assess the crack-opening geometry from a defect found in a similar
plant. Significant parameters are theinternal versus externalcrack lengths at a 0.1 and 1.0 gpm
leak rate, and documentation of the surface roughness. This testing could be done at ASME
Code maximum allowable normal operating stresses, i.e., Service Level A, or some fraction of
it. This should be less severe than the actual plant stresses, but will provide a bounding limit
for LBB analysis; i.e., the lower stresses will cause a longer crack for a given leak rate.

c. Comment on the AWlication of the Test Data tQward Establishjne a Best Estimate Bound to
the NP-HWR Lar.&e Break Loss of Coolant Accident CLBLOCAl

One must recognize that the seismic simulation used is not an accurate representation of an
actual seismic event. The approach will need to emphasize that the conditions causing crack
growth represent upper bound loads and the initial flaw used is well above the size detectable
by either RTor lIT. Both represent substantial conservatisms in the size of theend-of-life flaw.
Also, the through-wall flaw sizes should be detectable through leak detection or system walk
downs. All of these factors represent cumulative conservatisms.

With regard to the end-of-life seismic loads greater than SSE, if the crack does not become
unstable under these conditions, one may argue that the instantaneous DEGB is incredible and
that it is difficult to postulate a DEGB overa finite time under these conditions. Thesuggested
LBLOCA model is quite arbitrary and does not comply with the observed data. An ultimate
position will depend on the proposed future tests to either confirm this is an incredible event,
or indicate that it is conceivable if these upper bound conditions exist and a greater than SSE
leads to failure.

d. Comment on the Consistency of the APRroacb with Recent ReeuJato[)' PoUe! Statemenu
lSECY-88-32S1 and with Recent Chance., to the ECCS Rule [lOCFRSO,46 (1988)]

One must recognize that 10CFR50.46is for light watercooled plants and was notdrafted with
heavy water or liquid metal coolants in mind. There is nothing inherent in limiting LBB
technology to establishing dynamic effects design bases only. All countries which accept LBB
have this limitation nonetheless. The Commission and the ACRS recognize that LBB can in

ill
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concept be applied to establishing ECCS requirements. Howevert the proposal by DOFJORNL
would be breaking newground. Themajor difficulty would be in defining a replacement breach
of the reactor coolantpressure boundary which is sufficiently unlikely to be exceeded. Earlier
discussion indicated vulnerabilities in other systems with potential effects on the reactor coolant
pressure boundary. The NRC staffmade thejudgment for commercial light water nuclear power
plants that safety would notbe improved by allowing the use of LBB for establishing the ECCS
requirement, and thus would not invest its resources to promote this use. However, the policy
statement leaves open the door for commercial power plant owners to develop the technology
(which primarily would be driven by economic concerns) with the understanding that the NRC
would bedisposed to review and accept this usc if adequately justified.

e. Comment on the ConsisterlQ' of the Apgroacb with Preyiously Acce.pted Applications Qf
Ink..Before-BreaIc TechnQlosy and Rules Allowed in GDC-4

ConditiQns differ so markedly in the NP-HWR compared to a PWR that it is difficult to make
a comparison. Cenainlyt each utility did not conduct tests on piping to justify LBB. The
approach has depended on analyses and an accumulation of data. It is notapplicable to some
piping systems such as the feedwater where very severe failures can occur without LBB.
Obvious examples of such failures are those due to erosion-corrosion. The bestanalogy is for
the Class 1 PWR systems vis-a..vis the NP..HWR process water system. Loads and failure
mechanisms (mechanical fatigue) are similar; however, piping materials differ; e.g., cast
stainless or clad ferritic either A-533 or A-SOS. Certainly, the leak detection systems in the
commercial! reactors are much less sensitive.

The -bottom line- is that one can argue LBB for the NP-HWR, but one arrives at that
conclusion for a different set of criteria.

f. Comment on PossjbiJitjes for ExtraPOlatiQn of the NP-HWR LBLOCA toother Reactors ~b
as the Savannah Riyer K-Rtactor HWR or to S~ific ALWR Degens as Examples

The application and acceptance of the NP-HWR LBLOCA to ALWRs such as the AP-600 is
doubtful. Conditions differ too greatly and the cOnditional acceptance of LSD by the usmc
doesn't warrant a shifting of the base. The data base is of limited use to the commercial
reactors.

Basically, the possibility of extrapOlating GDC-4 is limited to local dynamic effects; with other
reactors it is dependent on precluding the material degradation conditions discussed in SRP
3.6.3. For BeCS applications, the core thermal hydraulics and reactivity response when a
DEGD is postulated to occur also needs to be evaluated in addition to identifying the relevant
degradation conditions.

I. State Consensus and note DisscntioC Ogini20 amone Panel Members in Conjunction with
these Revicws and in Consideration of the &dnts OfSCOJIC Listed above

iv
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No dissenting opinions were expressed by the members of PIRG. We have used & to collect
some items that do not fit well elsewhere. "These are included here with the exception of an
overall opinion under h.

h. Pre;pare and Submit a Written Repon based on eel. which includes each Panel Member's
Considered Opinion

The preceding complies with the requirements of h.

v
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FIRST REPORT OF THE PIPING INTEGRITY REVIEW GROUP
BY MEMBERS OF PIRO

INTRODUCTIQN

This report contains the comments, conclusions and recommendations of PIRG in response to
the specifi~ issues cited in the Scope of the PIRG Cba.rter. In addition, we have addressed
ancillary issues impacting on the various Scope statements. Each of these ancillary issues are
identified in the report.

Particular emphasis has been given to item b of the Scope because it represents a suggested
redirection of the parameters in the proposed test program.

SCOPE ISSUES

a. Review and Comment on the Merit of p~sent Test Methods and the Data CQl1~ted

Merit of Test Method

The pipe impact loading demonstrates that a limited amOunt of crackgrowth canoccurforsingle
overload cycles. There is an extra margin over load-eontrolled loading. Thedifficulty in such
an approach is to convince the reviewer that the test results are directly applicable to the NP..
HWR. For instance, it is not certain that the pipe. impact testing approach is as severe (i.e.,
same ctaCk growth per cycle) as shaking the pipe with weights at both ends as was done by
GFJEPRI (in report NP..2472), Battelle (in the IPlRG-l program), andat JAERI. A pipesystem
test would be somewhere in between. The impact load experiments could be used to verifya
dynamicmodel that, in tum, couldbe used to assess the actual plant design under highlevel SSE
loading. Most people involved in seismic: pipe testing will find it hard to believe that such pipe
impact testing will simulate actual plant seismic loading. A significant redirection of the pipe
test procedures may be in order to develop a defensible approach that will satisfy DNFSB.

The t test didn't seem to have a central theme, ther than -let's put a lot of cycles on the
pipe More sensitivity studies to deflne the11' cracks that could cause problems at
N+SSE loadS is desired. A surface crack could beworse than the crack that has been tested.
Pretest analysis would have shown that in the first test, the crack would have been very stable
and that only subcritica1 crack growth should have been expected.

A pipe system test probably would have been more meaningful as a demonstration test.
However, demonstration tests seldom cover all the cases of interest. For instance, there may
be other locations in the piping that are worse than what is now assumed, i.e., the RHR piping
system. Certainly, the elbow in the hot and cold legs would lower the natural frequency and

1
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provide additional stored elastic energy in the system. The lower natural frequency tends to
applydynamic loads on the crack longer, hence there would be larger amounts of ductile tearing
per largeamplitude cycle. The higher amount of energy in the pipe system would tend to drive
the crack further during ductile tearing.

Additionally, if the fusion lineor HAZis the low toughness region, then a critical reviewer may
question the value of the firs; test where the crack was in the center of the weld. This would
be hard to defend to the DNFSB if there are only a few demonstration tests. The lowest
toughness direction needs to be determined prior to conducting the next two experiments.

It would be better to conduct experiments to verifya general analytical methodology that could
be used for assessing any flaw geometry, pipe system, and load levels.

Data Colle&ted

The data collected were quite good. Suggested improvements are:

(1) Add rotation devices to measure the rotation of the pipe on eithersideof the crack. This
is desired since many of the elastic-plastic fracture analyses calculate moment versus rotation
due to the crack.

(2) Add electric-potential measurements across the center of the crack. These data would
help to detect the start of ductile tearing crack growth and the amount of crack growth during
the experiments. The timing wire gages cannot detect the start of ductile tearing, and are
susceptible to error due to plasticity causing the gage to debond, and the breaking of the wire
may not correspond to the crack tip reaching it. The timing wires or a-c EP crack gages are
good for subcritical crack growth, but they aren't good for ductile tearing in tough materials.

(3) There is somedoubt whether a load cell was used or a strain gage at the bottom of the
pipe opposite the centerof the crack to determine the load. If a strain gage was used, the load
calibration changes during the crack growth with any plasticity in the crack plane. Therefore,
the strain gage output is not linearly related to the applied bending load during testing. As the
crack grows, the strainoutputat this location increases for the sameapplied load. Alternatively,
for the same strain level, as the crackgrows, the load will be decreasing. If the strain gage at
this location was used to determine the loadon the test section, it is possible that the "calculated
applied loads- were less than the actual bending loads that a load cell would have indicated.
Low applied loads would result in a much more stable crack than would occur with true load
controlled loading. If so, this would explain why the crack remained stable even with -load
controlled loads- after the crack exceeded S()...percent of the circumference, sec Figure 3 in
ORNUNPR-9218. Another possible discrepancy in Figure 3 is the intermixing of code values
of strength and actual strength, discussed later.

The impact tests do not replicate a seismic event. They are described as an "energy-controlled"
loading. The impact imparts an initial velocity to the test specimen, which results in a certain

2
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displacement. This is comparable to a displacement-controlled test. A conclusion from the
IPIRGtests was that inertia-controlled loads arc more severe than displacement-controlled loads
for fracture. .

The inertial load experiments in the IPIRO experiments showed markedly less fracture stability
than thoseconducted under displacement"'COntrollcd loads. While the maximum load results for
the two types of loading compare closely, inertial loading was shown to produce complete
fracture instability in only a few cycles past maximum load, whereas therewasonly slow tearing
in the displacemcot"COlltroUed tests

The other major concern with the impact test is the introduction of higher frequency effecu.
The impact results in exciting' the higher frequencymodc.s of the test specimen as well as the
fundamental bending mode. This is evident in the data and ORNL has suggested a breathing
mode. The main question is - what is the effect of these higher modes on crack stability? It
is possible that the higher frequency effects reduce the flow rate and the crack growth.

Although the NP-HWR operating pressure is low, the maximum pressure should be applied
during all crack stability testing.

In the context of ASME Section m the data when presented as SSE or 15SB are misleading.
The stress level for what is quoted as SSEis very lowin comparison to the Codeal10wables for
Level D. The tested stress level at·5SE is only about 1/4 of the allowable of the lowerof 35.
or 25,- The tested stress level at SSE is only about 112 a! the Level B or aBE allowable. AU
discussion of the loading should be identified as a fraction of the Level 0 allowable notas ISSB.

The calculations to establish the maximum 60 year crack are debatable.

The testing is very limited in scope-one size. one schedule, one material, and a crack in the
center of a girth weld in straight pipe. How . 1thisdata be extended to other pipe fittings and
the different pipesizes in theother reactor t boundary piping. Apparently there is some
test data that indicate the HAZ may be the critical area. Will there be dissimilar metal welds
somewhere in the RCS boundary'

Figure.15 of ORNUNPR-9218 shows a significant reversal of the impact load. This does not
seem possible. How does the hammer produce a tension load on the pipe' Is this due to
dynamic sprinlback of the pipe as the hammer recoils']

Aocillaa Issue I, 1 .. ANI, Suess COOJ)sjon Test Data

The Argonne Slow Strain Rate Tests (SSRT). in particular those tests containing a crevice filled
with a pin so that there is a limited aMular area, represent very severe test conditions. 1be
small annulus represents a stagnation condition a(:COmpanied by high strain rates. SSRT
conditions may lead to substantial stress COrrosiQIl, either trans or intergranularI • in days or
weeks, whereas piping of the same alloy may requir~, years before see is detected. A

3
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reasonable conclusion is that SSRT may lead to see (IGsec or TGSCC) while the pipe may
not suffer sec throughout reactor life, The opposite usually applies; namely, if no sec is
detected by thecompletion of SSRT runs, one would notexpect sec in the material when under
reactor conditions of comparable temperature and water chemistry. A caveat is that sec may
occur after long periods under severe conditions in service whereas theSSRT would not indicate
sec; this may be due to the limited test time for SSRT.

Tests on 316NG (Nuclear Grade) with temperatures comparable to or somewhat higher than the
NP-HWR, and water chemistry withspecies equal to or greater than those anticipated in the NP
HWR did not suffer sec. A caveat is that chloride levels 2.1 ppm (much higher thanexpected)
can lead to sec under SSRT conditions at or greater than Iso·e. There appears to be littleor
no see at lOO·e at these chloride levels.

A justifiable conclusion is that sec will not occur in 316NG piping under NP-HWRconditions
throughout the projected plant life of 60 years.

b. Evaluate the Testine Proeram heine Conducted: Piscuss Streneths. any Shortcomine and
Recommend anY Additional Testine Considered NecessatY to Accomplish the Test Proeram
0Qal.s

One component of the modified test program is to select a through-wall pipe flaw sufficiently
long so that the 0 20 release during cyclic loading by reactor transients is roughly an order of
magnitude higher than should be detected by redundant and diverse tritium detectors. This
would place the flaw lengths well above the detection size of intermittent releases that would
lead to shutdown and repair/replacement of the leaking section. This should be the flawed base
line for the severe repetitive simulated seismic loads suggested by PIRG.

Impact Versus Slow Oscillatory Cyclic Tests

It is our understanding that the ORNL test fixture can either apply impact loads or slow
oscillatory-cyclic (SOC) loads laterally to Ute pipe specimen.

An impact test applies a single cycle of the maximum moment with rapid decay in response of
additional cycles during resultant free vibration. These free vibrations are at the natural
frequency of thepipe. At least for smallcracks, this pipe natural frequency is on the high end
of the frequency spectrum (2 to 10 Hz) over which the predominant power of the DBEis input
to the pipe. Both therapid decay in response and the high frequency of such response froman
impact load raise questions over whether such a loading can conservatively replicate the DDE
response. An analytiC21 comparison between the response from an impact load and the response
from a typical earthquake input time-history is likelyto show that 10to20 impact loads produce
the same number of near-peak response excursions as is produced by the earthquake inputtime
history. However, because of its lower frequency of inputthe earthquake time-history is likely
to produce a longer total duration at near-peak response levels than do 10 to 20 impact loads.
If impacttests are to be continued, it is recommended thata simple analytical study be conducted
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to determine how many impact loads must be applied to conservatively replicate both the number
and total duration of near-peak responses from a typical earthquake input time..history. .Even
with such an analytical study, it might bedifficult to overcome the perception that testing with
a number of impact loads is a liberal surrogate for an actual earthquake input.

soc loadings canbe applied as either displacement or force controlled loadings. So long as the
response rCf:Dains nearly linear under multiple cycles of loading, it is immaterial whether the
cyclic loadings are displacement or force controlled. However, if responses are highly
nonlinear, .substantial differences can result. Under highly nonlinear response, displacement
controlled SOC loading may understate the damage from an actual earthquake input; whereas
an adequate number of force controlled SOC loadings willalways conservatively replicate (often
excessively so) the effects of earthquake induced responses. It is easy to show by an analytical
comparison that 10 to 20 cycles of force controUed SOC loadings, each to the maximum
earthquake-induced response overstate both thenumber and total duration of near-peak responses
so long as SOC loadings are applied at a rate of two cycles per second, or slower.

Amplitude of Loadine

Irrespective of whether future testing is conducted using impact or SOC loading, it is
recommended that the response amplitude be significantly increased beyond that used in the
previous test. Suchan increase is necessary to find the largest response for whicha givencrack
size remains reasonably stable (i.e., does not result in a LBLOCA) in about 40 cycles, which
is more than sufficient to replicate earthquake responses.

Recommendations for Future Tests

To conservatively overstate eanhquake-induced response effects, it is recommended that about
40 cycles of force-controlled SOC loading be applied in future tests. Ideally, the force- level
should be set as high as possible without resulting in a LBLOCA in less than about 40 cycles.
Unfortunately, it may not be possible to achieve such a hiah force level. Because the test is
(orce controlled and the oscillations ares' w to be essentially static loads, the (orce
level should notexceed about 15~ of that n duce plastic collapse under static load on
an uncracked pipe.

The maximum force level whichcan be applied might also be limited by the test fixture. It is
recommended thatinitially the applied force besetat a level 3 times thatneeded to produce the
momentused in the previous test. After 40 cycles of applied force at this level, theforce should
be increased in about JOCI increments untilone of the following limits is reached:

1. 75~ of the plastic collapse

2. limit of test fixture

3. load at which LBLOCA occurs in less than about 10cycles
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It is our understanding that the DBE for the NP-HWR will correspond to about a 1()"4 annual
probabilityof exceedance of ground motion level. Furthermore, to achieve a lo-fold reduction
in the annual probability of exceedance requires a doubling of the DBE. Ground motion
corresponding to three times the OBE are estimated to have an annual probability of exceedance
of aoout 2.5xlQ'6. Therefore, substantial margin is required between the design force level for
the DBE and the maximum test force level applied for 40 cycles in the test program In order
to achieve an adequately low probability of a LBLOCA, the design force level should be set a
factor of two to three below the maximum test force level.

Comparison to ASME Code Procedures

If one assumes that the NP-HWR piping is designed to ASME Section m, NP-3600 (Class 1
Piping), evaluation of an SSE (Level D event) will use the following Code equation:

B,*P*Oo + ~*M1Z .s.. lesser of 3 S. or 2S)'

A comparison with ORNL's first pipe test:

(1)

0.5*250*1612-0.5 + 1.0*Ml91.5 =2*45000 = 9OCX)() psi (2)

The data suggest that Sf =45000, and actual properties should be used.

If equation (2) is solved for M:

M = (90000 - 2000)*91.5 = 8,052,000 in-lb = 671 ft-kip (3)

Where M is the maximum allowable moment due to weightand SSE.

If one uses theestimated maximum bending, moment of 110ft-kips givenin the meeting handout
sheet 12 (Facility Calculation 9/18/91 by A. B. Poole) in equation (3), the Deadweight is 4.85
ft-kip will yield a Code-allowable M(SSE) of 666 ft-kip. In passing it should be recognized that
equation (1) does not include either thermal moments or seismic anchor moments. The
significance of the 666 ft-lcip is that the maximum moment applied by impact in the (lfst test
was 110 divided by 666 or 0.17 times that conceptually allowed by the Code.

The value of M = 110 ft-kip is questionable for other reasons. For example, the current
conceptual design of NP-HWR would indicate that the process piping and important attached
systems can be broken down as follows:

(a) from reactor vessel to pump
(b) from pump to heat exchanger
(c) from heat exchanger to reactor vessel
(d) between something and a pressurizer

6
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(e) between something and an ae:tumulator

It is highly improbable that theSSEresponse in eachof thesepipingsystems would be the same;
therefore, to imply that M = 110 ft-kip is the SSEmoment at the NP-HWR is misleading. One
approach would be to identify the moment as Ml as equal to 110 (t-kip and normalizing the
results to MI "

,"

Most piping systems contain one or more elbows. In addition there usually are small branch
connections fot dnins or vents and, possibly large branch COMCCtiOns if the pressurizer or
accumulator is tied to the hot or cold leg. t...straight-pipe portions usually control
piping design, and the conttollinglocation arely is It the mid-span of a section of straight pipe.
An example is for a normally-used elbow where the B, index matching the pipe is 3.8. Thus,
if the allowable moment in a straight section is 110 It-kip, the allowable moment at an elbow
would be 110/3.8or 29 ft-kip.

If the NP-HWRdesigner used the results of the first ORNL test, he would be~ui~ to design
the piping for M(SSE) =0.17 times Code allowable which could create problems because the
load capacity of .nozzles on the vessel and/or gen and/or pumps might control the
allowable .M(SSE); this could lead to restnint on e piping to limit nozzle loads.

The bottom line is that there is considerable incentive to apply higher loads in ORNL's second
and third pipe tests. One incentive is that the .first test, if interpreted as allowing M(SSE) 
0.17 times the Codeallowable, does not have any margm to cover uncertainties in earthquake
loadings, material responses, welds at elbows, torsional moments, etc. The other incentive is
to see if it is possible to get a bit closer to the allowable per the present Code.

The first pipe test appears to be a test where there were a lot of fatigue cycles and impact tests
conducted, but there was not a specific objective to the test plan other than putting on a lot of
cycles.. The desire to keep the load to lSSE would force the crack growth to occur in fatigue,
with tittle ductile tearing, and no ductile instability should occur. Then: did not seem to be a
pretest analysis of what was anticipated from this taL A good pretest analysis 'Would have
shown that lots of cycles were needed, and that impact testing resulted in some low cycle
fatigue cycles.

The fact that an instability did not occur in the rust test is not surprising. There is a limited
amount of energy which is being absorbed by theduetility of the material with each impact.
Funhermore, with impact loading. the load to potentially causeductiletearingis appUed.for only
a short time and then unloads rapidly t hence the CfaCk has to arrest.

After reviewing the impact testing and the plant design stresses, theremay be somevalue to the
impact testing, but it probably does not bound· the actual behavior that might occur for plant
piping. Therefore, for theremaining tests, growing the CfaCk by fatigue at SSEloads isn't very
productive.
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The focus of experiment 2 should be to examine crack opening for leak rates under normal
operating conditions, and crack opening rates. This experiment would be a two part test;
namely:

.. Experiment 2Ca)

The initial objective is to assess the crack-opening geometry from a defect found in a similar
plant. Significant parameters arc the internal versusexternalcrack lengths at a 0.1 and 1.0 gpm
leak rate, and documentation of the surface roughness. This testing could be done at ASME
Code maximum allowable normal operating stresses, i.e., Service Level A, or somefraction of
it. This should be less severe than the actual plant stresses, but will provide a bounding limit
for LBB analysis; i.e., the lower stresses will cause a longer crack for a given leak rate.

Experiment 2tbl-OptiQn 1

Load the leaking cracked pipe to 3 or 4 times the SSE stress or alternatively the Code maximum
allowable 15),. Doing this for 40 cycles in load control would conservatively evaluate flaw
stability under seismic loading. This should be reverse loading cycles. Since the leaking crack
will be relatively short in length, the pipe may even buckle if just taken to the maximum load.
It is strongly suggested that pretestcalculations be conducted to evaluate the feasibility of such
a test. This type of test will probably show that a leaking crack will be stable, and no crack
velocity data will be generated.

Experiment 2<b)-<4ltion 2

The second option is to stop the leaking test in Experiment 2a, and put a crack on the opposite
side to generate crack velocity data. The current assumption is that there would be a through
wall crackprior to the SSEloading. It is possible that there is a surface crack of somegeometry
that could be stable at normal operating loads, but would be unstable at X·SSE. Sensitivity
studies should be conducted to evaluate the'family of surface crack geometries that may fail at
various levels of SSE. One of these geometries could then be used in this test. The crack
could be put at 180· from the existing crack without influencing this test objective. Loading of
this •critical" surface crack may produce an instability. The velocity of the crack during the
instability would be extremely useful data for the thermohydraulic analyses.

While Option 2 has a wonh objective, the test facility may be a limit that diminishes the value
of the experiment, If the test is conducted under load control, the surface crack could break
through the thickness very rapidly J with a smallcrack opening area, then continue to propagate
as a through-wall crack until the actuator reached its 6-inch stroke limit. This could result in
a very small fmal crack opening area relative to the true DEGD area. If the test is conducted
in displacement-control, the resulting through-wall crack will still propagate to the end of the
initial surface crack very rapidly, but the through-wall crack would probably arrest once it
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reached the end of the initial notch. A small amount of tearing pastthe initial surface crack may
occur if there was sufficient stored energy in the pipe system and test machine; however, the
ORNL test system could be limited so that the crack &R>wth past the initial surface crack is
minimal. Some instability calculations could be.made to predict this behavior. Thevalue of the
data would be to check an analytical model that could be used in an analysis of the actual plant
piping .system with seismic loading dynamically applied.

The loadinJ of this test could be monotonic until the surface crack failed. then cyclic with the
di ment level for 40 cycles. The alternative is to stan with a fixed cyclic load,perbaps at
3-S and tidy load for 40 cycles. second loadin& option is preferred because it
simulates some cyclic damage prior to fracture that may occur in a seismic evenL

Experiment 3

The third experiment should demonstrate the USNRC LBB SRP 3.6.3 approach, especially if
Experiment 2b-Option 2 has been exercised. After cyclic loading, the pipe should be loaded
untiJ large crack growth occurs to see the residual. strength of the cracked pipe after cyclic
loads. Load"'COnttolled cyclic loading should be more conservative than impact loading, although
the crack velocity and corresponding crack-opening-a.rea rate probably is too high for
~rmohydrauJjc concerns.

The foUowing steps ate suggested to design and conduct the third experiment:

(1) Use the NRC safety factor of 10 on the leakage detection rate to give a leak rate for
calculating. the detectable crack; i.e., 10*(0.1 Ipm) = 1 &pm.

(2) Calculate thecircumferential crack length at the normal operating loads using mean data
from the crack morphology variables for the crack growth mecha,nism anticipated. The
mechanism would be fatigue crackgrowth where there may be a small amount of branching.
IGSCC crack morphology variables (i.e., surface roughness, number of turns, actual path
length/pipe thickness) may be overly conservative.

(3) Determine the lowest toughness location by conducting fusion line toughness tests with
a slant notch that follows the fusion line. Conduct at least three tests without side grooves. Let
the crack growat least30percent of the ligament 10seewhere it will grow. MetaJ.lographicaUy
section the specimens to see if the crack grows alone the fusion line. AI Van det stuys
suUested that bend bar specimens may bebetter to use that em specimens.

(4) Orient the pipe crack (internal surface crack and the through-wall crack) in the low
toughness location. If the low toughness region is in the weld, ORNL already has the inccmal
surface crack at the right spot. If the low toughness rqion is in the fusion line, HAZ, or in
the base metal, then ORNL needs to redo the internal surface crack theyhave in theweld of this
specimen. If the low toughness region is in the fusion line. check with Oery Wilkowski
concerning howto do it based on his pipe weld ,crack tests.

9



APPENDIX A
ORNlJNPR-92164

54

(S) Calculate the displacement for the uneracked pipeequal to nominal elastic stresses equal
to 3SSE. IfSSE was 5.,12, then 3SSEis 1.'S,. To avoid criticism, use the actual yield StretlCth
of the ORNL test pipe, rather than the Section m Code value. The past Degraded Piping
Programdata base showed that for TP304 stainless steel at room temperature, several pipes had
yield strengths of 40 ksi; however, severalothers were at 31 ksi, while the Code minimum W3j

30 ksi, Also, one of the pipes had a yield at room temperature of 36 ksi, well above the 30 ksi
Code minimum, but at S50°Fit was only0.1 ksi above the Code value. The stainless steel pipe
fracture data are being reviewed by the ASME Section XI Pipe Flaw Evaluation Task Group
to see if the flow stress definition should be changed in lWB-3640. All of these pipes carne
from canceled nuclear power plants, and, hence, were typical materials. Therefore, use 1.5
times the a.etui1 yield in the elasticcalculations to avoid falling into the trap of not knowing the
margin between actual and Code values of the pipe strength to be used in the plant. If it is
possible to go above 3SSE, the demonstration test will be more convincing.

(6) Apply the load corresponding to the displacement calculated in Step S to the test article
as a load-controlled load. The hold time should be about 30 seconds to simulate a load
controlled cycle without excessive primary creep crack growth at the crack tips.

(7) Repeat the cyclic loading from Step 6 under load-control for 39 more cycles using the
load from the first cycle. .Ideally, use a load cell to measure this load. As an option strain
gages on thepipecould be used, as longas the strain gages are remote from the crack plane and
that section of the pipe remains elastic. Don't use strain gages in the plane of the crack as a
load cell due to plasticity and crack length increases changing the elastic response of the pipe.

(8) After 40 cycles, load the pipe monotonically until there is large crack growth and a
maximum load is surpassed. This will show the remaining margin based on load.

PIRG recognizes that the fabrication used to produce the pipe section represents technology
about 40 years ago, and that the pipe section has operated for several years which would
translate lO a large number of operating cycles. Apparently the pipe does not contain IGSCC
although it may have weld root defects. ,While one can say that a "degraded" pipe is being
tested, its notapparent what is expected or will be obtained from this test, or whatcorrelations
can be made with the first and third tests. Oneapproach would be to test it at higherloads than
used in the first test. If the yield strength is about45000 psi, then the perfectly plastic limit load
is about:

M(L) = 1.35,·Z = 1.3*45000-91.5 = 446 ft-kip

This loadcould be applied with the ram, if the ramcapacity is > 112kip. Impact loading might
be used to get a calculated moment of 446 ft-kip, but that might have the principal effect of
pushing the pipe out-of-round.

Becauseof thestrain-hardening of stainless steel, thedisplacement could be applied thatis above
the limit moment displacement and, after a few cycles of +1- displacements, the load might
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build up to about 600 ft-kip; if the ram capacity is
> 150kip. The approach would be to apply the displacement some 20 to 40 times. After this
sufficientcycles should be applied to fatigue-grow theexisting •defects· to some sizeof cnack
where. it could be reasonably claimed that it wouldbe decected by leakage. After this apply. the
initially-set displacement another 20 or so time& to (hopefully) demonstrate that the mck is
stable.

ORNL's -time-delay· concept appears to be intriguing; however, it is difficult to tie it to the
first tesL Apparently it assumes that NP-HWR will have severe earthquake detectors which will
<a) trip the reactor in a couple of seconds and (b) start the ECCS in a couple of seconds. This
could lead to problems for both designer and plant operator.

The preferred test is cyclic, fully reversed load. The best approach would be to impose a sine
load of a certain frequency (2 to 10Hz) for different test specimens. Ifnot, then the duration
of the loading needs to be controlled in some manner. To apply the load for a -long· time is
unnecessarily conservative. If the load/displacement is nonlinear, then the longer the load is
applied the more the displacement.. The duration of the maximum earthquake load should be
simulated asdose as possible. The load/displacement cyclic historyshould be recordecl.There
should be significant strain hardening effects.

The initial crack size should be based on realistic estimates of the maximum 60 year flaw.
There is no benefit in using an unrealistically large initial crack size.

The simulated earthquake loadings for the initial tests should be based on the Code Level 0
aUowables, not predicted stress levels. Subsequent tests should be runa factor of (31) times the
Level D allowable to establish margins.

The uncertainties need to be addressed. There ate a number of variables that cannot be
simulated-the CJ3Cking mechanism, plantloadings, aging and environmental effects, design or
operational errors, the earthquake magnitude.

Crack stability data on cracks in parent material and the HAZ should be tested. The fabrication
of the RCS boundary on the NP...HWR should be consistent with Section mClass 1 practices.
The inner diameter would be counterbored to conttol mismatch. This weld geometry should be
tested with a crack in the "corner" of the counterbore.

Andnaa Item bel :Probabitistic Fracture MccbaniCl Calculations on 3ImO UDder NP..HWR
CandidO'll ysin& tbe PRAISE Code

PRAISE (Piping Reliability Analysis Including Seismic Events) is a computer code developed
forUSNRC that has been applied to fatigue failure probabilities of PWR primary piping and to
stress coaosion cracking failures of BWR piping. Werecommend completion of the ANLeffort
to determine NP·HWR process piping failure probabilities due to fatigue. R.ecognizins that
PRAISE is quite.sensitive to inputs. the model should closely represent anticipated NP·HWR
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The general trend in the nuclear industry is toward a risk-based approach, where risk is the
product of the failure probability at a specific location and theconsequences of the failure at that
location. ASME Section XI is considering the risk-based approach to optimize locations selected
for nondestructive examination. Therefore, the NP-HWR PRAISE study is in line with similar
activities related to commercial nuclear reactors,

AocilJary Item b.2 :CQrnplemenw:y lofonnatiQo on Probabilistic Fracture Mechanics.
Documentation of Value tQ the NP-HWR

Access to theFederal Republic of Germany Biblis B probabilistic fracture mechanics study using
a modification of the PRAISE Code will yield a stratified approach that gives a spectrum of
probabilities as functions of break size. A report by Helmut Schulz indicates the range of
values used and represents an earlier approach than the Biblis B study.

AnciUary Item b,3 :Complementary InfQrmation on Simulated Remonse of Pipin& under
Simulated Seismic Loads

Several test programs have been carried out on piping simulating nuclear reactor systems. The
PIRG believes that citation of these programs should strengthen your test program because of
closer simulation of seismic loads. Examples are the ETEC uncracked pipeprogram funded by
EPRI and USNRC; NRC's International Piping Integrity Research Group (lPIRG) program on
cracked pipe; Japanese tests on defected piping; and the HDR uncracked pipe tests
(NUREG/CR-S646). These are available and served as bases for predicting low probabilities
of failure unless there were multiple simulated earthquakes at high accelerations. Other such
tests also exist.

AncilJary Item b.4 :Corn,plementaly Information on Failure Mechanisms expected in 316NG
under NP-HWR Conditions

An extensive examination of Licensing Event Repons for piping larger than two inches diameter
disclosed no severe failures in reactor primary systems where severe covers severance, major
fishmouth failures approaching the DEGB area, and large splits. Table 1 compiled from these
data cover the various failure mechanisms. Stress corrosion is noton this list because there have
been no major failures in more than2000 reported cases of SCC. An examination of the failure
mechanisms in Table 1 confirms that several do not apply to 316NG process piping. This
includes erosion-corrosicn because aus.tenitics are notsusceptible. Bellows are notan issue, and
it is highly improbable that any water hammer, if such occurred, would be sufficiently energetic
to rupture an austenitic stainless steel line.. The recorded failures due to water hammer have
been splits in A-I06 feedwater lines, or breaks of small (about I-in. D.) lines attached to a
larger line that moved due to a water hammer. Thermal fatigue has a very limited potential;
while there could be leak-through at a valve, the valved off liquid should not be at a
temperature, either higher or lower, sufficiently different to lead to thermal fatigue. A 4T of
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at least 50·C is necessary and this usually leads to no more than a leaking crack with limited
width.

Basically, that leaves design/fabrication defects which usually are found during preservice
examination or may lead to failure during hot functional testing. The other mechanism is by
mechanical fatigue, provided the operating loads throughout life are high enough.

Ancillary Item beS: Resolution of UncenaintiCJ

To deal with uncertainties particularly involving loadings for design, and uncertainties in other
aspects of the test program, DOPJO Id (must) do a probabilistic margin analysis to
determineconditional probabilities of sequences initiated by seismic events larger than
the design basis SSEwhich could leadto pipe rupture. These sequences can andshouldinclude
pipe ruptures caused indirectly by seismic CVet1lS. such u failure of the RHR. system and its
accumulator (briefly flashed on thescreen nising morequestions than answers). Theconditional
probability results can be used to calculate high confidence of low probability of failure
(HeLPF) values for theprimary system given variousaccident sequences, and to calculate which
components and systems limit the plant seismic capability. This should include the previously
mentioned RHR system to determine its vulnerability with regant to seismic events. For
example, bas the RHR system components and supports been designed with sufficient HCLPF
values to be comfortable with the statement that the design operates in a non-isolable fashion.

c. Comment on the ARpJication of the Test Data lQ1Wd EstabJisbinl a Best Estimate Bound to
the NP-HWR Lirl' Break Loss of COQIaut Aecidgn CLBLQCA)

The impact test data are of liUle, if any, use in determining an appropriate large break LOCA
or btaJc opening time for the NP-HWR. Thereappears tobesome question about the limiting
consideration, break sizeversus break opening time.· If break size is the limiting consideration,
then ORNL could use existing pipe fracture methods, and the USNRC's 1eak-before..break
methodology in the draft SRP 3.6.3 to sbow that the LBLOCA was extremely unlikely under

loadings larger than SSE. On the other ha.n4, if break opening time is the limiting
lion, then approximations couldbe made' usinl existing formulations and en ring

judgmenL This would work for those situations where the crack remained stable and should
reliably establish a best estimate bound for the NP~HWR LBLOCA.

If a compliant instability were to occur, the crackextension rate could increase significantly, and
there is no data base that could beused to estimate that rate. Pipe fracture experiments can be,
and have been, designed to produce a compliant instability, and the test specimen could be
instrumented to get thenecessary crack extension and crackopening data.

Dependingupon thelimiting consideration, andtheneedto experimentally validate the analytical
procedures. pipe fracture experiments could be designecll to provide the appropriate test data.
The usmc has funded similar work both at Battelle and at the u. S. Navy's David Taylor
Research Center. The Battelle work has been more sophisticated, involving larger diameter
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pipe, and pipe system tests. The relatively simple compliant instability tests conducted by the
Navy, if scaled appropriately, could be used to provide thecrack opening rate data. However,
the pipe system test approach provides equally valid data, with the added advantageof correctly
reflecting system compliance and other design considerations, and would be a more convincing
test .

. Onemust recognize that the seismic simulation used is not an accurate representation of an
actual seismic event. The approach will need to emphasize that the conditions causing crack
growth represent upper bound loads and the initial flaw used is well above the size detectable
by either RT or UT. Both represent substantial conservatisms in thesizeof the end-of·lifeflaw.
Also, the through-wall flaw sizes should be detectable through leak detection or system walk
downs. All of these factors represent cumulative conservatisms.

With regard to the end-of-life seismic loads greater than SSE, if the crack does not become
unstable under these conditions, one may argue that the instantaneous DEGB is incredible and
that it is difficult to postulate a DEGB over a finite time under these conditions. The suggested
LBLOCA model is quite arbitrary and does not comply with the observed data. An ultimate
position will depend on the proposed future tests to eitherconfirm this is an incredible event,
or indicate that it is conceivable if these upper bound conditions exist and a greater than SSE
leads to failure.

The work that was done to establish the crack opening rate by ORNL for B&W's
thennohydraulic calculations used what was available from the experimental results with some
elastic analyses. However, it is subject to criticism. For instance the crack growth rates of O.S
to 1.0 inch per cycle imply significant ductile tearing; however, the Parisfrada~ crack
opening functions were used. If thisamountof tearing was to occur, then plasticitywould occur
and the crack opening area would be much larger than the elastically calculated values. More
elaborate J-estimation scheme analyses exist to make this type of calculation.

The IPIRGinertial cracked pipe experiments provethatoncethe maximum load is attained, then
the crack growth becomes much more rapid, and for 6-inch diameter pipe only 2 to 4 cycles
were needed after reaching maximum load to cause a DEGB. On the other hand, the pure
inertial experiments allowed free rotation at the ends. In a piping system, the rotation is limited
by the nozzles which may make the crack more stable.

The actual crack opening rate of the plant piping under seismic loading may be significantly
different than the current ORNLcalculations. It probably would take detailed calculations to
make such an assessment

If a cyclic load test that simulates the earthquake can be achieved, then it should be possible to
develop andjustifya best estimate bound to the LBLOCA. Analytical correlation together with
correlations with other test programs are essential.

d. Comment on the Consistency of the AWroacb with Recent RceuJatory Policy Statements
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CSECY·88·32Sl and with Recent Cbanecs to the ECCS Rule {lOCFR5Q.46 (1988)]

One must rewgnize that 10CFR SO.46 is Cor naht water cooled plants and was notdrafted with
heavy water or liquid metal coolants in mind. There is nothing inherent in limiting LSB
technology to establishing dynamic efCects design bases only. All countries which accept LBB
have this limitation nonetheless. The Commission and the ACRS t'CCQgnize that LBB can in
concept to establishing ECCS req • • However, theproposal by OOEIORNL
would be b nc new ground. The major di tywould be in defining a replacement breach
of the reactor coolant pressure boundary which is sufficiently unlikely to be exeeedod. Earlier
discussion indicated wlnerabilities in other systems withpotential effects on the reactor coolant
pressure boundary. The NRC staffmade the judgment forcommercial lightwater nuclear .power
plants that safety would notbe improved by allowinc theuse of LBB Cor establishing the Eees
requUetnent. and thus would not invest its resources to promote this use. However. the poliey
statement leaves open the door for commercial power plant owners to develop the technology
(which primarily would bedriven by economic concerns) with the understandinc that the NRC
wou~d be disposed to review and accept this use if adequately justified.

The proposal to go beyond the current use of LBB· technology (elimination of local dynamic
effects) will be a precedent setting application and must focus on the thermal hydraulic and
reactivity responses oC a heavy water cooled core to postulated pipe breaks.

A historic perspective of LBB is of value to put it into perspective. Significant development
occurred in response to the resolution of USI A-2, Asymmetric Blowdown where the motivation
was to demonstrate that a pipe rupture at a PWR reactor nozzle was extremely unlikely and that
the dynamic effects need not be considered in the design. Generic Letter 84-04 accepted LBB
formallyand allowed theremoval of pipeWhip restraiats using theexemption process. The NRC
Piping Review Committee in 1985 recommended rulemaking as a necessary action to permit
widespread use of LBB. This appeared in NUREG-I061.

Both the limited scope rulemaJdng amendment to ODe-4 in 1986 and the broader ruJemaldng
in 1987 specifically excluded applications of LBB technology to modify functional and
performance requirements for containments and.ECCS of LWRI. Only the dynamic eCfects of
pipe tU,ptures could be eliminatedfrom the design basis when LBB is demonstrated. The broad .
scope amendment allowed application of LBD to an piping which met rigorous acceptance
criteria which included the submittal and acceptance of analyses.

In publishing the final broad scope me, the Commission indicated that, in the interim, only
dynamic effects design bases would be modiflCCl; however, the Commission teCOJnized that
justifications can be developed for alternative requirements for other aspectS of facility desip.
(See 52 FR 41290, Issue 4). In a StaffRequirements Memorandum dated October 9, 1987
relatin, to the broad scope rule the Commissioners stated:

There are possibly other areas which could benefit from expanding the leakbeCore break
concept and simplification of requircmenu such as environmental qualification and
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ECCS. The staff should review other areas for possible modifications and solicit public
inputthrough a Federal Register Notice requ~ting detailed suggestions on changes which
could be made to Commission regulations to enhance safety by application of this
concept.

The application of LBB to both EQ and ECCS were explored by NRC through public: notices
in 1988. The upshot was a decision not to expand LBB to cover EQ and ECCS, but rather to
revise the ECCS rule. A major factor was selection of a replacement for the instantaneous
DEGD. Such a replacement would need to explore all potential breaches in the RCPS such as
failures in manways, rupture disks, bellows, flanged connections, pump seals, valve bonnets,
branch connections and multiple steam generator tube ruptures. This would need to be done on
a plant-specific basis. While the DEGB was considered to be a very remote event <E-6Jyr, a
decision would be needed as to what the frequency of the more realistic criterion should be;
e.g., E-61yr or E-S/yr.

The ACRS in its March 14, 1989 letter dealing with the expanded use of LBB to EQ and ECCS
agreed with the starrs conclusion not to undertake rulemaking to allow the use of LBB to EQ
and ECCS at that time. However, the ACRS recommended that an avenue be left open which
would allow the use of LSB for EQ and ECCS when technical justification supports the
feasibility and benefits of this use.

e. Comment on the Consistency of the APProach wjth PreviQusly Accepted Applications of
Leak-Before-Break TecbnololY and Rules Allowed in GDC:4

Several commercial nuclear power plants have applied for the application of LSB. While the
LBBand intermediate breakpositions were well defined, it took several years to obtain approval
of the current version of General Design Criterion 4 of 10 CFR SO Appendix A. ODe-4 as
currently worded follows:

Criterion 4..Environmental and dynamic effects design bases. Structures, systems,
and components important to safety shallbedesigned to accommodate the effects
of and to be compatible with theenvironmental conditions associated with normal
operation, maintenance, testing, and postulated accidents, including loss-of..
coolant accidents. These structures, systems, and components shall be
appropriately protected againstdynamic effects, including the effects of missiles,
pipe whipping, and discharging fluids, that may result from equipment failures
and from events and conditions outside the nuclear power unit. However,
dynamic effects associated with postulated pipe ruptures in nuclear power units
maybe excluded from the design basis whenanalyses reviewed and approved by
the Commission demonstrate that the probability of fluid system piping rupture
is extremely low under conditions consistent with thedesign basis for the piping.

AU such requests have been on a case-by-case basis usingplant-specific information or through

16



ORNLINPR-~

61

owners groups using bounding values.

APPENDIX A

Conditions differ so markedly in the NP-HWRcompated to a PWR. that it is difficult to make
a comparison. Certainly, each utility did not conduct tests on piping to justify LBB. The
approach has depended on analyses and an accumulation of data. It is not applicable to some
piping systems such as the feedwaler where very severe failures can occur without LBB.
Obvious examples of such failures are those due to crosion-corrosion. The best analogy is (or
the Class 1 PWR systems vis-a-vis the NP·HWR process water system. Loads and failure

SIDS (mechanical fatigue) arc similar; however, piping materials differ; e.I.,cast
or clad ferritic either A..533 or A-50S. Certainly, the leak detection systems in the

commercial reactors are much less sensitive..

The -bottom line- is that one can argue LBB for the NP-HWR, but one arrives at that
conclusio a different set of criteria..

The tests to validatethisapproach should be conducted in the lowest toughness region. Use the
slant notch fusion line tests suggested in (b) prior toany fracture tests.

The PRAISEcode work provides technical atguments that thecrack will never let to the size
of concern. There aresome aspects of that workthatneed refining; i.e., the criteriafor IinldnC
of multiple cracks. A limitation is the time.required with a Monte Carlo method. Another
approach is to use another probabilistic tedmique where the computational time is very short..
A code such as FORMISORM calculates the probability of failuret assuming a crack with a
liven leak tate.. The subcritical crackgrowth calculations need to be programmed.. It would
be a good investment for DOE to have a modem probabilistic code if they are to make
calculations in a realistic time frame.

The white paperon diminating the instantaneous double-ended guillotine break (IDEOB) seems
to placeheavy emphasis on the moderate (or low)energy characteristics of the system. Thelow
venus high energy argument is applicable for considerations of pipewhip and jet impingement
effects.. It isn't apparent how the energy argument is applicable to BeCS design. From the
documentation it isn't possible to determine whether the mEGS considerations are for BeCS,
or pipe whip, or compartment pressurization, or environmental effects.

Because stress corrosion cracking andotherdegradation mechanisms leading to 360-effects have
been e(fectivelyruledout for the material and service conditions, and beciuseotexcellent leak
detection capabilities, this proposal is consistent with GDC-4, particularly with respect to 10Cl1
dynamic effects.

DOElORNL's statements on LBB and BeCS fot FFIP and CNBRP arc misleadinC and should
be revised. In these two situations, irinl secs did not result because a DEGB was
Nled out by LBD technology.. ECCS wu not required for these plants because of core physics
and the fact that any significant loss of coolant could not be tolerated. To make the
consequences of the event less severe, guard pipes and guard vessels were used and this was
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Ancillaa Item e. I :Su&&estiQn that YQU Reyiew the Latest Draft of usmc Standard Review
Plan 3.6.3

In conjunction with the USNRC leak-before-break position, 3.6.3 of the SRP was modified to
provide guidance on applying General Design Criterion 4. Again, this may help strengthen your
overall position even where DOE has not yet accepted LBB.

f. Comment Qn Possibilities for extraPolation of the NP-HWR LBLOCA to other Reactoa such
as the Savannab River K-ReactQ[ HWR Qr tQ Specific ALWR Desiens u Examples

The application and acceptance of the NP-HWR LBLOCA to ALWRs such as the AP-600 is
doubtful. Conditions differ too gre4ltly and the conditional acceptance of LBB by the USNRC
doesn't warrant a shifting of the base. The data base is of limited use to the commercial
reactors.

Basically I thepossibility of extrapolating GDC-4 is limited to local dynamic effects; with other
reactors it is dependent on precluding the material degradatiQn conditions discussed in SRP
3.6.3. For ECeS applications, the core thermal hydraulics and reactivity response when a
DEGB is postulated to occur also needs to be evaluated in addition to identifying the relevant
degradation conditions.

g. State Consensus and nQte Dissentine Opinion amQne Panel Members in CQnjunction wjth
these Reyjews and in Consideration oC the Points of Scope Listed above

No dissenting opinions were expressed by the members of PIRG. We have used & to collect
some items that do not fit well elsewhere. These are included here with the exception of an
overall opinion underh.

Ancillary Item &.1 ; CQncern with Re&ard 10 the RHR Line

As we understand the proposed layout of the R.HR line, it is un-isolable from the reactor in the
event of a break inside containment. An obvious concern is the accumulator feeding the RHR
line where the high centerof gravityof theaccumulator with respect to the RHR line means that
particular emphasis is required to ensure support of the accumulator so that it is not affected by
a severe seismic event. WhilePIRGbelieves this problem is recognized, we cite it because the
failure probability of the RHR may prove to be higher than the Process line.

h. Premre and Submit a Written RWOrt based on (Il, which inclUdes each Panel Member's
Consjdered Opinion

The preceding complies with the requirements of h.

18



ORNlJNPR-92164
63 APPENDIX A

~illKY Item h,l ;Su&&estioo that a Comgrcbs:nsh~c IDlemaU)' Consistent Report beDeyeloPCd

The PIRG believes that a comprehensive, intema11y consistent report is essential to -sell- the
DefenseNuclear Facilities SafetyBoard on the concept of eithera DEGD occurring over a finite
time or the justification of leak-before-break precedina or applying during a severe seismic
event. Essential components of such a report are the fonowing:

"

• A clear presentation of theORNLtests, including the modifications suggested by PIRG;

• Presentation of relevant si~ulated seismic tests on piping that complement the ORNL
tests;

•

•

Analytic verification/confirmation of the behavior of 316NG piping undersevere seismic
loads when containing a throu&h- lon, enough to release~O at rates wellabove
thedetection thresholds of the tritium a; a leometry simulating theprocess water
system from vessel to heat exchanger isreasonable; the seismic input should consider the
potential site;

All of the above components should be combined into a defensible definitive report;

GenmJ wmments intended to streDethen DOE presentation to the DNESB

In &meral presentations should not be made to the board that have questionable viewpoints or
involved discussions that don't directly get to the point. Examples of things that should notbe
included in I. DNFSB presentation are:

Don't talk about the South Texas piping system used to estimate
the loads for the NP..HWR. At this presentation, you should have
the system defined enough so that actual design values are
available.

Don't talkabout hardness methods to detennine thestrain-hardening of the
material whenactual tensile test data arc available.

The impact testing concept to simulate seismic loading is difficult to
accept. A very loog explanation is Decessary to demonstrate similitude
with seismic loadinl. and even meat it is necessary to conduct some
detailed dynamic calCulatiODS fortheactual plantto have confidence in the
impact test results. It wu appaRAt from the Blue RlDbon Panel's
reactions of not being enamored impact testing, that a similar
response would come from theDNFSB and their consultants. Yau should
think hard about basing your technical arguments for non-instantaneous
break DEGBon impact test results.
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Some other detailed technical aspects that conflict with information in the open literature are:

(1)

.'

For the complex (or compound) crack geometry there is a
constraint condition that reduces the material toughness
significantly. T.. values from TP304 stainless steel complex
cracked pipeexperiments have been determined to be as low as 10
to is instead of the em specimen values of 100 to ISO.

(2) The I solution in ORNI.JNPR-9218 report lacks certain facters.
The elastic term is missing the shell stress-intensity magnification
factor, F(8). which has been developed by Erdogan, Folias, and
more recently bySanders for different shell thicknesses. There are
a halfdozen J plastic solutions for circumferentially cracked pipe,
but the solution used in this report isn't available so it isn't
possible to know how it compares to past experimental pipe
fracture data or these other analyses.

TABLE 1 - FAILURES BY MECHANISM FOR PIPING~2-IN. D.
PERIOD 1964-91

MECHANISM liQ... c.u. CL.2/3 BQf
VIBRATORY FATIGUE S 0 2 3
WATER HAMMER 9 0 4 S
THERMAL FATIGUE 0 0 0 0
MAINTENANCE ERROR 0 0 0 0
EROSION&CORROSION (36)
GENERA1JMlC 4 0 3 1
CAVITATION 2 0 2 0
EROSIQN-CORRQSION (30)
SINGLE PHASE 11 0 7 4
WET STEAM 19, 0 0 19
MISCELLANEOUS (37)
DESIGN/FAD.ERROR 4 0 2 2
OVER-PRESSURFJOP. ERROR 4 0 2 2
PUMP SEIZURE 1 0 0 1
GASKET FAILURE 2 0 1 1
CONSTRUcnON 4 0 4 0
VALVE PULLOUT 2 0 0 2
EXPANSION JOINTS 14 0 1 13
OTHERJUNKNOWN S 0 3 2
VALVE RUPTURE 1 0 1 Q

87 0 32 5S

FAILURES ARE DEFINED AS SEVERANCE, MAJOR SPLITS, FISH MOUTH.
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Review & Synthesis Associates
Spenatr H.Bush. P.E•• 630 Cedar I RichJand, WlChington 99~2

Ianuary 18t 1993

Mr. David L. Moses
ORNL..NPR Project Manager
Oak Ridge National Laboratory
P.O. Box 2009
Oak Ridge, TN 37831-8051

Dear Mr. Moses:

Subject: Final Report of the Piping Intearity Review Group (pIRG)

Attached is the final report of PIRO. I believe that the report is responsive to the approach
suggested in the first report of PIRO. You will note that we have expanded the coverage to
cover a spectrum of reactors of interest to DOE.

Unless I hear from you to the contrary,· I believe that the submittal of this report is the final
activity of PIRG and the group now is dissolved.

Telephone: Business ·(609) 375-22;2311 376-3749/ Home· (509) 943-0233
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SECOND REPORT OF THE PIPING INTEGRITY REVIEW GROUP
BY MEMBERS OF PIRG

FOREWORD

The Piping Integrity Review Group (PIRG) was established to provide
a technical review of tests on wrought austenitic stainless steel
piping subjected to repetitive loads simulating sixty years of
operation of the heavy-water New Production Reactor. This end-of
life condition was followed by severe loads simulating greater than
SSE seismic loading. This report is the second and last, with
discussion limited to one experiment (C-Pipe) and supporting
analytic studies.

The following PIRG members participated actively in the development
of this report:

Spencer H. Bush, Chairman
Robert J. Bosnak
Macintyre R. Louthan
Everett C. Rodabaugh
Gery M. Wilkowski

In addition, the following member prOVided written comments, but
did not attend the review and discussion sessions:

Robert P. Kennedy

INTRODUCTION

This report addresses the comments, conclusions and recommendations
of PIRG related to the C-Pipe test and the analytic studies
supporting or expanding on this test. The first report (11 addressed
scope issues in the PIRG Charter. This report has, as its basis,
the experience gained in preparing the first report; however, the
second report is a "stand alone" document based on information
provided at or before a meeting of PIRG on December 16-17. The
conclusions and recommendations of this report are based on this
second meeting of PIRG, the information exchanged and the combined
engineering judgment of the members cited in the Foreword who
actively participated, or provided comments in the form of letter
reports.

1
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EXPERIMENTAL PROGRAM

The experimental program on C-Plpe can be divided into three
distinct sectors presented in the "Whlte Paper for the Piping
Integrity Review Group", ORNL 12/7/92:

• The." fatigue test leading to the generation of a through-wall
crack;

•

• The severe cyclic loads attemptinq to simulate a seismic event
greater than 1 SSE;

A combination of load sequences ultimately leading to complete
severance of the pipe weld;

PIRG agr that cumulatively these three sectors represent very
severe ds that confirm the high toughness of a wrought
austenitic stainless steel such as AISI 304 and the resistance to
double-ended gUillotine break (DEGB) of this class of alloys;
however, PIRG has specific reservations with reqard to the test
when taken in the context of an operating reactor pipinq system.

We will address the followinq classes of reactors:

•
•

•
•

• The heavy-water New Production Reactor;
Westinghouse Savannah River Reactors such as K;
Other DOE Test Reactors usinq Austenitic Stainless Steel.
Piping and operating at relatively low pressures and
temperatures;
Planned DOE Reactors such as the Advanced Neutron Source;
Advanced Light Water Reactors such as SBWR and AP-600 where
DOE sponsors work in such reactors;

C-Pipe was selected because it was believed to contain IGSCC.
Examination did not detect IGSCC; however, a substantial lack-of
penetration at the weld root was detected. Such a fabrication
defect would lead to a stress intensification factor substantially
greater (""1.65) than the 1.0 typical of a high-quality girth butt
weld. Although the number of cycles to leakage was less than
Section III (Fiqure 1-9.2.1) would allow, the number was far more
SSE level cycles than would occur.

The fatigue test intended to simulate behavior after sixty years of
operation is unduly severe for all of the above classes of
reactors; namely:

Fatigue Test: applied 118000 cycles of nominal stress (M/Z) of
+/- 14.4 ksi, which produced a through-wall
circumferential fatigue erack about 2-inches long;
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Crack Growth Test: applied 39 cycles of a nominal bending stress
(M/Z) of +/- 52.5 ksi, which grew the initial
circumferential crack from about 2-inches to
about 16-inches lengthi

The first four classes of reactors have limited thermal gradients
so thermal fatigue ahculd be a minor contributor to cracking.
Mechanical or vibrational fatigue in larger diameter piping also
should not be a major contributor unless there is excessive
vibration from sources such as pumps. Our engineering judgment is
that the Cumulative Usage Factor (CUF) during reactor operation
should be no more than 0.1, whereas the fatigue test probably
reached a condition comparable to a CUF=l after fatique cycles
simulating a few years of operation. The fifth class of reactors,
SBWR and AP-600, should reach higher CUF values than 0.1 in the
nozzle regions after 60 years, but much less than the condition
represented by the 118,000 fatigue cycles prOVided by the fatigue
program. A CUF in current BWRs and PWRs in the nozzle regions
should be well below 1.0 at forty years and, probably, below 1.0 at
sixty years. An ASHE Section III analysis w~ich gave a cur below
1.0 would predict no cracking at end-of-life, or, at most, limited
onset of cracking.

The above arguments apply to fatigue and corrosion-fatigue
processes. They do not apply to stress corrosion cracking in
austenitic stainless steels with sensitized heat-affected zones
such as are present in the Savannah River Reactors or in other DOE
Reactors containing sensitized stainless steel piping. PIRG has
suggested an analytic study simulating the behavior of a pipe which
contains a crack similar to that found in a boiling water reactor
(Duane Arnold) where 360· IGSCC occurred to depths at or greater
than 70lt. We hope that BMI can simulate this condition using the
approach discussed under ANALYTIC PROGRAMS.

Stress corrosion should be a minor issue in future DOE reactors or
in the ALWRs because the materials selected will be quite resistant
to IGSCCi therefore, the IGSCC problem is limited to the existing
DOE Reactors containing a sensitized HAZe

The second sector covered cyclic loading conditions intended to
simulate 3 SSE loads with a probability <E-6. PIRG agrees that the
40 cycles represent a very severe cyclicJ.oading sequence where the
through-wall crack grew from 2-inches to 16.5-inches. While the
cyclic loading was very severe, we doubt that it truly simulates a
3 SSE earthquake. Loading rates and stress reversal times
differed markedly from those expected in an earthquake. From the
point-of-view of material response we believe the crack growth
observed was much greater than in a 1 SSE earthquake; however, we
do not believe it is possible to draw a direct comparison with the
behavior in an 3 SSE quake. In any event this slow loading should
be much more conservative than the loading in an actual quake.
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•

The thi.rd sector confirms an opinion cited earlier; namely,
austenitic stainless steels are very tough and, even after
generating a 16.5-inch crack representing about one-third of the
piping circumference, it required a substantial number of high
load cycles before total severance occurred. In essence, this
conf,irmed the resistance to severance of the material even· after a
condition simulating a very severe earthquake •

..
ANALYTIC PROGRAMS

PIRG compliments 8MI on an excellent, albeit preliminary, analytic
study simulating both a modelling of crack growth and a realistic
dynamic fracture assessment of a typical NPR-HWR primary pipe
system. Other experiments and accompanying analyses have confirmed
that the analytic technique used can predict observed experimental
behavior with an acceptable degree of accuracy. These studies
confirmed which welds would see the highest loading conditions. As
expected, they were in the welds attaching elbows to the reactor
pressure vessel nozzles and the heat exchanger nozzles.

Direct AJ versus da/dN values from the ORNL C-Pipe test were
compared to the EDEAC data base values for TP304 stainless steel.
The comparison of the C-Pipe test data was extremely close to the
extrapolated EDEAC curve, even wi thout crack closure. This
modelled crack growth quite well. The analysis methodolo9Y
verification covered:

A comparison of J-est1matlon scheme prediction with NRCs
Degraded Piping Program cracked pipe quasi-statie loading
experimental data base.

Comparison of dynamic cracked pipe analyses with International
Piping Integrity Research G.roup (IPIRG-l) pipe system
experiments.

The crack location was predicted to be at the weld attachinq the
elbow to the reactor nozzle. . The summary statements are
significant; namely:

•

•
•

3 SSE loading does not initiate (propagate) the lO-inch lonq
crack:
Portions of the piping will yield;
The leak rate area 1s very small;

The above summary statements are sensitive to input assumptions
(not surprising). Also, the dynamic model assumes the follOWing:

• Only ductile tearinq with no' fatique crack growth;
• No plasticity assumed in uncracked pipe (Ramberg-Osgood

materials behavior);
• Analyses based on best information available;

4
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The latter caveat covers the use of nominal properties not
necessarily those of C-Pipe as well as knowledge of the actual
boundary conditions and pipe loop dimensions. A conclusion one can
draw from these analyses is that the experimental results were more
severe (and more conservative) than the analytic results simulating
seismic loads for this crack length. This could be due to load
rates and times to load reversal where the analytic model had rapid
reversals compared to the slow reversals in the experiment. PIRG
recognizes that the approach used represents "advanced state-of
the-art" and will require validation and refinement once actual
pipe system design conditions are finalized.

All seismic analyses conducted for this study utilize current
regulatory gUidance and were not based on proposed revisions now
out for public comment; i.e., the new Appendix B to 10 CFR 100 and
the new Appendix S to 10 CFR 50.

REAL PIPING SYSTEMS

Nuclear plant p1plng systems designed to ASHE Section III with a
fatigue analysis for Class 1 systems and Category I seismic should
display no, or, at most, very limited cracking, even after life
extension to sixty years. This assumes the transients used in the
design analysis reasonably simulate actual operating condi tions, or
that operating conditions are less severe than design conditions.
System design conditions are presumed to preclude thermal
stratification and other unpredicted and unreviewed thermal cycling
events. Inherent in these assumptions is the additional assumption
that failure mechanisms other than fatigue do not occur. For
IGSCC, the assumption probably isn't valid for older plants such as
the Savannah River Reactors; therefore, this condition must be
considered outside the design envelope. Our experience is such
that we should be able to select materials and fabrication/joining
processes to minimize or eliminate SCC in plants yet to be
constructed.

Another potential failure mechanism is water hammer. The low
pressure/low temperature reactors without valves or bellows in the
Class 1 systems should have few or no water hammers and, if they
occur, the energy content should be low enough so that austenitic
stainless steel pipes should suffer little or no damage. This
position applies to Class 1 systems, not necessarily to Class 2/3
systems or balance-of-plant. This is particularly true for BWRs
and PWRs and the ALWRs. While we can conclude that Class 1 systems
will be relatively unaffected by water hammer, this cannot be
extrapolated to other systems.

Inherent in the above comments is a position PIRG believes should
apply to future reactors or to replacement piping in eXisting DOE
reactors. We believe piping should not be less than Schedule 40
for diameters leading to wall thicknesses less than O.S-inches and
larger diameter pipes should have at least O.S-inch wall thickness.
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There are benefits in construction, res.istance to transients, lSI
crack detection, and to overall reliability. The bottom line with
piping systems in operating or planned reactors is that the CUF
should be well below 1.0 and fatigue cracking should not be an
issue even at end-of-life.

/'

For Class 1 austenitic stainless steel piping systems in reactors
operating near or below lOO·C, fatigue should not be a problem.
IGSCC can be an issue in older plants, but should not be one in new
plants. This should apply to both reactors operating at low
temperatures and to those opera CJ at condi tiona typical of
commercial BWRs and PWRs. Water hammer should be a minor issue in
Class 1 systems, particularly if the new EPRI quidelines are used.
The above applies to Class 1 system.s. These criteria should not be
applied to Class 2/3 or BOP without appropriate analyses.

CRACK/ FAILURE PP.OBAB I LITI ES

The following discussion is intended to· apply to DOE reactors
having Class 1 systems fabricated of wrought austenitic stainless
steel and operating near or below ·C with appropriate pressures
for these temperatures. The qener on of a through-wall crack of
2- inches, comparable to the ORNL c- pe test should have low
probabili ty of development by a fatigue-controlled ism.
Calculations using the PRAISE computer code in this country and in
Germany for PWRs yield annual failure probabilities substantially
below £-7 (£-9 to E-14). Since the crack driving forces should be
less in a low temperature system than in a PWR, the probabilities
forfatique cracks to develop should be even lower. PIRG
arbitrarily accepts a value of £-7 at end-of-life for throu9h~wall
cracking. We believe a definitive PRAISE calculation would confirm
that the cumulative value throughout life is less than E-i for the
low temperature classes of reactors. We suggest that the existinq
PRAISE results, particularly those ,for Biblis-B be used for PWRs.

It is possible to use PRAISE-CC for IGSCC. This has been done for
BWRsi however, PIRG believes a probability cannot be assigned for
generation of long through-wall IGSCC cracks without appropriate
analysis. We prefer the analytic approach using a 360· crack
simulating the crack found in Duane Arnold, then analytically
applyinq a severe (3 SSE) seismic event to a pipe containing that
crack.

The probability of a 3 SSE seismic event at a s1te such as Savannah
River will have a probability of about E-6/year. Therefore, we
have two conditional probabilities, that of a through-wall crack at
end-of-life and the 3 SSE seismic event assuminq there 1s no repair
of the crack. The combined probability 11111 be about £-13 asaumlnq
the seismic event occurs at end-of-life. This value 1. far below
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the probabilities accepted by USNRC; therefore, we conclude that a
break even larger than predicted experimentally and analytically
(namely, the DEGB) should not be a Design Basis Event (CBE) for
these low temperature/pressure reactors.

While this probabilistic approach can be applied to ALWRs, PIRG is
unwflling to accept similar values without rigorous analysis.

ACTIONS TO REDUCE FAILURE PROBABILITIES

Inherent in the PRAISE Code are assumptions that cracks may be
detected by Inservice Inspection, leak detection, or other
techniques such as Acoustic Emission. In addition, optimum
material selection for Class 1 systems and incorporation of a
seismic trip represent items that reduce failure/accident
probabilities and core damage significantly. Materials selection,
Inservice Inspection and leak detection will be addressed to
illustrate how each can assure that severe cracr.ing/failure
probability is very low.

MATERIAL SELECTION

For existing low temperature/pressure DOE reactors using austenitic
stainless steel piping, the prior arguments apply to the very low
probability of fatigue crack growth. IGSCC is still an issue in
older reactors; however, it should be controlled in future DOE
reactors. We assume that future reactors will use the 1992 or
later edition of Sections III and XI.

INSERVICE INSPECTION

The 1992 version of ASHE Section XI will be used as a reference
condition to indicate the reduction in failure probability. Class
1 systems require at least 25\ of the welds be examined using
either Plan A or Plan B of IWB-2411 or IWB-2412. An example
problem is used that can be applied to an HWR-NPR. If one assumes
ten welds in each hot leg and cold leg (high), there will be 60
welds in the six hot legs and 60 welds in the six cold legs. A 25'
sample would require at least 15 welds be examined in both systems.
Analysis should confirm that the welds adjacent to the pressure
vessel and heat exchanger nozzles will have the highest CUFs. The
preservice ultrasonic examination on 100' of the welds will serve
as a baseline. If only 25' of the welds are examined for either
Plan A or Plan B Intervals, emphasis should be given to welds at or
near nozzles per IWB-2500 B-J and welds between straight pipe and
elbows. With two such welds at each nozzle, not all nozzle welds
would be examined per interval with a 25' sample. An obvious
solution is to be sure that all critical welds are examined in any
two sequential intervals. If one uses the A Plan (no domestic
reactor does), the probability of picking up gross
design/installation errors early in life is maximized. If there is
a concern with "wearout" in the last 20 years of a 60 year life
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(improbable), reversing the first 20 year intervals of the A Plan
will optimize the inspection in vals as the plant ages and should
enhance the probability of dete ion of cracks.

If the weld joint is optimized for UT, and Section XI, includinq
Appendix VIII is used, the probability of detection of a 50'
through-wall fatigue crack, when accessible from both sides of the
weld, should be 0.8 to 0.9, even for wrought austenitic stainless
steel piping which is more difficult to examine ultrasonically than
is ca.rbon steel piping. Stress corrosion cracks are more difficult
to detect; however, 50\ throuqh-wall crack should have 0.7 to 0.8
probability of detection. The inspection problem. for IGSCC is the
determination of which weldments to inspect. It does not follow
that those having the highest probabili ty of failure by fatigue
will be most likely to crack by IGSCC.

LEAK DETECTION

The tritium content of the moderator/coolant in heavy water
reactors provides the capability for very sensitive, on-line leak
detection. Application of this capabi.lity to the NPR-HWR will
reduce the probability of a large break failure by increasinq the
assurance that any flaw that may. develop in the piping and grow
through-wall will be detected when the leakaqe rates are very low.
For example, the sensitivi ty for leak detection in the SRS reactors
(moderator/coolant loss of 0.0001 gallons per minute) far exceeds
the performance of leak detection systems in commercial nuclear
reactors (apprOximately 1 to 5 gallons per minute) til •

The NPR-HWR may have been slightly less sensitive to leakage than
the current SRS reactors because of moderator detridiation.
However, even with detridiation,the leak rate sensitivity for the
NPR-HWR would far exceed that of commercial nuclear reactors •. The
tritium content in the SRS reactor moderator is approximately
3-5xlO··ZJ Curies per cubic centimeter. Detridiation was anticipated
to maintain the tritium content in the moderator/coolant of the
NPR-HWR at approximately lxlOt*Z) Cur'ies per cubic centimeter. This
reduction in the tritium content of the moderator/coolant may
reduce the leak detection sensitivity., The maqnitude of that
reduction would depend on the plant design, but, in any event, the
leak detection system would be capable of detecting very small
(tens of pounds per day) amounts of leakage.

The abili ty to detect small amounts of leakaqe will provide
significant assurance that through-wall cracks a~e detected before
they approach a critical size. ation of this leak detection
capability to detect small through 11 cracks, combined with the
mat als selection and the in-service inspection proqrams, to
. e additional margins of safety against large-break 10S8-0£-

coolant accidents.

While the leak-detection in a ~O cooled/moderated low-pressure
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reactor should provide more than adequate LBB margin, the same aay
not be true tor a" low-pressure reactor cooled with H,O. In such •
reactor one depends on the detection of water losses ot 2-5 9pm
often requiring several hours before these losses are noted. This
may be critical in systems susceptible to IGSCC because one may
generate 360· cracks at low applied stresses and the leak detection
would be the same as for a relatively short simple crack, with the
major difference that the 360· crack would require substantially
lower seismic loads to cause failure. If such a condition is
anticipated, a more intensive NDE program may be required to detect
cracks before they reach critical size. Of course the problem will
be to select the correct welds to inspect.

IMPLICATIONS OF FAILURE PROBABILITIES

If reactors are grouped loosely into three sets; namely:

• Operating DOE heavy or light-water reactors where the
temperature T is about lOO·C, maybe less and the primary
system is austenitic stainless steel;

• Planned DOE reactors where T is about lOO·C and P is <250psi;

• The proposed ALWRs;

For the first group probability of a through-wall fatigue crack is
very low; e.g., ~E-7 during plant life. IGSCC will have a much
higher probability; however, the probability of a potentially
unstable crack such as 360· and nearly through-wall should be low
because of bending moments during plant operation driving the crack
through the wall so it is detected by leakage.

Failure (DEGB) due to fatigue cracking plus a severe seismic event
has a very low probability t ....E-13) so this scenario should be
relegated to beyond DSE.

IGSCC can occur; however, IGSCC plus seismic to yield DEGB should
have a low probability. The proposed analysis should clarify this
scenario.

Set two is the same as the first part of Set 1 where IGSCC is not
an issue. The scenario should be relegated to beyond DEGB.

Set three represents higher pressures and temperatures, more
mechanisms such as thermal fatigue and stratification to fatigue
the pipe. IGSCC should not be an issue. Therefore, one should
anticipate a low probability of DEGS, but a higher overall
probability of severe" cracking. Also, axial cracking could be a
problem. One can be cautiously optimistic that the overall
probability of DEGB is <E-1, but more work would be necessary to
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arrive at a value accepted by ftequlatory Authorities.

RESTRICTIONS RELATED TO CONCLUSION ONE BELOW

For fatigue as the mechanism leadinq to crackinq and applyinq the
following restriction:

-Ha.ter1al 1s wrought austenitic stainless steel;
-Pipe is schedule 40 or no less than O.5-inch wall for
larger diameter p1plnq:
-New materials selected essentially are immune to IGSCC;
-Reactors considered are essentially free from severe water
hammer; .
·Primary system temperatures not exceedinq (-IOO-C) and
pressures (~250psi); therefore, thermal fatigue should not
be an issue;
-Massive components such as pumps or heat exchanqers are
anchored so that a severe seismic event will not lead to
qross movement of the component and overload failure of the
pipe;
-For newer reactors ASHE Section III Oivision 1 is used; for
planned reactors the 1992 or later edition of the Code is
used, provided that later editions are comparable to the
1992 edition;
-An Inservice Inspection proqram basically complying with
IWa of Section XI (1992 edition) is in place;
-Technical Specifications define a leak detection system;
this may be more difficult for low pressure liqht-water
reactors;

CONCLUSIONS/RECtH4ENDATIONS

Provided the restriction cited in the RESTRICTIONS RELATED TO
CONCLUSION ONE section are in force, then the following
con.clusIons are applicable:

(l)For DOE reactors at low pressure (,S,250psi) and temperatures
not exceeding (-lOO·C) with austenitic stainless steel piping,
the DEGB should not be a DBE;

(2) For DOE low pressure low te~erature reactors subject to IGSCC
the analytic results with a 360 deep crack indicate that an
in ntaneous DEGB is highly improbable; PlaG believes further
ana se! would confirm that the instantaneous DEGB need not be a
DBE used to evaluate core flow instability;

-For ALWRs, information is inadequate to justify relaxation of
the current DEGB requirements other than that provided by
lOCFRSO GDC-4 and 10 erR 50.46 regarding leak-before-break;

With regard to recommendation" PIRG suggests that further

10
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analytic studies could lead to relaxation of the instantaneous
DEGB requirement as a DBE when the crack mechanism is IGSCC.
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EXECUflVE SUMMARY

Battelle was commissioned by ORNL to perform analyses to assist in the design and analysis of
experiments and evaluations of actual behavior of postulated cracks in a pipe system representative
of the proposed DOE New Production Heavy Water Reactor (NP-HWR). The project lasted (rom
August 1992 to the end of January 1993. There were.four analytic.aJ efforts underuken.

•

•

•

The 'nrst effort was a sensitivity study to analytically detennine the family of surface crack
geometries that could fail at various normal plus safe shutdown earthquake (N+SSE) stress
levels~ The subsequent work in this report and the work done by ORNL aU dealt with
through-wal1-craclced pipe where leak-before-break (LSB) behavior can occur. From the
work in th.is er(on. we wouId like to point out that there is a potentia! for a surfate<rack
failure without detection of lealcage that may be more challenging to the structural integrity
of the pressure boundary of the reactOr. The analysis in this effort were a first step in me
structural integrity assessment of a surface crack causing a pipe failure. and additional
surface-cracked pipe evaluations under dynamic loading are needed to complete this
assessment.

The second erfon provided pretest predictions of the C-pipe experimental load, load-line
displacement, crack growth, center-crack-opening displacement and the resuldn, crack
opening area. These results were used byORNLto assess theC-pipe test. Considering that
typical, not actual, values oCtile material strength and toughness were used in these
calculations, the agreement was quite good.

The third effort was todetermine if thecyclic cracle growth in the Jow cycle fatigue tests on
the C-pipe agreed with an extrapolation of high-cycle fatigue data on TP304 stainless steel
from the EPRI Database on Environmentally Assisted Cracleina (EDEAC). This agreement
was extremely load. implying that in principle, one could make slightly conservative, yet
reasonably·accurate, predictions of such crackIrowth.

• The final ef(on wasto conduct nonlinear time-history seismic analyses of one desiln of the
NP-HWR pipe loop with a crack in it subjected to 3SSE loading. Althoup the exact
dimensions and boundary conditions of the pipe loop modelled probably differ from what
would be the (anal design confi,uration, this time-history nonlinear cracked"'Pipe analysis
showed that there is considerable marlin over conducting typical response-spectrum
uneracked pipe elastic stressanalysis for the fractUre evaluations. The nonlinear time-history
analysis of several very severecracts showed that there was marlin of over a factor of ,
compared with predictions USin, elasticuneraeked pipeanalyses typically used. 1bis marain
comes from the short duration of the larae ampUtude cycles in the seismic event and Ihe
nonlinear behavior of the crack. Furthermore, thenonlinear time-history analysis, evenwith
a crack more severe than the Duane Arnold safe-end intergranuJar stress corrosion cracks,
showed only a small amount of dudiJe tearing after the 3SSE Ioadinl.

The key findings of this workare that theoccurrence of a double-ended guillotine break (DEuB) for
the conditionsexamined arehighly unlikelx. evenwith the mostseverecrack aeometry that occurred
in a commercial power planL Furthermore, the results to date show that the peak dynamic "crack

,
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opening for this worst case crack was less than 22 in2, which is less than 10 percentof the area ot
a double-ended break, with an even smaller residual crack-opening after the seismic event was
completed. This relatively small crack-opening area should preclude thennohydraulic problems that
Babcock and Wilcox predicted using the RELAP code assuming an instantaneous DEGD.

Should the NP-HWR program restart, these analyses should be repeated with the precise boundary
conditions and geometry of the final design of the plant piping. The analyses should be extended
to include the effects of low cycle fatigue crack growth during the seismic event, as well as the
ductile tearing calculations that were done to date. Effects such as reverse cyclic loadin& on
decreasing the toughness were not included at this time, since they involve evolving technology and
interactive time-history analyses that were beyond the limitations of the level of effort funded.
Finally. analyses should be conducted to assess the propensity of fracture for a surface crack to
propagate under dynamic loading, since all theworle to date was on through-wall-cracked pipe. This
would provide guidance for the maximum allowable surface-crack length for in-service inspection
criteria.

2
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4.0 COMPARISON OF CYCLIC CRACK GRO\VTH DATA FROM THE
ORNL C·PIPE TEST wlm EXTRAPOLAnON OF

FATIGUE CRACK CROWTH DATA

....1 Objective

rhe objective of this effort was to assess if the cyclic crack growth in the C-pipe experiment is
consistent with extrapolation of high cycle fatigue data crack growth data. If so, then it may be
possible to calculate low cycle fatigue crack Irowth• .(ot a loading such as that conducted in the C·
pipe test in a totally predictive manner. H~nce, thisapproach would be independent of theprediction
of ductile tearing by J-R curve methods, such as discussed in the last section.

4.% A1etbod or Analysis

11,e analysis of cycHc crack growth classically involves the use of the linear elastic stress intensity
factor 'I K. In the presence of plasticity at the crack tip, Dowling (Ref. 4.1) used the J..integral
p3r3metet. In our repon, the cyclic J t AJ, is calculated by integrating the load-displacementtest
record· on a cycle by cycle basis. This is illustrated in Figure 4.1. This is a relatively straicht..
fOr'\\13rd procedure. except when the reverse loading is negative. Wich negative load ratios2, the
area used for calculating the energy (or tal is more complicated. For fully reversed loadinC, it has
bL'en suggested that a negative load level beused that would correspond to thecrack, Ref. 4.2. This
is sonletimes estimated to be at 30 percent of the tensUe load, but it can also be determined from the
experimental test record.

The calculation of J (or a wough-wall-cracked pipe experiment where the load and load-line
displ:acement are known is best done using an anaJysis known as and 1J-(actor analysis, Ref. 4.3.
H~re.

J = J. + J, (3.1)

and J. is the elastic contribution of J taken from theelastic solution by Sanders as given in Ref. 4.4.
The J, term is the plastic contribution of J. and requires the ,,-factor solution in Equation 3.2.

(3.2)

2 The load ratio or R-ratio is the ratio of the minimum to the maximum load.
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where:

1J = -h '(8)/(Rth(8)
h(B) = cos (8/4) • a.s sin (8(2)
"Y = h-(8)/h'(B)
p = half of total load from four-point bending
t = thickness
c5p = plastic displacement
8 = half crack angle
a = crack length at mean radius
R = mean radius
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The important consideration in analyzing the data is that the displacement is only the plastic
component of the displacement. Hence, elastic displacements from the uncracked pipe, elastic
displacements from the crack, and displacements for the compliance of the test machine need to be
subtracted from the experimental displacements.

Moreover, to account for the effects of crackclosure, the data need to beexamined to determine the
crack: closure loads. On examining the ORNL C-pipe experimental data, it appeared that crack:
closureoccurred on Cycle 1 at a load of 50,000pounds and on Cycle 38 at a load of 54,400 pounds.

The calculation of J using the ,,·factor equations and accounting for the elastic displacements is done
automatically in a program developed at Battelle called lETAPIPE. This program was used to
determine the compliance of the test machine, and calculate the elastic and plasticcontributions of J.

4.3 Results

AI values were calculated with and without crack closure load corrections. Since this was not a
totally automated procedure, the AJ values were calculated only for Cycle 1 and Cycle 38. This
represents the extremes, where crack growth was the smallest and the largest in the C-pipe
~perl~~ .

In hindsight, it may have been better to use Cycle 2 instead of Cycle 1, since Cycle 1 may contain
some plasticity in the uncracked pipe which will add to the energy calculations and give a higher J
value. In Cycle 2, the uncracked pipehas beenstrain-hardened to take this loadelastically, and the
uncracked pipe plasticity is no longer a concern.

The AJ values were converted to AX values using

(4.3)

where E is the elastic modulus, and was assumed to be 29,000,000 psi from a handbook.
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The calculated AK versus daldn values Crom theC-pipe experiment werecompared to anextnpolated
curve or data available (rom the EPRIDatabase on Environmentally Assisted Crackina (EDEAC)
operated by Battelle (or EPRI, Ref. 4.5. The C-pipe test values are compared to the EDEAC data
anda linearregression Jine through only the EDEAC data in Figure4.2. The C-pipe data points Can
remarkable close to the EDEAC extrapolated curve.

Two observ~tions can be made (rom Figure 4.2. The first is that the data without crack-closure
load corrections was as good or better than that with the erack·closure load correction. Secondly,
the data from Cycle 1 had a higher ~K value relative to the corresponding EOEAC curve daldn
value than the ~K value (rom Cycle 38. This may be due to plasticity of the uncracked pipe on the
first loading cycle as previously mentioned. Nevertheless, the agreement with the EDEAC
extrapolated curve is extremely good, and this result shows that in principle, one could use the
EDEAC curveas a design basis to predict the C..pipe test.

4.4 Rererenas
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4.5
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Figure 4.1 Dow1inC analysis or area used in J calculations for crack growth in the presence
or plastidty
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Comparison of C-pipe experiment cydic crack crowth values to extI1IpolatioD or
EDEAC data Cor '0'304 stainless steel at ambient temperature
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5.0 DYNAMIC PIPE FRACIURE ANALYSIS OF A PROTOlYPICAL NP-HWR
PIPE SYSTEMSUBJECl"'ED TO SEISMIC LOADING

5.1 Objective

The objective of this effortwas to analytically evaluate thedynamic stability of a cracked pipe system
representative of the NP-HWR pipe heat transfer loop. This effort carne about to address concern
raised by the Pipe Integrity Review Group (PIRG) that DOE assembled, as to the representative
nature of the pipe impact tests initially undertaken by ORNL. Consequently, a state-of-the art.
nonlinear time-history analysis of a representative pipe loop containing a cract and subjected to
seismic loading was undertaken by Battelle. The PIRG wanted Battelle to conduct thisanalysis with
a very severe crack that was similar to the worst case crack found due to IGSCC in a commercial
LWR, Ref. S.l. This was a circumferential complex-crack where there was a surface crack of 7S
percentof the thickness all around thecircumference, and a through-wall crackof approximately 20
percent of the circumference in the same plane as the surface crack, see Figure 5.1.

To conduct this analysis, three analytical steps were undertaken. The nest was to determine the
through-wall crack-length thatcorresponded to the leak ratecurrently thought tobe used (ordetection
at the HW-NPR. Thesecond stepwas to calculate, from elastic-plastic fracture mechanics analyses,
the moment versus rotation due to the crack. This was a necessary step to calibrate the nonlinear
cracked pipe element to be used in the final stepof thedynamic pipe fracture calculations. Each of
these analyses is described in the following subsections.

S.2 Leak-rate Analysis ror Sizing or the Through-wall Crack

In this effon, it was necessary to determine the through-wall-crack length that would correspond to
a desired leak rate. The leak rate cited in PIRG meetings was 2.0 gallons per minute.

To calculate theleak rate, theSQUIRT code developed at Battelle for theNRC's International 'Piping
Integrity Research Group program (IPIRG) was used, Ref. 5.2. This leak-rate code was recently
enhanced to account for a more sophisticated evaluation of the crack morphology parameters that
affect the leak rate, Ref. 5.3. In that work, a study of actual cracb removed from service found
that past leak-rate models were too simple. For instance, put models assumed the cracks grow
straight through the thickness. In reality, some may follow the fusion line of I weld, while others
have tortuous paths that are much longer than the pipe thickness. The effective flow path length,
surface roughness. and number of turns I crack takes may also differ IS a function of the aaa
opening. For instance, if the crack is verytight, then there may be I large number of turns, but the
surface roughness for an IGSCC crackwould be the microscopic roughness of the grain boundary,
i.e., a local surface roughness. However. if the crack opening is large, then the number of turns
is significantly reduced, but thesurface roughness increases to a much largu macroscopic value, i.e.,
a global surface roughness.

Statistics of the local andglobal surface roughness, number of turns, and effective flow path lengths
were developed in Reference S.3 for intergranular stress corrosion cracks in stainless steels. and
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corrosion fatigue cracks in ferritic steels. Additionally, a probabilistic version of the SQUIRT code
was developed to eatculate the distribution of cract sizes for a liven leak rate.

Othercriti~ inpuu to the leak-rate analysis are· the applied loads, and the selection.of the
appropriate cracking mechanism. For this analysis, it was assumed that a large crack, such as the
Duane d crack,couldonlyoccur in the NP-HWR. plantwith a mechanism suchas IOSCC,Ref.
s. t. The~ fatigue was ruled out due to the low operating temperature of the plant.

Other critical parameters are the nonnal operatinl loads. These loads were taken from an ANSYS
analysis. conducted by Battelle, of an early version of'the NP-HWR pipe loop. The details ot this
ana are liven inSection 5.4 of this report. Oneof the keyaspectof determininl the appropriate
loads. wu that the normal operating bending mo.ments were·,mall. Le., 504 in..lb, in the direction
that would open a crack under seismic loadiaC. but were much larger at 9()..de,&reeJ to that
orientation. i.e., SS,S17 in-lb. The 9().degree direction moments were sufficiently 1araer. that the
crack would have to first form in this bending plane. To be conservative. we used the SS.'17 in-Ib
bending moment. but assumed th~ the crack would be in the same plane as the applied seismic
loading. The applied tension load (rom the ANSYS run was 26,507 pounds and was also included
in the leak-rate calculations.

The final critical information for the leak-rate analysis is the water condition. Here, the water was
assumed to be at 230 F and ISO psi. Hence, ase flow effects are minimal in these
calculations, but are nevertheless accounted for automatIcally in the SQUIRT code.

The resultsor the probabilistic analyses of the 2gpm crack are shown in Figure S.2. These results
were generated by Monte Carlo simulations usina 1,000calculations. The mean total thcouah..wall
crack length was 18.38 inches. and the standard deviation was 1.014 inches. To be sli&htly on the
conservative side, we assumed that the Wouah..wa11-craeJc length was the mean lenlth plus two
standard deviation (enlthS. 20.408 inches. This length is 4O.6-percent around the circumference,
which is longer than the worst case Duane Arnold tGSCe safc-end cracks that were around 2S
percent of the circumference.

5.3 Moment-rotation Predidionsror Compte.x-aackecl Pipe

The next step in the analysis was to calculate the moment venus rotation due to the crack response
of a complex crack with various surface-aact depths and a length of 40.6 percent of the
circumference. The analysis to predictthe behavior of comp1ex-cracked pipe is more diMeult than
for a simple circ:wnferentiaJ lhrough..wa11-aacked pipe. Two different eonec:tions are Deeded to the
simple throup-wall cract analyses.

The first correction is one for constraint Oft the touJhnes$ by the complex-c:rack Ceometry. Past
work in References S.4 to S.6 has shown that for I complex crack. the presence of the internal
sur{aee cracksicnifi~ly reduces the2pparent lOu ofthematerial. Thisisdue to the physical
limitation of the plasticity in the axial direetion er side of the surface crack. The multing
~Iasticity resembles a strip yield model where it is contained only in the surface~ liSament- In
Reference S.S, k was shown that the reduction oftbe toupness is a simple funaion of the depth of
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the surface crack. This is illustrated in Figure S.3. These data were lenerated (rom pipe
experiments on TP304 stainless steel base metal. AI06 B base metal. lnconel 600 base metal. as well
as stainless steel TIG welded pipe.

The second correction is an analytical consideration. The current NRCPIPE code developed at
Battelle treats complex-cracked pipe in a very idealistic manner. It assumes that the presence of the
surface crackeffectively reduces the thickness of the pipe. and the material J-R curve is reduced by
the appropriate value from the upper-bound curve in Figure5.2. However. a complex-cracked pipe
can transmit compressive loads across the crack faces which raises the load-carrying capacity
compared to a simple through-wall crack analysis. To make • flfst-order eorreedon for the
compressive loads across the crack faces. we developed a correction based on a net-section-coltapse
analysis. This was doneby rederiving the net-section-collapse equations to account for crack closure
loads on the maximum moment for a complex-cracked pipe (McJ as noted below.

where.

(5.1)

and.

~ • (2' - 8) R • t •

(R • t ")

(5.2)

R· = mean radius of complex-cracked pipe :: (Ro + ~ - d)n
Ro :: outside radius
P, = inside radius
t* = reduced thickness = t--<l
t = actual pipe thickness
d :: depth of surface crack
(If = flow stress = (0',. + O'.)a
p :: internal pressure.

The ratio of thecomplex-crack net-section-collapse load to the net-section collapse load for a simple
though-wall-crack fonnulation (Equations 2.1 and 2.2), where t Is just replaced by t* and R is
replaced by R-. is illustrated in Figure 5.4. Hence, if the through-wall-crack len&th. I. is lessthan
70 percent of the circumference, then the load-eanying capacity of the complex-cracked pipe is
greater than the simple through-wall-crack analogy.

so



ORNllNPR-91J64
89 APPENDIXC

This complex-crack net..section-collapse analysis was validated using Battelle data from TP304
stainlesssteel and lnconel600complex-cracked pipe experiments, both with lhtouib-wal1 cracks of
37-percentof the circumference and surface~k depths of nominally 6O-percent of the d'alckness
(Experiments 4113-2 and -4) from Reference '.5. These comparisons are shown in Figures '.Sa and
S.Sb. There: is better agreement with the experimental maximum loads with the crack-elosure
correction than without it Hence, the craclc..(losure-Ioad correction was employed in the following
calculations. t

The next step was to conduct the elastie-plastic fracture mechaniC$ analysis using the LBB.EN02
method in Banelle's NRCPIPE codeusingthe to rrection for eomplex-erack: constraint and
the erack-closure-Ioad corrections~ The predicted moment-rotation response forcomplex crackswith
dlrough;.waU lengths of 4O.6-pertcnt of the circumference, and depths of 0-, 20-,40-, 60-. 75-, and
80-percentofthe thickness are shown in FigureS.6~ Results withand without the crack-elosure-Ioad
correction are shown. For the purpose of the calibration of the nonlinear eracked-pipe element in
the dynamic calculations, the curves with the craek-closure-(oad correction were used.

5.4 Dynamic Pipe Fracture Calculations of NP·HWR Pipe System

The previousanalyses, and the ORNLpipe impact experiments conducted insupport of eliminating
the instantaneous DEGD as thedesianbasisevent for the NP-HWR, have nOI provided data that can
be used as a convincina &raument that such an event should not be considered. Rather, the
experiments have provided datathat suggestthat the stainless steel pipematerial is very tougb, i.e.,
it is tolerant of JarCe circumferential defects. and that break areas for cracks with Iarle
circumferential leng1hs are small. The analyses have wn that analytical tedmiques, which IJtee
weU with the experimental data, are available to in predietina the behavior of the pipin•.
Neither the experiments nor the analyses have, however. generated any infonnation regarding the
loads that may actually be applied to the pipeduring a seismic event, theoccurrence and magnitude
of (aree unstable ductile tearing episodes, or the dminafor such instabilities. Because Ihcsc issues
are crucial to the arguments for remov· DEGB as the design basis event,
dynamiepipefracture analyses wereundertaken byBattelle, usinC state-of-the-art analysis techniques,
to develop some data in these areas to ascertain whether elimination of the instantaneous DEGB is
reasonable.

The focusof the analyses to bep~ is to direcdyrelate. throup dynamic pipefractUre system
analyses, the expected earthquake-induced motions of theplant from SSElevel andpuser Ioadinls
to the crack drivinaforce, i.e.• bendinJ moment at me cracklocation. and consequent crack openinc
and crack stability. Theseanalyses therebyincorporate plant-specific Ioadinl. flaw JrOwth behavior
under realistic loading, and, because the analyses areconducted in thetime domain. timingestimates
(or break opening area. Thekey elements in the analyses include:

•

•

finite element time-history analysis

Crack behavior modeled as a nonlinear spring element at the highest stress location
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• Piping model consisting of the cold-leg piping (rom the reactor pressure vessel to the heat
exchanger

• Loads based on a 0.3 I earthquake being equal to a one SSE loading.

The results are presented in the format of:

• Moment at the assumed crack location as a function of time

• Crack length and crack opening area as a function of time

• Peak stresses and deflections in the piping system at key locations.

With these data,onecan then beginto construct thearguments necessary to removethe instantaneous
DEGB as the design basis event.

The dynamic pipe fracture analyses done in support of the NP-HWR project have, of necessity, been
limited in scope. The time and funding constraints have precluded the extensive parametric studies
needed to fully justify removal of the instantaneous DEGB. In mostcases, the analyses have been
conducted with less than perfect knowledge of the system configuration, due to continuous evolution
of the design. Where data have been lacking, engineering assumptions have been made which,
strictly speaking, cannot always bejustified as being conservative or unconservative. Rather, the
assumptions can only be suggested to be not outrageous. With an acknowledgement of these
limitations, the results of the analyses, can be summarized as follows:

•

•

•
•

•

•

The results are sensitive to the boundary conditions and crack location material properties.
To build a more credible case for eliminating the instantaneous DEGB as the design basis,
more and better data are essential.

Only ductile tearing from a monotonic J-R curve is assumed in these analyses. No cyclic
effects on theJ-Rcurvewere included. Pastexperience shows thatinterrupted ductile tearing
with a negative load can significantly' lower the fracture resistance of TPJ04 stainless steel
as well as carbon steels, Refs. S.7 and S.8. Fatigue crack &rowth, which is ignored, will
certainly reduce the load carrying capacity of flaws.

Under SSE 10adinS with no flaw, the whole piping systemremains elastic.

With a postulated to-inch longthrough-wall flaw at the highest stresslocation, 3 SSEloading
is not sufficient 10 cause the crack 10 initiate and grow,

3 SSE loading will induce plasticity in the piping system and this will have an influence on
the integrity of tlaws under dynamic loading.

Postulated 36O-degree, 4O-percent and 7'-percent deep internal surfacecrackswith a 2-gpm
leakrate through-wall crack initiateandgrowunder 3 SSEloading. The cracksare predicted

S2
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10 ,row stably and arrest just past maximum moment. The maximum crack-openin. area
during the eomplex-erack seismic events is estimated 10 be 21 square inches, with I liS
millisecond time to reach that opening.

5.4.. 1 Analysis Tools and Methodologies

Typical $ei~ic piping analysis generally follows the flow chart shown in Figure S.7, from a
prescribed input free fteld ground accelerJtion spedJUm" to soil-structure interaction analysis. to
building dynamic analysis, and (tnishing with pipi nse spectra analysis. In the we of the
present NP..HWR analysis, however, the time-his branch for analysis of the piping must be
followed becauseof the nonlinearity o( the crack. Fu ennorc, considering the aVailability of data
and time and funding constraints, the present analysis belins with a prescribed fioor response
spectra.

The tools and methods used for analysis of the NP-HWR system are state-of·the-art. Because of
this. they have not been adopted for routine seismic analysis of piping systems and arethus" probably
not familiar to mostpeople. Therefore, to provide background information and to more completely
document the NP-HWR analysis effort, a presentation of someof the theoretical basis of the analysis
tools and justification for their use is warranted.

Earthquake nme-History Analysis

Time-history analysis is generally considered necessary 10 either qualify or desian systems and
components thatexhibit hiddy nonlinear behavior. The cracked section in the Np..HWR pipe system
is an example of such a -component-. Because there are no recorded building motions that exhibit
the uniform frequency distributions of a mica! floor response specuum. it is necessary to .enerate
a noor response specuum-consistent time history of motion whose response spectrum rnatebes the
design spearum fOf a liven ciampini value.

There are a number of methods for developina a time history from a response spectrum. For the
present study, the time history of ftoor response baa been synthesized USinl a superposition of
continuous waves. In particular. the procedure advocated by Levy and Wilkinson, Ref. 5.9, has
been adopted.

The Levy and Wilkinson procedure for synthesizing a floor-response time history uses a
superposition of a larae number of sine waves whose amplitudes are iteratively adjusted tomatch the
prescribed design specuum. Toachieve frequency richness, closely-spaced frequencies areselected
so that" wet points of adjacent frequenc. verlap. In equation form, the Levy and
Wilkinson procedure can be summarized as:
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Number of Frequencies from f1 to f.:

Frequency Spacing:

Time History:

Ii

X(t) • F(t)!: (-l}i Aisin(2rfit) .. B t2 .. C t
i-I
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(5.3)

(S.4)

(5.S)

where F(t) is an envelope function to account for time severity of the earthquake, l.e.• buildup.
stationaryportion, and motion decay, B and C are coefficients that canbeused to adjustthe response
to bring residual velocities and displacements to zero when the shaking stops, and (clcJ is the
damping ratio.

The coefficients ~, are adjusted iteratively according to the following scheme:

Iteration 1:

1Ai • k SRSnll f:•
(5.6)

where k is some proportionality constant, SRSnl is the value of the design response spectrum at
frequency ~

Subsequent Iteration j:

where SRSt1 is the response computed in the previous iteration.
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j i-If SRSre.t]A· • A·., j ...l
SRS·•

(S.7)

Band C coefficients are assumed zero at nrstiteration. adjusted iteratively to make residual velocity
and acceleration zero. Iterations are continued until the computed response matches the reference
design spectium to a desired degree.

The determination of the response at each iteration involves calculating the maximum absolute
acceleration of single degree-of-freedom oscillators at each of the frequencies, "'i=2 ...!t.. This
computation isdoneusing a numerical time·integration procedure. For eachoscillator, theequation

(S.8)

where Yi is the displacement of the ith mass relative to the ground, and t is the damping ratio, (eJc,),
is solved in time to find the maximum response. The acceleration of interest to be compared· with
the design speeuum is

(S.9)

which can beshown to be approximately equivalent to themaximum absolute valueof IIt?Yi for low
values :ofdamping.

The speetrum-consistent floor-response time history consists of floor acceleration versU$ time. In
general, one would apply base-motion acceleration to che pipe (iXed endsand calculate pipe internal
forces, reactions, and stresses due to relative motion of the pipe systemand theROOt. In a practical
sense, however. the desired pipe systemresponse isobtained where the (axed ends are beld ri&idly,
and body forces due to the acceleration are applied.

Dynamic Pipe Fracture Analysis

There are at least three different categories of cracked pipe dynamic analyses. These are:

•

•

Complete three-dimensional fmite element modeling•

Substnleturing, using beam elements fot the uncracked pipe and three-dimensional elemenu
at &he crack location.
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• Using beam elements for the uneracked pipe and a nonlinear spring element to simulate the
crack response.

Complete three-dimensional, elastic-plastic, dynamic analysis is extremely costly, time consuming,
and is not a practical engineering tool. Substrue:turing with beam elements and three-dimensional
elements at the crack is more practical, but the computer time for such analyses, if crack&rowth is
considered, makes such an approach very expensive. The final approach is the one used to analyze
the NP-HWR system and involves the most economical, and possibly the most accurate approach.
In this approach, the crackresponse is represented by a nonlinear springplaced at the cracklocation.
This spring is defined by experimental dataor J-estimation schemeanaJyses such as those discussed
in References S.10 and S.ll.

Crack Modeling. The response of a crack: in a pipe system is established as shown in Figure S.8.
Basically, the response is characterized as a nonlinear moment-rotation (stiffness) in the plane of the
crack at a point in the piping system. Although experimental data (i.e., results from a quasi-static
pipe fracture experiment with the same material and flaw size) may be available, the J-estimation
scheme approach for predicting the moment-rotation response is more fundamental. In calculating
the stiffness of a cracked section using a J-estimation scheme, the material properties (l.e., stress
strain and J-R curve) and crack-sectlcn geometry (i.e., pipe diameter, thickness, crack length, and
crack depth) need to be defined. In addition, several assumptions are made in generating the craclc
stiffness:

•

•

•

•

•

For low-cycle high amplitude loading, the cyclic load effects on the circumferential crack
growth are assumed to be small; craclc growth is dominated by ductile tearing under
increasin& load amplitude.

High strain rate effects on crack growth and on the constitutive relationship are typically
ignored, even though they may tend to influence crack Irowth and the plastic flow for some
materials. Rarely will one have access to dynamic material property data (l.e., dynamic
tensile or J-R curve data).

Only a separation mode (Mode I) of crack propagation under bending is assumed. This
implies that the crack section is considered to be rigid in all degrees of freedom except the
rotation corresponding to the crack opening.

Cyclic effecu on the material properties are ignored. Past work: has shown that cyclic
unloading during ductile tearina with negative loads can significantly lower the apparent
toughnessofTP304 stainless steel. However, suchcyclic: effects are barelybeing understood
at this time, and methods to predict the magnitude of me effect are the subject of current
evaluations at Banelle. Consequently these effects are not included at this time.

The rotational deformation due to the crack and relevant plastic deformations are confined
to the crack section.

The nonlinear-spring model of piping cracks is applicable to both surface and through-wall cracks.
As currently implemented, surface cracks are modeled as a series of spring-slider clements. The
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sprinl~slider element is a two node. two deCteC-o(-freedom element with I linear spring and I

friction slider in series. At low loads, the slider is locked and the two nodes behave as if they have
a linear spring between them. When the spr load reaches a magnitude of ±F.Iide, the force
between -nodes I and J remains constant. If the spring-slider reaches the limiting force and. then is
unloaded, a permanent displacement will remainwhenthe loadis brought backto zero. Putting two
or more spring-slider elements in parallel with different stiffnesses and F.liet. values allows one to
modela multi-lineae load-deflection curve. FigureS.9 illustrates the modelina of a 3 segment spring
slider curve:'

The nonUnear-sprinc model of throu,h..waJl cracks is implemented as shown in Fipre 5.10. Usiq
the·rigid offset kinematic relationships and the prescribed moment-rotation relationship from the J.
estimation scheme analysis, a suess-strain curve is derived for the nonlinear ttuss that rives the
desired moment-rotation response. Unlike the surface-erack spring sliders, the throughAowall-tratk
implementation is applicable past maximum load.

There are two imponant features of the nonlinear-speina model that need to be mentioned. F~
botJ\ the spring·sliderand nonlinear-ttuss elements described above model the Baushinger effect, i.e.•
kinematic hatdenin& ina plasticity analysis. The· n of usina models like this is that energy
is absorbed at the crack under cyclic: loadinl. This is especially important for dynamic analyses,
because the crack will appear, effectively, as damping in the pipe system. The second impotUnt
feature is that the surface-erack and thrOUgh-wail crack nonlinear springs can be, with some
mani ation. combined (seeFigureS.ll) so that surface..craek to through-waJl-aaek transitions can
be modeled. This is important fot determining stability of a crack underdynamic loads. Ifenoup
strain energy is stpred in a surface-uacked pipe system under load, when the surface crack breaks
Ihrough, che resulting through-wall crack may not arrest if the dynamic load is sustained. The
present nonlinear-spring analysis is currently the only methodology that can make such stability
assessments.

In app'lieation, the multi-linear sprina-sJiders andIor nonlinear U'Uss ate aaached to a. pair of
coincident nodes at the crack: location in the pipe model. coupling the two nodes together in the
relative rotation bending dcgree-of-frecdom of the attached pipe elements. 1be remainma five
dearees-of.freedom; the two shears, the torsion, the tension, and the remaining bendina dearee"'Of..
freedom, are rlCidly coupled with constraint eq • To aeconunodare crack closure In the
nonlinear·spring model, a very sdff spring is inse thai is -activated- when the relative rotations
tty to become negative.

Pipe System Modelinl. The remainder of the piping system in a dynamic cracked-pipe system
analysis uses standard rmite element analysis eapabDitieI. Strai&ht pipe and elbow eIemencs model
the piping, direct time-histoty intearadonof theequations of motion isused, standard rmite dement
loadinC is available (temperature, pressure. Corea, craspJacements. accelerations), and features such
as leneraJ plasticity in the pipe can be invoked.

Analysis ValidatioD. 1be crack simulation by thenonlinear"sprina approach bas been. used to
analyze dynamic inertiall)' loaded throuch..wall-craeked pipe experimenu. compliant instability
throup·wa1I-eracked pipeexperiments. surfacc-cracked..pipewater-hammerexperiments. andaseries
of simulated seismic pipe system experimentS at PWR conditions in which a surface'"Cl'aet transitions
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to a through-wall crack. As a means of demonstratinc the efficacy of the nonline.1r-sprin,
methodology, the results of a comparison between an experiment and a prediction for one of the
latter experiments will be presented.

The nonlinear-spring method of modeling cracked pipe was used in the design and analysis of the
results from the IPIRG-l pipesystemexperiments, Refs 5.12 and 5.13. The IPIRG pipe system was
fabricated from 16-inch nominal diameter Schedule 100 pipe and is configured as an expansion loop
with 100 feet of pipe and 5 long radius elbows. Figure 5.12 is an artist's concept of the pipe system
while Figure 5.13 shows the pipe system dimensions. The pipe loop had internal pressure (2,250
psi), dead-weight, thennal expansion (550 F), and dynamic displacement induced loads. A surface
crack, nominally SO-percent of the pipe circumference in length and 66-pereent of the pipe wan
thickness in depth, was introduced into the pipe loop at a critical high stress location. Theresponse
of a crack to dynamic excitation in a number of different materials was evaluated during the course
of the five IPIRG-l cracked pipe system experiments. The materials evaluated were:

• An AI06 Grade Bcarbon steel which had shown signs of being susceptible to dynamic strain
aging effects in laboratory scale tests, i.e., tensile and fracture toughness tests. The
toughness of this material was low enough that contained plasticity conditions should exist
for this pipediameter and hence, elastic-plastic fracture conditions should govern.

• A high toughness SA358 Type 304 stainless steel for 1Nbich fully plastic (l.e., limit load)
conditions should exist.

. • A low toughness submerged-arc weld (SAW) in both the AI06 Grade B carbon steel and the
Type 304 stainless steel.

• A section of CFSM cast stainless steel which had been artificially aged. at 7S0 F for 700
hours to simulate 9 years of service (or a cold leg or 2 years for a hot leg.

The calculated moment-rotation response due to the crack (or the various crack size/material
combinations (i.e., the stiffness of the nonlinear-spring crack element) was established using the
SC.TNP finite len&th surface-cracked pipe J~stimation scheme, Ref. 5.11, and the LBB.ENG2 J
estimation scheme for the through-wall cracks, Ref. S.10, both developed as part of the Degraded
Piping Program,S.14. These calculations use a Ramberg..()sgood representation or the stress-strain
curve and a power-law eXtrapOlation of the JD-R curve for the materials of interest.

Focussing on the aged-cast-stainless experiment, IPIRG-l Experiment 1.],7. the forcina function,
and input moment-rotation responses are shown in Fiaures S.14 and S.IS. The (mite element
predictioncompared with the experimental result tor the crack-section moment is shown in figure
S.16. The comparison is outstanding. Maximum moments, time phasing of the dynamicresponse,
and the surface-erack to Ihrough-wall-aack transition all are predicted very well. Equally good
comparisons have beenmade for the other IPIRCi-l pipe system experiments and the other types of
experiments mentioned above.

Although the data presented do not necessarily constitute a funy documented validation of the
cracked-pipe dynamic analysis methodology, whencoupled withotherresults, Refs. S.lS and S.16,
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5.4.2 Analysis or NP-HWR Pipe System

The structural analysis of the NP-HWR system consisted of four distinct activities: model
development, static analyses, a dynamic uncracked-pipe system analysis, and dynamic eraeked..pipe
system analyses. The activities were sequential, with results from one activity providiAg .input tor
th~sueceedinl ac:t1vities. As indicated previously, assumptions frequently hadto be made that have
an impact Oft the results. Because there was no opportunity to explore the colnse:qucma~ 0

panicular assumption, the results presented here mustbe viewed as a demonstration of
rather than a de(mitive case (or eliminating the instantaneous DEOB as t!'e ~esign bub.

ModeJ; Development

the data suggest that the J-estimation scheme accurately predie:u the moment-rotation behavior of
both surface and through-wall eraccs, and the dynamic analysis results indicate that the essential
features of system loads, performance, and crack-dtivin, force are captured in the analysis. Thus,
there is a reasonable basis for usinC the nonlinear-spring aacked-pipeanalysis to help make the
supponing arguments for eliminating the instantaneous DEGB as the design basis event for the NP·
HWR.

r

The information available for developing the NP..HWR analysis model is summarized in Table S~1
and Fi.ures 5.17 du'ough S.18. Although these data represent a sianiticant fraction of what is
needed to perform a cracked-pipe analysis, it is obvious that there are some defICiencies: detailed
dimens.ions of the piping geometry are required. elbow radii should be specified. aU boundary
conditions must bedermed, and seismic excitation should be in threeonhogonal directions. Because
these data were not available. due to lheNP·HWR design not beinl fIXed at the time of these
analyses, engineering assumptions were made about the missing data" Where initially reasonable
assumptions appeared to have an obviously Iar&e and unfavorable impact on the results•.modest
parameter studies were performed to rand a more reasonable set of assumptions.

Given only ltbc one dimension shown in Pieure 5.17, a model of lei A was developed by scaling.
In developing the model. it was assumed that the elbows are lona-radius type. Maure S.19 shows
the 18..node" 17-element rnode1aeomeuy. Comparinltho eorrespondina plan andelevadon views
from Figure 5.17, provided that the 2O-foot dimension in Fiaure 5.17 is accurate. the.:modeJ
fai reproduces the geometry.

The prescribed seismic horizontal tloor-mponsespedNm at anSSEloading level is shown inFigure
S.18. Usina theprocedures preViously discussed.aspedrUm-compabble time history of loot motion
horizontal acceleration was developed. In developing the time history, it was assumed that the
e . function. F(t). ramps linearly from zero to one in five seconds. remains fixed at one for
1 secondJ, and then linearly ramps to zero in another five seconds. Apte ',,29 shows the match
between thedesiaR spectrum and spectrum from the time bistory. The match is very good. ACute
5.21 is a plot of the time history. In the, analyses to be discussed, the lime history of acceleration
was applied in the Y ditec:tion or F'1£Ute 5..19because it was telt that thiswould induce the larpst
possible bendin. moments in the pipe. The orthisassumption was. however, never dlecked.
For analyses per{ormed at a 3 SSElevel, the time-history amplitudes weresimply multiplied by 3.
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Given the basic model geometry, some static and eigenvalue analyses were performed to establish
the boundary conditions at the heat exchanger. Table5.2 summarizes the results of assuming three
reasonable boundary conditioru. In this analysis and all subsequent ones, ASME elbow flexibility
(actors and stress indices were used.

,.
Although fixity at the heat exchanger seems nominaJly correct, the pipe is much too constrained,
developing excessively large static stresses. In (act, the static bending moment is sufficient to yield
the pipe andlorcause almost any hypothetical crackat the highest stress location to reach maximum
moment. The moment·free condition. although more reasonable in terms of stresses, is hard to
reconcile relative to the structure shown supporting the heatexchangert i.e., a moment..free condition
couldonly beachieved with some sortof balljoint at the heatexchanger. Thefree lateral uanslalion
condition relieves the static thermal stresses and may bephysically possible due to the heatexchanger
being up on •stilts-, even thoup it is almost certain that a designer would not permit the heat
exchanger to move significantly.

In all likelihood, the pipe geometry would be changed so that the thermal expansion could be
accommodated with a flxed boundary condition. However, because o( constraints on this program.
one of the three candidate boundary conditions had to be selected for use in the dynamic analyses.
The free translation condition was chosen because: 1) It has static stresses thatare in linewith what
would be judged acceptable, and 2) It probably will respond more to dynamic loading due to iu
lower natural frequency.

With the free translation boundary condition, the flCSt five modes of the NP..HWR pipe system are
shown in figures 5.22 through 5.26. From these data, it is obvious that the piping system will
respond almost exclusively in the X..Y plane, with limited participation in any of the highermodes.

Dynamic Uncrac:ked-Pipe Analysis

The first dynamic analysis performed was for uncracked pipe at SSE level loadina to determine
where to put the crack and what orientation the crack should have. For this analysis and aU
subsequent dynamic analyses, the dynamic excitation was assumed to be in the Y direction
(perpendicular to the long straight run of pipe, see Ml\lfe 5.19) and dampina was assumed to be 0.5
percent Raylei&h (mass and stiffness) damping in the fltSt and fourth modes. This low value of
damping is justified on the basis that there arc no pipe hangers or other eneray dissipating features
in the pipe system. A summary of the det1edions and stresses from the linear clastic analysis is
presented in Tables .s.3 and '.4.

From these results, it is clear that the higheststress Ioeation is at the reactor pressurevessel nozzle.
Looking at the bending moment versus time at this location, Figure S.21, it is clear that the largest
elastic bendin& moment occurs in the negative direction, implyina that the crack should beoriented
so that it is on the positive Y side of the elbow, me intrados. The maximum dynamic bending
moments at the reactorpressure vessel, as expected, are in the X..Y plane, so thecrackneeds to have
its centerline in the X-V plane. At N+ ISSE loading, the maximum dynamic moment is --643,000
in -lb. At N+3SSE the maximum dynamic moment can be linearly proponioned, and is -1,928,000
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in -lb. (The nc,aUve si&n ref1ects the location around the eiteumferenc:e that was chosen. At 18()..
dqrees around the circumference the moment is • po$itive value.

AJthouah no analyses were performed to demotUtrale that the free translation boundary condition
dynamic response provides an upper bound for crack. drivinC foree. common sense suue3ts that it
probably does.

Dynamic Cracked-Pipe Analyses

'Three dynamic cracbd"'Pipe analyses were performed. The rtrst analysis had a thtoup-waJl craek.
while the second and chii'd analyses had complex crxks (combined in~maJ surface and du'ouCh·wall
crack)~ AU cneb were assumed to occur at the reactor pressure vessel nozzle litthweld•.1be
through-waltcrackwas analyzed becauseof its similarity to one of theaaeks that was loaded in che
ORNL experimental proaram. The complex eracts were 2MJyzed because they represent worst case
fiaws that CDuld '0 undetected. In the erackedi'ipe analyses, a 3 SSE 10adina was applied. see
Figure5.28. Since the maximum moment in the uncracked pipe analysis was a neaative value, the
crack: was located at l8O-degrees from the location of the figure 5.21 results.

Through-Wall Crack Analysis. The through-wall crack selected for analysis was 10 inches Ion•.
Using the procedures desaibed previously. a nonlinear sprine to represent the crack moment-rotation
response was developed, see Fiaute S.29. SubJectinl the pipe system with the non-linear sprine
("ade) element 3 sse Ioadin&. the moment cenerated at dle crack location is predicted 10 reach
approximately 1.750.000 inch-pounds, per PilUre5.30. Comparing this moment to Pipre 5.29. it
is obvious that the crack did not reach maximum moment and hence, did not PfOPllata in du~i1e

teatina. This assertion is confirmed when . n response is viewed in m ion
space (Fi ure S.31); the crack wu loaded and un cd elastically. (In Figure 5.31. one can see
Ibat sil craet closure occurred).

Tables S.S and S.6 summarize the highlights of the system response. It is interesting to note that
aJthoulhthc pipeishiahly suessed under3 SSEJoadin,with the thtoup-wall trade, the compliance
oftbe crack keeps the cract-openinc moments from etti.n& larlcenoup to tear the eracL 1'be
magnitude of the Von Mises stress at the trade .. 60..5 bi, Suuests. however. that
stressesare larae at.this location. If trade-openinlarea is assumed to be diamond shaped. the ,.
elementtrade rotations andJ~n scheme tradelenJtb and crack-mouth-openinl displacement
datacanbecombined to predict thecrack-openinl areau a fimctjOD aftime, ficure 5.32. 1be leak·
rate area is very small.

Aftother interestinl aspect is chat the maximum moment with the crackbehavinc elastically is· lower
than for the elastic uneracbd pipe. This is due to the compliance of die throup-waJl crack .m
tension ging che dynamic dW'actera sli&htlY.

Complex..crack Analyses. A complex trade is one in Which a portion of. 360-deaRe intcmaI
surface erack is assumed to have penetrated thep1pe wall. Fortheseanalyses. it was assumed that
there is athtouJb-wall erack that leaks at 2"'IPm (2O.408·inch Ionl crack) .. Two different depths
were investigated forthe surface-cradcportionofthe complex crack. 4pereent deepand 7S·pen=a
deep. These two cracb Iq'resent cracb that could 10 undeteded until they leak. and because they
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so si&nificantly degrade themoment-carrying capacity of thepipe, they may representbounding cases
of pipe system response.

The first complex crack analyzed had a 4()..percent deepsurface crack and a 2-gpm leaking through
wall crack. The moment-rotation response from the Lestlmatlon scheme analysis of this crack is
shown in Figure 5.6 (thecurve used include crack-closure-load correction). The predicted moment
carrying capacity of this crack is significantly less than (or the IO-inch through-wall crack.

The predicted crack-section response to 3 SSE loading (or the 4()..percent deep complex crack is
shown in Figures 5.33 and 5.34. The crack initiates, reaches maximum moment after about 13
cycles of loading, tears slightly, and then arrests. It subsequently is subjected to something less than
30 cycles of loading, some of which reinltlate and grow the crack slightly. The corresponding
predicted crack-opening area for this flaw is shown in Figure 5.35. The maximum dynamic lealc
area is about 17 square inches with a residual opening of less than 1 in2 at the end of the seismic
event.

Global system response for the40-percent deep complex crack is summarized in Tables5.7 and 5.8.
The displacements are very large, particularly at the heatexchanger end. Remote stresses from the
crack, in general, are well beyond yield. Because extensive yielding would change the energy
dissipation behavior of the pipe system, the crack response would probably be altered significantly
if general plasticity was permitted. This would increase the effective damping which would reduce
the dynamic loads applied to the crack.

An interesting finding from this analysis, is that the 4O-percent deep complex crack survived the
loading andit's maximum moment capacity was 843,000in-lb. Theelasticuneracked pipemaximum
momentwas therefore, a factor of 2.38 larger than the nonlinear dynamic maximum moment of the
surviving cracked pipe.

The final crack geometry considered was a complex crackthat is consistent with a piping flaw at the
Duane Arnold nuclear plant that was not discovered until it leaked; 4O.6-percent of thecircumference
long (20.408-inches), and 7S-pereent of the wall thickness deep. The l-estimation scheme prediction
of the moment-rotation response for this cra~k is shown in Figure 5.6. Compared to the la-inch
through-wall crack and 4O-percent deep complex crack, this complex-cracked-plpe section is much
more severely degraded.

Figure 5.36 shows a plotof thecrack-section moment as a function of time, while FigureS.37 shows
the predicted moment-rotation response at 3 SSE loading for the -Duane Arnold- complex crack.
The crack reaches maximum moment and then tears stably. Compared to the 4O-pcrcent deep
complex crack, the 75-percent deep complex crack doesnot tear significantly marc, but it undergoes
much more severe crack closure.

Tables 5.9 andS.10 are highlights of the system response. It is obvious fromthesedata that the pipe
remote for the crack undergoes very largedeflections and that significant portions of the pipe would
be well above yield. Combining the finite elementcrack rotations, '-estimation scheme crack length
and crack-mouth-opening data, and assuming a diamond..shaped crack-opening area. the leak area
as a function of time is as shown in Figure 5.38. The leak rate area reaches a maximum of 21
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squ1te inches during the seismic event with a very small residual crack openinC after the seismic
event. On the cycle when the crack teaches 21 square inches. it takes 115 milliseconds to 10 from
basically closed to the maximum openinl.

The results presented for both eomplex-craek analysis support thecontention that J larle undetected
surface Oaw that breaks throup and leaks normal operatinC loads has enoup integrity to
sustain a 3 SSE Ioadina. Because plasticity has been ignored, except a the crack, however, the
results presented forthecomplex crackscannotbe relied upon as thesole basis for justifyina removal
of the instantaneous DEOS as the desiln basisevent because the coerI)' dissipated durin, yielding
would alter thesystem dynamics. The uncracked pipe plasticity willeffectively increase thedampinl
which would reduce the loads on the pipe.

For the ease of the 7S-percent deep complex crack, the predicted maximum moment was only
325,000 in...lb. 'The elastic unaaeked moment was a fldOr of 5.9 limes larger than this, and
amazingly the crack still survived with only a small amount ofwrinJ. Thisdemonstrates the large
margins that maybe realiud from usina nonlinear time-history analysis.

S.5 Results

The dynamic cracked-pipe analyses conducted in support of the NP-HWR design sUllest mat ;1 is
probably onable to consider eJiminatinl the instantaneous DEGB u the desiJD basisfor the plant.
The anal mat within the limitations sed by the proaram duration and level of effont
the NP- ipe system is very tolerant 0 arae cracks Illarae seismic load levels.

Sum.matizinl the fandings of the analyses,

•

•

•

•

•

The resuJu are sensitive to the boundJty conditions and material properties at the aaek:
location. To build a morecredible casefor totally e1iminatinl the DEGB as thedesign basis,
more and betterdata are essential.

Only ductile tearina is assumed in these analyses. Fatigue crack &I'OWIh, which is ianored,
will cenainly reduce the load-earryina capacity of flaws. Reverse cyclic loads are also
known to reduce the J...R curve of the material, which would also cause more tearinl to
ocQJt. This aspect was not included due 10 time and tundina constraints.

Under SSEloading with no flaw, the whole piPina system remains elastic.

Witha postulated lo-inc:h Jonl tbroup-waJl flaw at the hi&best stress location, 3 SSE loading
is not sufficient to cause the crack to initiate and ,row.. I.ak openinlareas for this flaw are
very small.

A 3 SSE JoadinC will induce plasticity in the pipm, system remote from the crack and this
wm have an influence Oft the intepity of flaws under dynamic Joadinl. This plasticity will
probably lower the applied loads due to effectively incrwina thedampinC.
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• Postulated 36O-degree, 4O-percent and 7S-pcrcent deep internal surface cracks with a 2-gpm
leak-rate throu&h-wall crack initiate and growunder3SSEloading. Thecracks are predicted
to crow stably and arrest just past maximum moment. The maximum crack.-openinl area
during the complex-crack seismic events is estimated to be 21 square inches, with a liS
millisecond time to openand closeon the nextcycle, The residual Openinl at the end of the
seismic event is much smaller.

• The accuracy of the complex-crack analysis results must be viewed with some caution
because d'le pipe system is predicted to yield extensively. Because this plasticity effect has
been ignored, more enerl)' will be dissipated durinl the seismic load cycles, and this would
increase the damping and thus, lower the dynamic loads.

• Oneof the key observaucns is that the complex craca were predicted to survive even though
the elastic uncracked pipe moments were 2.3 to 5.9 times Wier thanthe maximum moment
of the complex-cracked pipe. This illustrated the larJe potential matlinS that can be realized
from non-linear time-history calculations over usinC conventionallinear-elastic peak dynamic
stress in a fracture analysis.

Although there are obvious limitations to the analyses presented here, the results are certainly
tantalizina enough to warrantfunher studies dueto the large marlins that canbe realized over using
conventional peak elastic stresses in fracture calculations. None of the analyses conducted suggest
that an instantaneous DEGB ispossible, anda DEGD may notoccureven at -acceptably- slow rates.
Clearly, any consideration of totally eliminating the DEGB as the design basis, however, must
considerother flaw aeometries, Ioadinl scenarios, material variability, leneral plasticity, inspection
capabilities to preclude the existence of a bigger than -Duane Arnold" undetected flaw, and
degradation mechanisms that are still unknown.
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Table 5.1 Analysis Input Data tor the NP·HWR Dynamic Cracked-Pipe Analysis Model

Coolant Piping

• 16-inch diameter, Sch 40 (O.S()()"inch)
"

• TP304 stainless steel

Boundary Conditions

• Fixed at reactor end

• Not specified at heat exchanger end

Loading

• Temperature, 230 F

• Pressure, 150 psig

• Dead weight loading

• Seismic load

-horizontal excitation only

-direction not specified

• Damping not specified
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Boundary Condition at
Heat Exchanler

free lateral translations

Table 5.% The ElTeet or Various Boundary ConditioD Assumptions

1.1S3

0.029

0.415

0.834

1.159

-0•.586

..Q.062

-0.971

-1.341

-1.481

-0.013

-0.080

..Q.Gt4

..Q.014

.Q.015

UY~
(mches)

Table 5.3 Pipe System Displacements at SSE Loading from Linear Elastic Dynamic: Analysis
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Table 5.4 Von Mises Equivalent Stresses at SSE Loadinl from Linear Elastic Dynamic Analysis

Node Static • Minimum Maximum
(bi) (ksi) (bi)

1 2.6 2.6 19.0

2 2.6 2.6 17.5

3 2.4 2.4 15.8

4 2.0 2.0 S.O

S 2.0 2.0 3.9

6 2.0 2.0 2.9

7 2.1 2.1 2.3

8 2.1 2.1 2.2

9 2.1 2.1 2.6

10 2.1 2.1 3.2

11 2.1 2.1 3.9

12 2.1 2.1 4.4

13 2.0 2.0 S.O

14 2.0 2.0 11.8

IS 2.0 2.0 10.8

16 2.0 2.0 S.2

17 2.0 2.0 S.3

18 2.1 2.1 S.3
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4.468

0.143

4.273

3.098

l.m

PipeSystem Displacements at 3 SSE LoadinC with a to-Inch LoneThrough.WaJl
Crack

Table 5.6 PipeS)'stem Von Mises Stresses at 3 SSELoadingwith a IG-Inch Lonl Throulh
WaJlCrack

Maximum
(tsi)

60.5

50.5

10.6

38.1
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Table 5.7 Pipe System Displacements at 3 SSE Loadine with a 4O-Percent Deep360-~ree
Surface Crack and a 2-&pm LeakinC (20.40B--lnch Lone) Throulh-Wall Crack

Node uy . UYmum.ul
(lllches) (inches)

" -1.008 0.2303

1 -5.945 2.745

10 -9.284 4.827

13 -12.060 6.101

18 -12.710 7.048

Table 5.8 Pipe System Von Mists Stresses at 3 SSE Loading with a 40-Percent Deep 360
Decree Surface Crack and a 1-gpm Leaking (20.408-lnch Long) Through-Wall
Crack

Node Minimum Maximum
(tsi) (ksi)

1. 2.5 95.2

3 2.3 79.9

10 2.0 30.0

14 2.0 90.0
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Table 5.9 PipeSystem Displacements at 3 SSE Loadinc with a 75-PercentDeepJ60...DeCree
Surface Crack and a 2-cpm Leakina (20.408..lncb Lon&> Throuch..Wall Crack

Node UY.. UYmu
(md1es) (inches)

3 ·1.135 0.264

7 -6.520 3.158

10 ..10. ISO 5.484

13 ..13.210 7.587

18 ·13.930 7.998

Table 5.10 Pipe System Von Mists Strases at 3 SSE Loadina with a 1S..Percent Deep 360
Decree Surface Crack and a 2-cpm Leaking aO.408..lnch Lona) Through.Wall
Crack

Maximum
(bi)

100.1

89.9

35.2

90.2
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I

Duane-Arnold Crock Found in Service Simulated Como'el Crack

Figure 5.1 Complex-crack geometries from Duane Arnold safe ends round in service and
simulated complex-cracks used in pipe experiments
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Figure 5.2. ProbabilisticaDy'calculated crack Ien&ths ror a 2. gpm leak in the NP-HWR at the
normal operatingstresses Irom BatteUe ANSYS calculations or a typical pipe loop
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• EPAI "'-234'7)
• OTNSROC (MJR£G~-4538)
• BATTEU.£ (SA-376 TP 304)

00 Q2 QJ Go4 Q5 o.a &D

cVt
Fi&ure 5.3 Constraiat COITedioa Oft J·R curve for complex-crackecl pipe

UIing~ geomewy of EJperimn 4113-4
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o0 0.1 0.2 0.3 0.4 0.5 0,,6 0.7
e/n

Ratio or net-sedion-coDapse predictedloadswith and withoutcrack closureload
COI'I'edion

(a) TP304 comptex-eracked pipe. Experiment 4112·2
(b) Inconel600 eomplex-aaeked pipe, Experiment 4112-4
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Figure 5.5 Comparison orcomplex-cracked-pipe experiments to net-section-collapseanalyses
with and without craek-desure-load corrections

(Crack lengths or both experiments nominally 37 percent or circumrerence ror'
through-wall crack, and 60 percent or the thickness Cor the surface-crack depth.)
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Fieure 5.11 Artist's conceptiOD Of the l'IRGsilllulated seismic cracked..pipe.test CadJity
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6.0 CONCLUSIONS

from the four analytical efforts undertaken,thefollowingconelusions can be drawn.

The firsteffort involved a sensitivity study to analytically find the family of surfacecracks that could
fail at various N+SSE stress levels. This can beconsidered a first step in an evaluation to assess
what surface crack: geometries could possibly lead to a pipe break. It is possible that a 360-degree
surfacecrack is worse for stability considerations than a through-wall or complex crack. The results
in Section 2 of this repon would provide a basis for Selecting surface-eraet geometries for funher
dynamic evaluations as was done for the through-wall and complex-crack geometries in Section S
of this report. Someinternational experts in the LSD arenaconsider the possibility of a DEOD from
a surface crack more of a challenge to the integrity of the pipe system, since there is no possibility
of detection of the crack by leak sensina equipment.

The second effort provided pretest predictions of the C-pipe experimental load. load-line
displacement, crack growth,eenrer-eraek-oponinc displacement and the resulting crack-opening area.
ORNL staff compared these predictions with theirexperimental data (not shown in lhis report) and
found the agreement to be quite good. A judgement o( how &ood the analyses actually are 'WOuld
require obtaining actual properties for lhe C-pipe tested at ORNL (typical values were used) and
precise documentation of the pipe dimensions andaverage crackIenglhs throughthe thickness. This
effon showed that reasonable predictions can be made by the J-integral estimation schemes. which
are also a critical input to the nonlinear dynamic calculations conducted in the final effort in of this
project.

The third effort in this project compared thecyclic crack ,rowth in the ORNL low cycle fati,ue test
on the C-pipe with an extrapolation of hilh-eycle fatiJUe data for TP304 stainless steel from the
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EDEAC data base. This agreement was extremely good, implying that in principle one could make
slightly conservative, yet reasonably accurate. predictions of such crack growth. An evaluation or
the predictive ability of an automated low-cycle fatigue crack-growth analysis should be assessed in
the future.

The final effort in this project involved nonlinear time-history seismic analyses of one design of the
NP-.HWR pipe loop with a crack in it at 3 SSE loading. Although the exact dimensions and
boundary conditions of the pipe loop modelled probably differ from what would be the final design
conditions, thistime-history nonlinear cracked-pipe analysis showed that there is considerable margin
over conducting typical response-spectrum uncracked-pipe elastic stress analysis for fracture
evaluations. The nonlinear time-history analysis of a 7S-percent deep complex crack showed that
there was margin of over a factor of S on the efailure- moment compared with predictions using
elastic uncracked-pipe analyses. This margin comes from the short duration of the large amplitude
cycles in the seismic event and the nonlinear behavior of the cracked-pipe section. Furthermore,
evenwith the7S-percent deep complex crack the nonlinear time-history analysis showed only a small
amount of ductile tearing occurred at the end of the 3 SSE loading.

The key findings of this work are that the occurrence of an instantaneous DEGB for the conditions
examined is extremely unlikely, even with the most severe crack geometry that has been discovered
in a commercial power plant. The analyses of the cracks evaluated suggest that they were a long
way (rom a DEGD even oceurlng. Seismic aftershock loads may cause some additional cyclic crack
Irowth. but probably much less than from the original event. There may be other conditions that
will affect the dynamic results conducted to date. These are:

• The actual boundary conditions of the heat exchanger and the geometry of the pipe loop
would probably differ (rom what was analyzed.

• Cyclic effects on the tearing resistance of the material were not included in this analysis.
Since theload ratios are negative, and there are numerous cycles, experience todate suggests
that the J-R curve will be lowered and more crack growth would occur thanwhat is currently
predicted. This is an evolving technology at this time, and incorporating these effects
required more effort than allowed within the limitation of the project time and funds.

• Plasticity in the uncracked pipe remote from the crack win absorb energy and change the
effective damping of thesystem. It isbelieved thatthiswill reduce the dynamic loads, which
would make the pipe less susceptible to a DEGD.

• Fatigue crack growth considerations were not incorporated into the dynamic calculations.
Such a process is notautomated to the point of including the growth in the dynamic analyses,
but separate calculations with possible restarts of the dynamic calculations could be
conducted. Not including this aspect will underestimate the crack growth in the dynamic
calculations, butthe magnitude of the error is probably small compared with the significance
of the results obtained.

Should the NP-HWR program restart, the dynamic analyses should be repeated with the precise
boundary conditions and geometry of the final design of the plant piping. The analyses should be
extended to include the effects of low-cycle fatigue crack growth during the seismic event, as well
as the ductile-tearing calculations that were done to date. Finally, analyses should be conducted to
assess the propensity of fracture for a surface crack to propagate under dynamic loading. since all
the work to date was on throulh-waU-cracked pipe. This dynamic surface-craeked pipe analysis
would give some guidance (or the maximum allowable surfaceooerack length for NDE inspection
criteria.
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Parametric Study of the Probability of Leaks In the NPR
HWR Pressurizer Surge Line

by

A. StoJlmlrovtc and 5. Majumdar

Abstract

The probability of leaks due to estimated steady-state and transient loadings
tn the pressurtzer surge line of the New Production Reactor (NPR)-Heavy
Water Reactor (HWR) was deterrnmed with the PRAISE code. The effects
of earthquake loadtngs on the probabIlity of leaks were found to be
negligible. On the other hand. stress corrosion cracking in a welded Joint
can significantly increase the probability of leaks. Residual stress effects.
which were not taken Into account tn this study. can further increase the
probablUty of leaks.

1 Introduction

The U.s. Code of Federal Regulations requires that structures and
components affecting the safe operation of nuclear power plants be
designed to withstand the (random) combination of loads that results from
Donna! operating conditions. postulated accidents. and natural phenomena
that can occur at a plant site durtng Its service life. Because reactor piping
components form one of the most critical areas In terms of safe plant
operation. a probabtltstlc fracture mechanics code known as the Piping
ReUab1l1ty Analysis Including Seismic Events (PRAISE) 1-10 was developed by
the Nuclear Regulatory Commission (NRC). The PRAISE Code quantifies in
probabilistic terms the safety or risk associated with the operation of a
piping system. In addition to leaks. the code also computes the probabllity
that a so-called double-ended guillotine break will not lead to a large
loss-of-coolant accident (LOCA).
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Piping deterioration, as Incorporated In the current PRAISE code (a
summary of the PRAISE code Is given In the Appendix of Ref. 1U, Is caused
by propagation of crackllke weld defects -introduced during fabrication or
created during plant service via stress corrosion. The mechanisms that
govern defect evolution are (a) faUgue. reflecting the tnherent cycUc mode
of operation of the plant: and (b) stress corrosion cracking, which Is
triggered by the aggressive environment within the pipe.

This .report describes the use of the PRAISE code to estimate the
probability of leaks tn the New Production Reactor .. Heavy Water Reactor
(NPR-HWRJ pressurtzer surge Une. The basic assumptions, procedures,
and appUcatlon of the code are described In a series of earlier reports. 1-10

The code Is available in versions for both mainframe and
IBM-PC-compaUble computers. The current studies were performed With
the PRAISE PC version 2.1. modified to run on an Apple Macintosh
Computer. Minimal changes, primarily In Input and output routines. were
needed for adaptation to the Macintosh. In addttton, the capability for
handling multiple-loading cases simultaneously (which Is available tn the
mainframe version but was eliminated In the PC version because of the
differences In how the mainframe and the PC manage arrays) was restored
In the Macintosh version, because the Macintosh handles arrays In a
manner similar to that reqUired by the mainframe version. The source
code for PRAISE was made available by John O'Brien of the NRC Office of
Nuclear Regulatory Research through Sandia National Laboratories..

2 l>nputParameters for Analysis of>· NPR-HWR
~re$surJzer Surg~e~L~I~ne~~~~~~~~~~~~~

2.1 Pipe Geometry and Material Properties

The pipe used in the pressurizer surge line Is TYPe 316 stainless steel With
an inner radius R = 7.5 In. and a thickness t =0.5 In. Flow stress Is taken as
0110 =48 ksl and Is treated as a random vartable With a standard devtatJon of
1..4 kSI. The fatigue crack growth law. da/dN =C(4K)D IS modeled with
n == 4.16 and C as a log-normal-dlstributed random variable characterized by
<C> =1.12 x 10-11 and egO = 2.50 x 1(t"II, following the work of Poole.12
This crack growth curve 15 conservative when compared With that given In
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the 1990 edition of section XI of the ASME Pressure Vessel Code and the
experimental data of Ruther et aI. 13

Initial Crack-Size Distribution

In the absence of mformation on the statistical distribution of initial defects
that are more appl1cable to the weld geometry of NPR-HWR piping
systems. the distribution described In Ref. 9 was implemented. Crack
depth was assumed to have a log-normal distribution. while the crack
aspect ratio was taken to have an exponential distribution.

2.2 Service Inspections

Preservtce and in-service Inspections every 10 years are modeled. The
effectiveness of all inspections Is modeled probabtltsttcally and Is assumed
to be equivalent to that for BWRs. Because of the thinner wall of the NPR
HWR surge Itne, which simplifies Inspection In general. this should be a
conservative assumption. Leaks are detected and the pipe repaired. A
small leak Is defined as any throughwall defect. the detectable leak rate (at
and above which cracks are repaired) Is 2 gal/min. and a big leak Is
considered to occur if the leak rate Is ~ 5 gal/min.

2.3 Operating Stresses and Transient Loading

The loads and transient histories of the surge Une are the same as those
used by Poole12 In his deterministic studies rrable 1): they are estimated
on the basis of experience with stmtlar components In other reactor
systems. The surge line Is subjected to relatively low operating stresses:
aow =0.64 ksl (due to dead weight). opr =0.18 ksl (due to coolant
pressure). and or = 4.10 ksl (due to constraints on thermal expansion).
The transients considered here Induce larger stresses (on the order of
10-15 kstl, Each transient represents an equivalent loading case for the
subblock of transients that produce tension on the pipe tnner wall.
Transients are also characterized by their frequency. t.e.. by the number of
occurrences (cycles) per year (fable 1). The specific nature of the seismic
transient warrants a somewhat different description and treatment In the
PRAISE code. as descrtbed In Section 2.4.
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Table 1. Summary oj esttmated Nl'R-HWR piping transient loading cases

Subblock
No.

1

2

3

Stress Summary Loading
Case
CBT3 Unit Unloading
CBTtS Off-Normal Step
Temp. Decrease
CB1'8A7 55 Avg. F1uct.
CBT18 Normal React Trip
CSTI Full Gas Purge
CBT15 Normal Loop Start
CBT8A9 55 & Random
Fluet. (7%)
CBTI0All SS & Random
Fluet. (1OOA»)

CBT16 Nanna! Loop
Shutdown
CBT14 Coolant Recycling

Total Cycles
for 60 Yr

19.800
3.000

2,144.100
540

2,100
300

1.549.800

1.080.915

300

3.000

Equlv. Loading
Case at £ycles/Yr

CBTSat
36. 159 Cycles/Yr

CBTI0at
43.851 Cycles/Yr

CBT14 at
55 Cycles/yr

4 CBT12AlS 55 & Random
Fluet. (15%)
CBT21lnadvertent PWS
Depressurization
CDT17 Loss of Power

5 CBT20 Reactor TrIp with
Accum. InJ. Cooldown

6 CBT22 Fast Valve Closure
Depressurization =6.5P

7 CBT19 Reactor Trip With
Cootdown

8 CBT28 Fast Valve Closure
Depressurization = 4.75P

9 CBT2? Fast Valve Closure
Depressurization =2.90P

10 CBT82 Earthquake
(Operating Base
Earthguake)

Source: Ref. 12.

4

416.400 CBT12<at
7.946 Cycles/Yr

180

180
12 CBT20Eat

1 Cycles/Yr
600 CBT22at

10 Cycles/yr
240 CBT19at

4 Cycles/Yr
600 CBT28at

10 Cycles/Yr
600 CBT27at

10 Cycles/Yr
120 CBT32at

30 Cyc1es/Occurr.
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Several transients arrive with relatively high frequency. t.e., cycling rates of
dN/dt == 8,000-44.000 cycles/yr. They are:

• loading case CBTSs
• (0' == 10.26 kst @ 36.159 cycles/yr).

• loading case CBTIO·· (0 =11.47 kst @ 43.851 cycles/yr).

• loading case CBT12·· (0 = 13.29 ks; @ 7.946 cycles/yr).

Untt unloading, off-normal temperature decreases. steady-state (55)
average fluctuations. normal reactor trtps, and full gas purges all combine to
form the equivalent loading case CBT5. Likewtse. normal loop startup. as
well as SS and random fluctuations (7-10%), are represented by loading
case CBTIO, whereas loading case CBT12 covers SS and random
fluctuations (15%). Inadvertent depressurization of the primary water
system. and loss of power.

The above high-frequency transients and the earthquake loading
(equivalent loading case CBT32) are the only ones considered In the
analysis.

The remainder of the transients occur only several times a year and Induce
stresses on the same order of magnitude as the three transients discussed
above. Therefore. their influence on crack growth and subsequent failure
probabilities Is neglected.

2.4 Earthquake Loading

Over the course of a plant lifetime. the PRAISE code periodically evaluates
the Instantaneous effect of seismic events on failure probabilities. During an
earthquake. a structure Is subject to a number of cycles. whereas most
other transients arrive with a single cycle. The PRAISE code handles
earthquakes differently from the other transients. treating each earthquake
as the first such occurrence. Thus. after an earthquake has been simulated
and Its Influence on crack growth and associated failure probabilities has
been evaluated. the crack dimensions are reset to their preevaluatton values

.. Poole's notation In Ref. 12.
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and the .simulation proceeds. Consequently. at the next evaluatlon time the
earthquake occurrence Is again the ftrst occurrence.

In the simulatJon. an earthquake. dUring its duration. 15 charactertzed by a
number of cycles and by a seismic stress amplitude. In the considered
example.. the number of cycles per arrival Is 30. and the seismic stress
ampUtude Is O'EQ = 8.4 ksl Ooading case CBT32).

2.5 Stress Corrosion Crack Initiation

The Influence of stress corrosion cracking (SeC) was also examined. An
average of one potential crack Initiation site per 2 In. of a weld was
.assumed. t O I.e.. 19 potential Initiation sites per weldment were modeled.
The PRAISE code assigns to each of those sites an initiation time after
which a crack will have fonned. These Initiation times are a monotonfcaJly
Increasing function of the variable tensile stress along the inside pipe
surface and of the aggressiveness of the environment. Sites with Initiation
times within the plant Ufetime enter the analysiS. Once initiated. a crack
grows for the remainder of the plant's lifetime.

The sec models for initiation and growth in PRAISE are based primarily on
data obtained under BWR conditions. For application to the NPR. the
model was extrapolated to nominal NPR-HWR conditions. In which the
dissolved oxygen concentration was taken to be 8 ppm at startup and 1
ppm during SS operation. The SS coolant temperature Is lOOOC (212°F).
The presence of tonic ImpUrities tn the coolant Is characterized by the
relatively high coolant conductivity y =0~2 ~Slcm. which Is lower than that
In the NPR-HWR but Is a conservative estimate of the portion of the actual
conductivity associated with aggressive species such as sulfates and
chlorides. The PRAISE code conservatively assumes that all conducth1ty Is
associated with sulfates. This Is not too conservative In the h1gh·purtty
BWR environment. but is conservative In the case of the NPR-HWR because
the relatively high coolant condUCtivity (-2 J.lS/cm) Is due primarily to the
deliberate addition of nitric acid. which does not promote seC.

The results of Ruther et al. 13 suggest that extrapolation of the crack growth
model In PRAISE to NPR conditions gives very conservative results for sec
crack growth rates (approximately an order of magnitude too large). The
InltiaUon model In PRAISE was not. systematically compared with the
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experimental results of Ruther et al. 13 In simulated NPR environments
because no stgruflcant sec could be observed In these tests. The PRAISE
model Is undoubtedly conservative. but It Is difficult to quantify the degree
of conservatism.

The present calculations also Ignore weld residual stresses. The current
PRAISE residual stress models are based on results (or the relatively
heavy-walled piping used in BWRs and are probably not relevant to the
much thinner walled piping used in the NPR

3 Analytical Procedure

The PRAISE code can handle cracks of two different origins: a preexisting
crack and an initiated crack (the latter created by stress corrosion). It Is
assumed that the design procedures for the PRAISE code prevent the
tnttration of cracks by fatigue.

When a preexisting crack Is considered. one must account for the
probabUlty that It Is present In the weld to begin with. In other words. the
computed failure probabilities are conditional. relying on the initial
presence of a crack In the weld. To obtain "absolute" (unconditional)
probabilities. the obtained conditional probabilities should be multiplied by
the probability of the occurrence of the initial crack.

The probabillty that one crack exists In the weld Is (for a dilute crack
concentration) proporttonal to the weld volume V.

( 1)

where the coefficient of proportlonallty p. represents the density of cracks
per unit volume.5 The weld volume also Includes the heat-affected zone.
which Is taken to be two wall thicknesses wide. The weld volume Is then

(2)

where Dl I~ the pipe Inner radius and h Is the pipe wall thickness. A
conservative estimate for the density of cracks per weld volume Is
p. =10-4 /In.3. With this estimate. the probability of the existence of a
crack In the weld of the considered pipe geometry is given by the equation

7
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(3.)

The v8.luefromEq. 3 Is used to obt.a.tnUl'lcondltJonal probabUlUeswhenonlY'
pl"e.exlsUngcracks are constdered.

Where • crack Initiated bY' sec Is considered. the computed failure
probabllltles are already absolute probabUltJes. because the PRAISE Code
assumes that the crack will always form at the Initiation site after the
period of initiation time has passed.

4 Results

4.1 Fatigue Loading of a Preexisting Crack

The results of a simulation that Includes all three sets of transients are
presented In Figs. 1 and 2. The plant loading history causes no LOCA.

0.25

10 20

. . i
i
• •

50

.
60

Frg. 1. Condutonal cwrwlattve small·leak probabtUty for tntttal
cracks growing underfatigue. Results are condlttonal on
tnafal. presence of a crack.
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F1g. 2. Conditional cumulative large-leak probabUity for inittal cracks
growing under fatigue. Results are conditional on initial
presence oj a crack.

At the end of the plant lifetime. the conditional probabUlty that a small leak
has occurred during the assumed plant hfettme of 60 years Is 27.45 x 10-2

and the conditional probability that a large leak has occurred during the
plant lifetlme Is 5.74 x 10-6 . When multiplied by the probability of crack
existence. Eq. 3. the probabUity of a small leak Is 6.86 x 10-4 and that of a
large leak Is 1.43 x 10-8.

Influence of Seismic Loading

The postulated additional seismic stresses were not sufficient to lead to a
LOCA In a weld with a growing preextsting crack and. moreover. the
relatively low number of cycles durtng the earthquake did not produce
enough crack growth to cause a leak. To examine the Influence of seismic
loadings of possible larger magnitudes and to define the margin against
failure under such loads. multiples (2. 2.5. 3. 3.5. 4) of the Initially
estimated seismic stress amplitude were considered. Even with

9
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Increastng levels of seismic stress. the probabll1lUes of small and large leaks
agatn did not change. LOCA probabilities were zero until stress levels
reached 3 times the Initial estimate (-24 ksl. half the flow stress that
governs net cross·sectlon failure). The probabilities for a LOCA were largest
at the beginning of the plant Ufetime and then sharply attenuated after 2·4
years. 111J8 can be explained by the fact that only large initial cracks can

i

lead to a LOCA. i.e .• If the earthquake an1ves later In the course of plant
lifetime. large Initial cracks will have already caused detectable leakage and
will have been repaired.

Table 2 summarizes the results for the case of seismic loading. The last
column accounts for the probability that a crack exists. which Is
- 2.5 x 10..3 . When compared with the computed small- and large..leak
probabilities. the influence of earthquakes Is negl1gtble.

Table 2. lrifl.uence of setsm1c stress level on probabUities of a LOCA
at plant startup it = OJ.

seismic stress
magnitude

(kst)

lx8ksl=8
2 x 8 ksl =16
2.5 x 8 lest =20
3x8ksl=24
3.5 x 8 ksl =28
4x8ksl=32

conditional LOCA

o
o
o

7.48 x 10-16

2.16 x 10-14

4.23 x 10,·12

LOCA

o
o
o

1.87 x 10-18

5.40 x 10-17

1.05 X 10-14

4.2 Simultaneous action of Fatigue and Stress
Corrosion on Preexisting and Stress Corrosion
Induced cracks

The Influence of sec Is twofold: It can lnttlate additional cracks. and
provide mode of crack growth. besides fatigue. for cracks that have been
Initiated previously or were present during fabrication. Where the
probability of more than one preex1sUng crack Is low. the cumulative
probabUlty of failure of a weld within UD1e t. event Ft. due to the presence of
cracks. can be written as

10



APPENDIXD
ORNUNPR-92164

144

p(Ft) =p(Ft Ino 1nJtJal crack]" [1- p(ln +p(Ftil initJal crack]? P(l) (4)

where P(l) Is the probabUlty of having one Initial crack.3 Thus. failure
probabUfty Is computed from Eq. 4 In two separate program runs. one with
only seC-inltJated cracks growing under both fatigue and SCC. and another
allowtng only for initial defects. growing under both fatigue and SCC. The
results for no Initial defects are presented in Fig. 3. The cumulative
probabUlty of a small leak at the end of the plant lifetime (60 yr) Is
1.55 x 10-3. No large leak Is generated by this case.

The result for one preexisting crack 15 presented In Fig. 4. The only
difference between Fig. 4 and Fig. 1 Is that besides fatigue. stress corrosion
Is an additional driving force for a preexisting crack. For the case of a
preexisting crack. stress corrosion appeared to contribute relatively little
to the probability of a small leak compared with the contribution of a fatigue
crack growth mechanism. t.e .. the condittonal probablUty of a small leak at
the end of plant UfetIme Is 27.57 x 10-2 (compared with 27.45 x 10-2 1n the
case of fatigue only). Fatigue also dominates the conditional probabUlty for

605020 30 40
TIme t (yr)
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FIg..3. Cl.UTlUlattue smaU·leak probabUttyJo,.. the case oj inittated cracks
growing •under both Jattgt.leandSCC(notnutal cracks presentJ•

.........--..----..----~...,....,-.......,......,. ..................."""'""",....................."........--- 0.30

FIg. 4. Condittonal currwlattve leak probabUity Jor lnittal cracks
growing under both fatigue and sec. Results are condttiDnal
on Lnftta1 presence oj a crack.

large leaks where the results that tncl~de stress corrosion produce only
indistinguishable changes In Fig. 2.

According to Eq.4. the probablUUes of leaks In the case of SeC-initiated
and preexisting cracks. driven by both faUgue and seC. are

PlSmallLeakJ = 1.55 x 10-3··(1-2.5 x 10-31+ 0.2757 .2.5 x 10-3

= 1.54x 10-3 +6.89 x 10""" (5)

• 2.2 x 10-3.

and
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p(Large Leak) =0·(1-2.5 x 10-3) +5.74 x 10-e· 2.5 x 10-3

=0 +1.43x 10-8 (6)

=1.43 x 10-8.

5 Discussion and Conclusions

The results of the analysis are summartzed In Table 3. The first column of
data gives the results for the simulation of preexisting defects growing
under fatigue only, whereas the second and third are used to obtain leak
probabilities caused by both preexisting and initiated cracks growing under
both fatigue and sec Oast column).

In the case represented by the last column, the time evolution of the
small-leak probability can be divided into contributions from preexisting
and Initiated cracks. As shown In Fig. 5, the calculated small-leak
probability for 316 stainless steel Is dominated by preexisting cracks for
the first 50 yr of plant lifettme. Beyond that ume, the influence of initiated
cracks prevails. so that at the end of the plant ltfetime. leak probability Is
controlled by stress-corrosion-Initiated cracks.

When the first and last columns of data are compared. it Is evident that the
probability of a small leak at the end of the plant lifetime Increases from
6.86 x 10-4 In the case of fatigue of Initial defects to 2.2 x 10-3 when
aggressive environmental actton Is considered. The corresponding
probability of a large leak, for practical purposes, does not Increase because
small leaks are continually repaired. However, even with the conservative
assumptions for crack growth rates used in the study. the actual
probablllties of a large leak are still quite low.

The values In the ftrst and last columns of data give zero computational
LOCA probability over the sample of selected cracks. The variance induced
In this result by sampling errors can be esumated.Is
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TableS. ProbabtUty oj occWTenceoJthl'eeeuents. given various deject
ortgtnsand crack growthmod~s

Defect Origin

Event
Preenstlng

Crack a
Preexisting seC-Initiated

Crack b Crack b

Preexisting
&

SCC-In1tlated
Cracks -Eq.

4b

Small leak

targe Leak

LDC'.A

6.86 X 10-4

1.43 x 10-8

o

6.89 X 10-4

1.43 x 10-8

o

1.54 x 10-3

o
o

2.20 x 10-3

1.43 x 10-8

o
a Growth. moct.e .• = fatigue
bOrowthmode= fatigue and sec

60

o

50

Preextsung
Cracks

20 30 40
ntDe t (yr)

10o
o

2.0xlO..a · -_._-+-' _ _--.; _.._- __ _._- .':::.; -_ ..

! I I
1.5.x:lO.a .... ~l__._!~_~~, ............. -+-_ +_•.•_

i i,: l. !:': e

I ! l .'OIl • i: :
1.OxlO~ a------t-.--+-..-'--

!
i

I . . ! e e j 0
_.---+-·-·----.f..·-----f··--......i...-'--- ··-o·....S-·C-C-.··...........-

i ; ..••••••••.• : ;I ~ •••• i ! ! ln1tiated
t •• e l ! ! 0: crack~
•• ! ! ! 0 1 .................

P1g.5. Contributions of preextstingand>fntttalcracks to the
probabtltttes of a smallle(JJctntheCQseoJcracks growing
under.bothfat:lgue and.SCC.
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Because It Is assumed that the design rules prevent the initiation of fatigue
cracks. the number of fatigue (allures Is strongly ltmtted by the relatively
low probability of existence of initial cracks (on the order of 10-3) due to
small weldment volume. When sec Is considered. however. many more
crack Initiation sites are potentially available, some of which become true
crack tntuauon sites durtng the plant Ufetlme and subsequently lead to
faster pipe deterioration. as demonstrated In Fig. 5. Even with the large
conservattsms Introduced by extrapolating the current sec models In
PRAISE to NPR conditions. the overall probabtltties are still quite small.
However. the present analysis does not take Into account residual stress
effects. These would tend to Increase the failure probabllltfes somewhat.
although the degree on nonconservatism due to the neglect of residual
stresses Is almost certainly smaller than that Introduced by the use o( the
current PRAISE correlations for see under NPR water chemistry
conditions.
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