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EPRI PERSPECTIVE

PROJECT DESCRIPTION

This work is part of a four-year BWR Owners Group Program that addresses inter-
granular stress corrosion cracking (IGSCC) in austenitic stainless steel piping.
This project (RPT118-1) considers the safety margin of circumferentially flawed
pipe. Volume 1 reports the research in a summary paper format, with the technical
details left to the appendixes of Volume 2 that constitute the bulk of this report.

PROJECT OBJECTIVE

The project objectives are (1) to assess the margins of safety, (2) to develop
remedies to mitigate cracking, and (3) to apply remedies.

PROJECT RESULTS

This was a good program with results that have high potential for positive impact on
the industry. General Electric Company's iwo-page Executive Summary is a fair
evaluation of the accomplishments. An assessment of the major accomplishments are
(1) the definition of critical crack size that shows large margins of safety above
that given in Section XI of the ASME Code, (2) IGSCC growth-rate design curves that
allow end-of-Tife calculations, and (3) the large pipe test currently under way to

verify the analysis.

Douglas M. Norris, Project Manager
Nuclear Power Division






ABSTRACT

This report presents the results of a research program conducted to evaluate the
behavior of hypothetical stress corrosion cracks in large diameter austenitic
piping. The program included major tasks, a design margin assessment, an evalua-
tion of crack growth and crack arrest, and development of a predictive model.

As part of the margin assessment, the program developed diagrams which predicted
net section collapse as a function of crack size. In addition, plasticity and
dynamic load effects were also considered in evaluating collapse. Analytical
methods for evaluating these effects were developed and were benchmarked by
dynamic tests of 4-in.-diameter piping. The task of evaluating the growth
behavior of stress corrosion cracks focused on developing constant load and
cyclic growth rate data that could be used with the predictive model. Secondly,
laboratory tests were performed to evaluate the conditions under which growing
stress corrosion cracks would arrest when they intersected stress corrosion
resistant weld metal. The third task successfully developed a model to predict
the behavior of cracks in austenitic piping. This model relies on crack growth
data and the critical crack size predicted by the net section collapse approach.
Full scale pipe tests were initiated to confirm the model's predictions which

in turn could be used to formulate an in-service inspection plan for cracked
piping allowing continued plant operation.
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EXECUTIVE SUMMARY

The research program described in this report investigated the behavior of
hypothetical stress corrosion cracks in large diameter austenitic piping.

As a result of this work, a method was developed to predict the behavior of
cracked pipes. Application of this method demonstrated that very large flaws
could be tolerated and as a result showed that a large diameter, welded Type-
304 stainless steel pipe, which might contain a stress corrosion crack, has
several critical advantages over a small diameter pipe. A large pipe has a
more favorable weld residual stress, a weld geometry that would lead to crack
arrest, lower sensitization, and a larger wall thickness. The predictions for
large pipe can be used to establish an in-service inspection plan for continued
plant operation.

The predictive method was supported by several other results. First, failure
analysis diagrams for austenitic piping were develped. These diagrams, based
on net section collapse, indicate substantial margin to failure in cracked pip-
ing under expected conditions and are consistent with experimental and field
data. Good agreement with elastic-plastic fracture mechanics predictions was
also found. Methods were developed to evaluate the nonlinear dynamic response
of a large piping system with a cracked pipe section. These methods were used
to quantify the extra structural margin over that determined using Tinear elas-
tic analysis for piping designed to the ASME Code limits. Thirdly, dynamic pipe
tests were performed and confirmed that the elastic-plastic dynamic analysis
methods predict the dynamic response of cracked pipe sections. Net section
collapse criterion was also confirmed as a conservative estimate of the Toad
capacity of flawed pipes.

As part of the task to evaluate crack growth and crack arrest, finite element
methods were developed to better characterize the stress intensity factors for
circumferential cracks in pipes subjected to highly nonlinear residual stress
distributions. Secondly, laboratory test specimens were used to substantiate
arrest of growing stress corrosion cracks in Type-308L weld metal. Constant

load crack growth rates, needed for the predictive methodology, were measured

S-1



as a function of sensitization in oxygenated high temperature water. Crack
growth rates were found to increase with increasing degree of sensitization.
Two crack growth rate curves were developed: an expected growth rate curve
and a conservative upper bound curve. Cyclic crack growth rates were measured
under in-service conditions. The crack growth rate per cycle was a strong
function of loading frequency. The growth per cycle increased with decreasing
frequency. The cyclic crack growth rates were less dependent on sensitization
than those measured under constant load. Finally, confirmatory pipe tests were
started in the General Electric Pipe Test Laboratory. Both 4-in.- and 16-in.-
diameter pipes, representative of field pipes, are being used to verify the
predictive methodology.



Section 1

INTRODUCTION

In late 1974 and early 1975, circumferential cracks were found in a Timited number
of small diameter Type-304 stainless steel lines in eight operating plants. The
origin and significance of these cracks were extensively studied and it was shown
that they were due to Intergranular Stress Corrosion Cracking (IGSCC) of the sen-
sitized material in the Heat Affected Zones (HAZs) adjacent to girth welds in the
piping (1). Although the cracks posed no safety concern (2), their occurrence was
costly because of reactor outages required for pipe inspection and repair,

In the summer of 1978, following discovery of cracks in small diameter piping,
IGSCC was found in the T-304 stainless steel large diameter recirculation pipes

in one overseas plant. These cracks were shallow part-through-wall cracks. They
were not completely circumferential, and were judged to present no new safety con-
cern (3). Because these cracks were the first in large diameter piping (>20"), a
reevaluation of the origin and significance of stress corrosion cracks to large

pipes was initiated.

Examination of these cracks found in the overseas plant showed that the cracks had
initiated immediately adjacent to the fusion line. The IGSCC then traveled through
the base metal only a short distance, ~0.100 inch, where it intersected the weld
metal due to the weld geometry and appeared to arrest. The duty cycle on the
piping was low and the residual stresses due to welding were expected to be lower
than those present in small diameter piping.

Following this examination, several factors implied that the plant could have con-
tinued operation without removing the large pipes containing the small intergran-
utar cracks. First, arrest of the stress corrosion crack in the weld metal
appeared to have taken place. This conclusion was supported by the metallographic
studies performed. The HAZ geometry as well as the through-wall residual stresses
which became compressive at shallow depths, contributed to this arrest. Secondly,
experience had shown that the ductile behavior of stainless steel would allow the



piping to tolerate large deep flaws without severance (4). Finally, the increased
wall thickness would allow more crack growth before the crack would reach the
critical size.

Since there was both the need and the opportunity to develop the technical basis

required to confirm the expected large crack tolerance of stainless steel piping,
Electric Power Research Institute (EPRI) and General Electric Company (GE) formu-
lated the program described in this report.

The principal objective of the program would be the development of a methodology
for stainless steel piping analogous to the American Society of Mechanical
Engineers (ASME) Code Section XI procedures used to evaluate the behavior of flaws
in nuclear pressure vessels. This would allow the use of stress reports and infor-
mation that was readily available.

The analysis methods to be developed over the course of the program would consist
of two parts: (1) calculating the allowable flaw size (including an appropriate
safety factor) such that component fracture would not occur; and (2) developing
methods for predicting crack growth which could be used to evaluate the operating
time it would take for an initially discovered flaw to reach the allowable flaw
size. The over-all methodology could be used to plan inspection schedules for a
large diameter pipe with a detected crack. It would be supported by additional
qualitative evidence that the crack would arrest at the weld metal interface.

The program, consistent with this methodology, had two major tasks (5-7). The first
effort was aimed at assessing the actual design margin. This approach centered on
using static analysis of stresses to determine the locus of flaw configurations

that would lead to net section collapse. In addition, plasticity and dynamic load
effects were considered in evaluating the safety-margin to failure. The second
effort was directed toward the evaluation of crack growth rates and crack arrest

in piping. Crack growth rates would be used as inputs into the predictive method
for determining the in-service inspection interval. Crack arrest due to interaction
with the weld metal would be investigated to provide added conservatism to the

crack growth prediction.

The understanding developed by the program would be confirmed by a large diameter
pipe test. The methodology synthesized from the major components of the program
will be the focus of this final report. The subtasks that contributed the methods,
the data, or quantified conservatisms (5-7) will be presented as supporting
appendices.



Section 2

THE PREDICTIVE METHODOLOGY FOR EVALUATING THE GROWTH AND STABILITY
OF STRESS CORROSION CRACKS IN AUSTENITIC STAINLESS STEEL PIPING
(R. M. Horn, J. N. Kass, and S. Ranganath)

2.1 OVERVIEW

The predictive methodology developed assumes the existence of a circumferential
flaw of known maximum depth. The crack is assumed to be in sensitized material so
that crack growth due to IGSCC can occur under sustained loads. The methodology
has two parts: the determination of an acceptance flaw size that provides adequate
safety margin; and a crack growth evaluation to determine the time required for the
initial flaw to grow to the acceptance size flaw. Figure 1 displays the important
components of this methodology. First, it is necessary to determine the acceptance
flaw size. This is based on a critical flaw size that assures leak before

break (8,9) and also includes a margin of safety. The safety factor preserves the
inherent design margin of piping designed to ASME Code limits. Consideration was
also given to the additional margin due to plasticity under dynamic loads. The
second task is the evaluation of the growth of the initial flaw to the acceptance
size due to the interaction of the stressed material with the environment. Addi-
tional conservatisms are present due to the crack's interaction with weld metal
which is resistant to environmental cracking.

The results of both parts can then be used to structure a plan for the continued
operation of a plant with a component that contains a shallow flaw. The key ele-
ment of such a plan is an effective, but efficient, in-service inspection program.
The specific elements of methodology are as follows:

1. Assessment of design margin in austenitic stainless steel piping.
2. Evaluation of crack growth rates in sensitized stainless steel piping.

3. Application of the predictive method to illustrative field cases.

2.2 ASSESSMENT OF DESIGN MARGIN IN AUSTENITIC STAINLESS STEEL PIPING

2.2.1 Summary

Quasistatic loads on nuclear stainless steel piping include stresses due to pres-
sure, dead weight, and thermal gradients. Unlike ferritic pressure vessel compo-
nents where failure in the presence of cracks can occur by brittle fracture, the



dominant failure mode in austenitic piping is by plastic instability and collapse.
A criterion based on net section collapse has been shown to adequately predict the
capability of piping with cracks. Specifically, the net section stress collapse
criterion is used by this methodology to evaluate stainless steel piping and safe
ends. This criterion assumed that failure is defined by plastic instability which
occurs when the stress in the entire net section at the crack reaches the materials'
flow stress.

Failure assessment diagrams defining the combination of crack length and depth at
which collapse occurs are developed for stress levels expected under normal opera-
tion. The diagrams define the critical flaw size. The results show that much
larger cracks (including through-wall) than those prescribed by ASME code limits
can be tolerated in stainless steel piping. Comparison of the analytical predic-
tion with experimental data on pipes with cracks verifies this approach.

For dynamic loads such as seismic, water hammer, and safety/relief valve actuation,
piping analysis is generally performed assuming linear elastic behavior. While
this is acceptable for the analysis of uncracked piping, it is overly conservative
for the evaluation of cracked piping components. Because of plastic deformation at
the cracked section, the actual stresses in a cracked pipe are much smaller than
those predicted by elastic analysis. Thus, by performing an inelastic system
analysis, much higher margins (compared to that indicated by conventional elastic
analysis) are demonstrated. The inherent margin due to plastic deformation in a
cracked piping system under dynamic loads is illustrated by an elastic-plastic
analysis of a dynamic pipe test configuration. It is shown that elastic analysis
currently performed in ASME Code piping evaluations significantly underestimates
safety margins in cracked pipes. This establishes that the failure diagram
developed for faulted conditions is conservative.

The net section stress collapse criterion has been applied to establish the locus
of crack depth/crack length combinations for a given load that produce plastic
instability. However, to ensure additional margin, an acceptance flaw of size a.
must be determined. Development of this acceptance flaw as a function of Toad is
performed using safety factors that are consistent with ASME Code procedures. The
acceptance flaws are then presented in table form for normal conditions and faulted

conditions.



2.2.2 Evaluation of Cracked Pipes for Static Loads

This section discusses the evajuation of the margin in cracked pipes for static
primary loads such as pressure and bending stress that exist under normal operation.

2.2.2.17 Analysis Using the Net Section Collapse Criterion. For materials where

brittle fracture is a failure mode, the critical flaw parameters can be determined
on the basis of linear elastic fracture mechanics (LEFM). However, for ductile
materials Tike stainless steel, failure criteria based on LEFM are not valid since
failure is characterized by gross yielding and subsequent plastic instability. In
the analysis presented here, failure is predicted using the net section collapse
criterion. It is assumed that a pipe with a circumferential crack is at the point
of incipient failure when the net section at the crack forms a plastic hinge. The
material is assumed to be rigid - perfectly plastic with plastic flow assumed to
occur at a critical stress Tlevel, Oes called the flow stress of the material. The
criterion is simple to apply and has been shown to be effective in predicting
failure of stainless steel pipes containing circumferential cracks (10,11). To
determine the point at which collapse occurs, it is necessary to apply the equations
of equilibrium assuming that the cracked section behaves like a hinge. For this
condition, the stress state and the cracked section is as shown in Figure 2, where
the maximum stress is the flow stress of the material, g Let Pm be the primary
membrane stress in the longitudinal direction in the uncracked section of the pipe
and Pb be the primary bending stress and consider a circumferential crack of length,
2, and constant depth, d, located on the inside surface of a pipe (Figure 2).
Equitibrium of longitudinal forces and moments about the axis gives the following

equations:

Case 1: Neutral axis located such that o + B <«

) (r - o d/t) - (Pm/of)n
B = ?

20f

P, = — (2 Sin g - d/t Sin o) (1)

Case 2: Neutral axis located such that o + B > 7 (assume crack takes
compression)

T (1 - d/t - Pm/O

)
) £
8= 2 A/t




20f
P, = (2 - d/t) Sin B (2)

b~ w
where t = pipe thickness and o = half the crack angle as shown in Figure 2, and
B defines the location of the neutral axis. The above equations together define
the combinations of o and d/t for which failure by collapse is predicted under the
given applied stresses Pm and Pb. It should be noted that secondary and peak
stresses have no effect on the 1imit Toad because they are produced by the action
of imposed strains or are locally confined and are self-limiting and, therefore,
are not included in the analysis. These equations can be solved by considering a
given value of crack depth and determining the angle o at which failure occurs for
specified values of Pm’ Pb, and g The flow stress, Og» @ function of the yield
stress, Sy and ultimate stress, Su of the material and is assumed here to be a
material property.

Figure 3 shows a failure analysis diagram developed for stainless steel piping with
the curves shown for two stress levels - one corresponding to the design condition
which included 1imiting earthquake loads. The value of flow stress was assumed as
48.0 ksi based on experimental data. For the normal operation condition, the
primary stress of interest is the axial membrane stress due to internal pressure.
This stress was assumed to be 6 ksi (Pr/2t). Other primary stresses were negligible.
For the design conditions (which includes the operating basis seismic loads), the
ASME Code stress Timit is (Pm + Pb) = 1.5 Sm (Sm for stainless steel at 550°F =

16.9 ksi). It should be noted that this is the maximum stress permitted by the

Code and, in reality, the calculated stresses are usually well below the Code limits.

The failure analysis diagram of Figure 3 indicates that stainless steel pipes can
tolerate large circumferential cracks without failure. For example, under normal
operating condition, a through-wall crack extending around 55% of the circumfer-
ence will not lead to collapse. This is consistent with field experience with
stainless steel piping in BWR operation.

2.2.2.2 Comparison with Field Experience and Experimental Data. Available field

observed data on circumferential cracks in welded austenitic pipes and safe ends is
also shown on the failure analysis diagram (Figure 3) in order to make a qualitative
estimate of typical safety margins. It is seen that the field data on cracks is well
within the safe region. Moreover, the data shows a very strong tendency for the
pipe to leak before the collapse load point is reached, thus indicating a strong
trend for a “"leak before break" condition. Analysis presented in Appendix D supports



this field experience. Comparisons of the analytical predictions with experimental
data from GE pipe tests under axial loading as well as test data reported by
Reynolds (12) have shown that the net section collapse criterion predicts failure
margin of pipes with cracks conservatively. Also, since actual stress corrosion
cracks have varying depths and are seldom aligned in the same plane, the idealized
representation used here would enhance the conservatism.

2.2.2.3 Discussion. The net section collapse criterion discussed here is consis-
tent with the ASME Code approach based on 1imit design analysis. Therefore,
stresses reported in ASME Code stress reports can be directly used in assessing the
margin of pipes with cracks. Although the criteria used here are based on collapse
theory, Smith (13) has shown that the existence of a critical net section stress
for crack initiation in a center cracked panel can be justified by using results
from a detailed general yield fracture mechanics analysis. By relating the crack
opening displacement to the critical net section stress, he concluded that except
for a weak dependence on panel width (corresponding to pipe diameter), the net
section stress at crack initiation is essentially constant for a wide range of
crack depth-to-width ratios in a highly ductile material like stainless steel. A
1imit load approach based on flow stress has also been used in the British two-
parameter approach (14) and in the analysis of longitudinal cracks in pressurized

piping (15).

The details of the development of the failure analysis diagrams are given in
Appendix A. This appendix explores the development of the diagrams for Inconel

as well as for stainless steel, the effect of considering variable depth cracks

and compound cracks, comparison with experiments as well as field data, and sensi-
tivity of the failure predictions to the assumed flow stress. The general methodol-
ogy can be applied for all shapes of circumferential cracks.

2.2.3 Evaluation of Cracked Pipes for Dynamic Loads

In general, the largest stresses in piping come from the dynamic loads due to design
basis earthquakes, water hammer, and safety/relief valve actuation. The stresses due
to these loads are calculated using dynamic analysis based on linear elastic behavior.
This is acceptable for the uncracked piping system since inelastic behavior is not
expected under the applied dynamic Toads. However, in a cracked pipe, plastic deformationis
likely to occur at the cracked section and the actual stress at the cracked section

is much smaller than that predicted by linear elastic analysis. Therefore, assess-
ments based on stresses reported in ASME Code piping stress reports would underpredict



the safety margin in pipes. This inherent margin has been illustrated by an
elastic-plastic dynamic analysis of a cracked piping system subjected to anchor
point motions. It has been shown that the actual moment at the cracked sections
is lTower than that predicted by elastic analysis and that much higher anchor point
motions can be tolerated without failure. This work is reported in Appendices B
and C.

Appendix B details analysis methods to evaluate the inherent margin. Typical piping
systems are analyzed with seismic load time histories to illustrate the additional
margins. Appendix C details actual pipe tests performed to experimentally bench-
mark the method and verify this margin.

The elastic-plastic analysis method consists of two steps:

1. Stiffness Evaluation of the Cracked Pipe Element: In order to cor-
rectly model the effect of the crack on the response of the piping
system, it is necessary to characterize the local stiffness of the
cracked pipe element. This stiffness can then be included in the
dynamic analysis model of the total piping system to determine the
over-all response. The moment-curvature relationship for the cracked
pipe element is determined by performing a three-dimensional finite
element analysis of the pipe segment under moment loading using the
ADINA structural analysis finite-element computer program.

2. Elastic-Plastic Dynamic Analysis: The elastic-plastic dynamic
analysis is performed using a GE computer program based on the com-
ponent element method of dynamic analysis. In the dynamic model of
the test configuration, the cracked pipe is represented by a pipe
element with stiffness properties determined in step (1) above. The
dynamic response is then evaluated for different input values of
support exitation amplitude (forces and/or displacements). The maxi-
mum moment at the cracked section can be determined assuming a
stationary crack.

2.2.3.1 Dynamic Pipe Tests. For these tests, the input excitation were

sinusoidally varying support displacements as discussed in Appendix C. Figure 4
shows the moment at the cracked section as a function of support motion amplitude
for the dynamic pipe tests. For small excitation, the behavior is elastic but as
the support motion goes up, it is seen that plasticity at the cracked section
becomes important and the stress is significantly Tower thar that predicted by
elastic analysis alone. The collapse moment for this cross section is approximately
120 in.-kip for an assumed linear elastic behavior; this collapse moment would

have been reached at under 0.03 in. of support motion. On the other hand, the
elastic-plastic dynamic analysis would predict collapse at approximately 0.06 in.

of excitation. The ratio of the two predictions of the support motion required for



collapse - a factor of two in this example - is a measure of the additional margin
that is inherently available in a cracked pipe. In general, the additional margin
increased as the excitation increases.

Figure 4 also shows results obtained from two of the tests detailed in Appendix C
with 4-in. Schedule 80 piping with 360-deg circumferential cracks of depth equal to
two-thirds of the wall thickness. The two tests (one on Type-304 stainless steel
pipe and the other with Inconel pipe) show behavior consistent with the analytical
predictions of elastic-plastic analysis. The additional margins in these cases
were 4 and 3, respectively. The test data, therefore, confirms the additional
margin under dynamic loading due to the effects of crack plasticity. Since some
fatigue growth occurred at the notch section prior to failure, the net section at
collapse was somewhat smaller than the initial value. This indicates that the
actual margin in the tests was even higher.

2.2.3.2 Analysis of Total Piping System. These methods were also used to analyze

a total piping system containing a crack as described fully in Appendix B. The
model used represented an entire recirculation system containing a crack. Input
excitation based on seismic time histories were used. Table 1 gives a summary of
the analysis results for various cases of flaw configuration, flaw location and
seismic input combinations. The results are analogous to those obtained for the
simpler dynamic pipe test results with substantial margins demonstrated.

2.2.3.3 Discussion. The analysis of a piping system for a seismic event essen-
tially involves applying the expected anchor point motions at the support points

and performing a linear elastic dynamic analysis. This approach is overly conser-
vative for a system with cracks since there is a significant amount of plasticity

at the crack location. This concept is illustrated by a combined analytical/
experimental evaluation of a dynamic pipe test configuration with cracks in a piping
system (Appendix B). It is shown that elastic analysis would predict failures at
much lower support excitation compared to the elastic-plastic analysis. The ratio
of the two predictions is a measure of the additional margin in a cracked pipe under
dynamic loading. The excellent agreement of the analytical predictions with test
data on cracked stainless steel and Inconel piping further confirms the additional
margin due to plasticity effects that are not included in conventional ASME Code
analysis.

The analysis and data supports the use of the net section collapse-based failure
analysis diagrams where all loads are treated statically.



2.2.4 Development of Acceptance Criteria for Cracked Piping

The net section collapse approach permits the determination of the critical flaw

size in a stainless steel pipe for a given combination of applied stresses. However,
the acceptance flaw size is smaller than this and can be determined by applying a
required safety margin on the failure flaw parameters. The acceptance flaw size,

af, is the maximum size to which a detected flaw can be allowed to grow without the
need for repair. In other words, it is the maximum allowable end-of-inspection
period flaw size. In order to develop easy-to-apply acceptance flaw tables, the
following simplifying assumptions are made.

2.2.4.1 Membrane Stress. In calculating the location of the neutral axis (angle 8

in Equations 1 and 2), the value of the primary membrane stress is required. Since
pipes are generally sized such that the hoop stress at design pressure is Tess than
Sm (ASME Code Section III, NB-3640) it is reasonable to assume that the axial mem-
brane stress Pm is Sm/2. Parametric studies with different values for Pm have
shown that the allowable flaw sizes are not significantly dependent on the assumed
value of Pm.

2.2.4.2 Flow Stress. Experimental measurements (10) and evaluations of GE pipe test
data indicate that the assumption of op = 3Sm is reasonable. This is slightly higher
than the average of the Code minimum values of the ultimate strength and yield
strength at 550°F for Type-304 stainless steel. A flow stress value indexed to Sm

is more realistic since different grades of austenitic materials have different
strength properties and pipes are designed on the basis of the design stress inten-
sity Sy. Also, the Code minimum properties are for annealed material and do not
consider the beneficial effects of strain hardening. In the vicinity of piping

welds where cracks are likely to occur, the strength of the weld HAZ is expected to
be higher than that of the annealed material. In view of the above reasons, the
assumption op = 3Sm is reasonable.

2.2.4.3 Safety Factor. The philosophy in setting the acceptance standards is to
preserve the minimum safety margin inherent in the ASME Code design basis for
uncracked piping. For normal conditions the minimum margin on primary membrane
stress is 3 (Pm < Sm where Sm is the lower of Su/3 or 0.9 Sy). For bending stresses
in piping, the margin is slightly Tower as seen from Equation 9 from NB-3600 for
straight piping:

Pm + P

p<1.55 (3)
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where P = pressure, t = thickness, D = outside diameter, and M is the applied moment
including seismic loading.

Considering the case of pure moment loading alone it is seen that the total safety
margin arises from two factors: (1) ratio of 2 coming from the allowable limit of
1.5 S whereas the flow stress is 3Sm and (2) the ratio of the fully plastic moment
for a thin pipe (4 P r2 t) to the moment for just reaching the flow stress on the
surface (m Te r2 t) giving a factor of 4/m. (For rectangular cross sections the
ratio is 1.5.)

Thus, for pipes in bending the over-all safety margin is 8/m = 2.546. In setting up
the acceptance standards the safety margin will be imposed on Pm + Pb. The required
safety factor is the average of the Code minimum safety margins for Pm and Pb =1/2
(3.0 + 2.546) = 2.773.

For faulted conditions, the safety margin is one-half of the value for normal condi-
tions, i.e., 1/2 (2.773) = 1.387. This is also consistent with the Code design
basis since the allowable 1imit in Equation 3 is 35m for faulted conditions.

Based on the above assumptions, flaw assessment diagrams can be developed for
different values of Pm+Pb (Pm is assumed to be Sm/2 and of = 3Sm). Figure 5 shows
the failure diagram for Pm+Pb = Sm‘ The dotted 1ine represents the combination of
flaw depth and length defining plastic instability. Applying a safety factor of
2.773 on Pm + Pb the allowable flaw parameters can also be calculated as shown in
the dark line. Flaw combinations below this line will preserve the minimum safety
margins of the ASME Code. Since through-wall cracks cannot be tolerated (even
though sufficient structural margins can be demonstrated) a piecewise linear
representation is proposed to determine the allowable flaw sizes. Essentially it
assumes that flaws exceeding 50% of the circumference are equivalent to a 360°
circumferential crack. Cracks less than 50% are governed by the 45° line as shown
in Figure 5. However, the maximum allowable crack depth is Timited to 75% of the
wall thickness in order to be consistent with Appendix A of Section XI, ASME Code
which requires the crack arrest depth in pressure vessels to be less than 75% of
the wall thickness. Also, from a practical perspective it may be more cost effective
to repair/replace the pipe for such deep cracks even though adequate structural
margins can be shown. The Tinear approximation provides a simple conservative
method of determining allowable flaw depth and lengths based on the allowable flaw
depth for a 360-deg circumferential crack. The allowable flaw depth for a 360-deg
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crack can be determined using Equation 2 and applying a safety factor of 2.773 on
Pm + Pb' For crack Tengths less than 50% of the circumference the 45-deg line can
be used. Similar diagrams can also be developed for emergency and faulted
conditions except that the required safety margin is 1.387.

The acceptance flaw sizes shown in Figure 5 can be determined for a range of applied
stresses for both normal and faulted conditions. Tables 2 and 3 show the allowable
values for different values of (Pm+Pb)/Sm for normal and faulted conditions. For
conservatism, the maximum allowable crack depth for a 360-deg flaw was restricted to
be Tess than 50% of the wall thickness. For intermediate values of PptPp the
acceptance flaw sizes can be determined by interpolation.

The methodology presented here for evaluating cracks is based on 1imit load design
concepts which are strictly valid with highly ductile materials. They do not
explicitly consider failure by brittle fracture or tearing instability. To preclude
brittle fracture concerns, the criteria outlined here are restricted to austenitic
piping and the associated weld materials and stainless steel castings with low ferrite
content. Although tearing instability is not explicitly considered here, tearing
instability is not likely since the acceptance criteria developed here assure large
margins over hinge formation.

It should be noted that the acceptance criteria, g, represent the maximum flaw size
that can be tolerated at the end of the next inspection interval. To determine the
allowable value, aj, at the previous inspection, it is necessary to subtract the
expected crack growth during that interval. The next section discusses the method
to be used to make calculations of growth for stress corrosion cracks.

In summary, the proposed acceptance criteria are based on the net section collapse
approach. This is consistent with the design basis for piping which is derived from
Timit load concepts. The proposed criteria assure that the minimum safety margins
required by the ASME Code are preserved during operation. Another advantage comes
from the fact that no special stress analysis or fracture evaluation is required to
determine flaw acceptability. Information that is already available in piping stress
reports can be used to make the assessment. Specific material properties such as JIc
data, tearing modulus and J-R curves are not needed for the evaluation. The only
material property needed is the flow stress which can be obtained from minimum
strength properties specified in the Code. Thus, the proposed criteria offer a

simple, conservative method for assessing flaws in piping.
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2.3 EVALUATION OF CRACK GROWTH IN LARGE DIAMETER SENSITIZED STAINLESS STEEL PIPING

2.3.1 Summary

The time interval between two successive inspections cannot exceed the time required
for the initial flaw to grow to the acceptance flaw size. The calculated crack
growth under operating conditions, Aa, can be used to establish the appropriate
time increment between inspections. The methodology for determining the growth of
the flaw is described in this section. It uses LEFM to determine the stress
intensity factor at the crack tip and includes residual stress as well as other
applied Toads. The assumption is made that the stress intensity factor, K, is the
principal factor controlling the rate of crack growth. It is a function of the
flaw geometry, component geometry, and the stresses. Crack growth rates as

a function of stress intensity were determined from laboratory data and are used
for the crack growth predictions. The crack growth rates depend on material condi-
tion, loading history and environment. To establish an initial in-service inspec-
tion plan, upper bound crack growth rates are generally used to assure the most
rapid estimate of crack deepening. These upper bound rates have been derived from
tests performed in severely sensitized material, in a condition expected to be worse
than that in as-welded pipe. At the first inspection, true estimates of the crack
growth behavior in the cracked pipe can be made and can be used to reevaluate the
future in-service inspection plan. This behavior would be expected to be similar
to that predicted by the representative crack growth data that has been used to
predict field experience accurately. The expected slower crack advancement would
lead, in turn, to lTonger times between inspection.

2.3.2 Assessment of the Stress Intensity in Large Diameter Piping

The first task in the crack growth evaluation is the determination of the crack
growth driving force, the stress intensity factor, K. This factor depends on the
stresses present in the pipe. For pipes which have been sensitized by the girth
welding process, a circumferential sensitized region would be developed and would

be the site of IGSCC. The stress intensity factor due to the axial stresses control
the environmental crack growth process. Longitudinal cracking would not be expected
in large pipes because of the limited longitudinal extent of the sensitization and
because the stress state driving crack growth would be Tower in the hoop direction.

The total stress state to be considered results from different imposed loads, and

strains. External imposed loads such as pressure and dead weight lead to stresses
the magnitude and distribution of which are governed entirely by equilibrum
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considerations. The action of strains resulting from support displacements also
produce stresses. However, these strains are governed entirely by displacement
continuity requirements and are therefore self-limiting. Thermal stresses are of
this type. Finally, pipe welding can produce self-equilibrating residual stresses.
These stresses are influenced by a variety of fastors and in turn can vary as to
through-wall distribution and magnitude.

For a piping system of interest, the stresses resulting from loads and displace-
ments can be obtained from design reports. Example values are given in Reference 6.
Through-wall residual stresses from welding for a specific pipe must be based on
data from previous measurements made on piping of a similar size.

Appendix E details residual stress distributions for large pipes (>20 in. diameter).
These residual stresses are tensile on the i.d. and become compressive at ~15% of
the wall thickness.

Transient stresses, except for those developed during startup, contribute only to
fatigue crack growth and not to IGSCC. For the transients associated with normal
operation, crack growth is small and will not be included. The role of startup
will be discussed Tater with crack growth rate data.

Using the information on the stresses arising from imposed loads, strains, and
welding, the crack driving force, K, can be determined. Two conservative assump-
tions are made. First, the different stress contributions are superposed consistent
with Tinear elastic methods used by ASME Code. This is conservative in that
stresses higher than the yield stress would be calculated. The second conservatism
is the assumption that the crack is a 360-deg circumferential crack, allowing two-
dimensional finite element methods to be used to estimate the stress intensity
factor. The specific stress intensity solutions used were either developed by
Buchalet and Bamford for a 360-deg circumferential flaw in a pipe with a r/t ratio
of 10 (16) or developed as part of this program. The special stress intensity
solution for large pipe weld residual stress is detailed in Appendix F along with
the applicability of the superposition principle in developing stress intensity

factors for pipes.
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2.3.3 Assessment of the Intergranular Stress Corrosion Crack Growth Rates in
Large Diameter Piping

In order to assess the size of an intergranular stress corrosion crack with time,
it is necessary to evaluate the crack growth rates for the material under the
service environment and service loading conditions. The growth rates are a func-
tion of the sensitization level present in the material at the heat-affected zone
lTocation where the intergranular crack is situated. Figure 6 displays this
Tocation in cross section. The position of the crack in relation to the nonsensi-
tized weld metal is also displayed. While there is high 1ikelihood that the c¢rack
will slow down or arrest due to its interaction with the weld metal, as discussed
in Appendix G, crack growth rate evaluation is made ignoring this intersection.
Crack growth rates for several conditions, listed below, were determined during the
course of the program using laboratory specimens. The data conditions are as

follows:
1. Constant applied load, 8 ppm O2 high temperature water environment
2. Constant applied load, 0.2, ppm O2 high temperature water environment

3. Slow rising load, 8 ppm O2 high temperature water environment
4. Slow rising load, 0.2 ppm O2 high temperature water environment

5. Cyclic Toading (at several frequencies) 0.2 ppm 02 environment.

The tests were conducted in fracture mechanics type specimens which were sensi-
tized to different levels using isothermal heat treatments. Two heat treatments
were emphasized: a heat treatment of 2 hours at 1150°F representative of weld
sensitization, and one of 24 hours at 1150°F representative of severe furnace
sensitization. The work is detailed in Appendix H. Upon completion of the testing
program, the test data, along with data developed by other investigators, were used
to predict crack growth in pipes.

2.3.3.1 Constant Load Crack Growth Rate Data. The stress state in piping under

service conditions remains almost unchanged for most of the design life. Therefore,
crack growth rate data for sustained load can be used to make field predictions.
Crack growth rate data for sustained load was separated into two categories
(Appendix H): (1) representative crack growth rates, and (2) upper bound crack
growth rates.

To determine the realistic estimate of the crack growth rates in large diameter pipe
material, the representative data is appropriate (17). The sensitization level and
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environmental conditions are similar for the large pipe during operation to that
of the laboratory tests used to produce the representative data. This is discussed
in Appendix I. Upper bound accelerated crack growth rates are most appropriate
where furnace sensitization was induced through a post weld heat treatment in the
piping or safe end material. The crack growth rate data is given in Appendix H as
a function of the stress intensity factor.

2.3.3.2 Cyclic Crack Growth Rates. In addition to constant loads, the piping

experiences slow increasing loading during startup as well as changes in loading
of short duration under transient conditions. The cyclic crack growth rates have
also been investigated and are discussed in Appendix H. This work established that
IGSCC s only observed at slow Toading rates (loading from the minimum to maximum
stress over a period in excess of several minutes). For recirculation piping sys-
tems, these slow loading rates are only experienced during startup. The number of
startups over a year period is on the order of 1 to 10. Using the cyclic crack
growth results of Appendix H would Tead to growth of less than 0.001 in. per year.
Therefore, evaluations of crack growth only take into account the significantly
larger amount of growth occurring under steady state constant Toad conditions.

2.3.4 Crack Growth Evaluation Curves

Two curves were derived from the constant load data as shown in Figure 7. The
first curve, presented in Reference 6, bounds all the constant load data. The data
on or near this curve were generated in material that was severely sensitized and
in most cases exposed to high coolant oxygen. In addition, the majority of tests
were conducted at high stress intensities producing significant plasticity in front
of the crack tip which could enhance ISCCC rates. This curve has been labeled
"Upper Bound Evaluation Curve" and as discussed in Subsection 2.4 is most useful

in establishing a conservative, bounding estimate of crack growth for the initial
application of the methodology. This prediction would lead to the shortest inspec-
tion interval. It could also be used when sensitization due to post weld heat
treatment or other treatment would be known to be high.

The second curve, the "Representative Evaluation Curve," is useful in predicting
actual behavior of pipe sensitized by the welding process. The basis of this curve
was data obtained in Type-304 stainless steel sensitized to a level representative
of weld sensitization by a 1150°F, 2-hr isothermal heat treatment. The testing was
conducted in 0.2 ppm O2 high temperature water, conditions characteristic of normal
plant operation. This representative curve has two features that are typical of

stress corrosion crack growth curves - a threshold stress intensity and a plateau
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crack growth rate (6). As the data base increases, this curve position might be
expected to shift. However, the curve shape would be expected to remain similar
and the absolute position would fall below the upper bound data. The lower repre-
sentative curve is not as strongly supported by the data as is the upper bound
curve. However, as demonstrated in the summary, this data is the basis for predic-
tions that explain field experience very well as discussed in Subsection 2.4.3.

2.4 APPLICATION OF PREDICTIVE METHODOLOGY

2.4.1 Summary

The predictive methodology will be used to model behavior of pipes in operating
plants. In addition, to check its reliability, sample field cases have been
selected for trial application. In the first section, the predictive model is
applied to a representative field large diameter pipe. Predictions of acceptable
flaw size and growth of an initial flaw to the acceptance criterion are made. In
the second section, predictions of times to failure are made for two classes of
pipes and the predictions are compared with average times to failure from field
experience. To further calibrate the model, a specific field failure is examined
and it is shown that the method leads to reasonable predictions of pipe lifetimes.

2.4.2 Predictive Methodology Application: Large Diameter Pipe

The first part of the methodology is the determination of the acceptable crack
size. Representative stresses, given in Reference 6, are used for the analysis.
Figure 8 gives the locus of flaw size for net section collapse, for stress levels
typical of normal operation. This was calculated for an assumed flow stress of

48 ksi. Consistent with Section 2, the acceptance criterion for the end-of-
inspection period flaw is displayed. The methodology for crack growth investigates
the growth of only the worst flaw shape, the 360-deg circumferential flaw, which
must reach 50% in depth before it exceeds the acceptance criterion. Figure 9 shows
the crack size as a function of time for an initial flaw, 0.065 in. deep or 5% of
the 26-in. Schedule 80 pipe used as the example. Both the Representative Evaluation
Curve and the Upper Bound Evaluation Curve were used to predict crack growth. It
is evident that the crack will grow to 35% of the wall in 174,000 hours (roughly

23 years) or a growth of 0.015 inch/year based on representative growth rates.

The crack will not be expected to reach the acceptance flaw size because (1) the
stress intensity would fall below the threshold value for IGSCC and (2) the growing
crack would intersect the weld metal and arrest. Figure 9 also displays the crack
depth versus time predictions made using the Upper Bound Evaluation Curve. These
predictions were presented earlier in Reference 6. Although the upper bound
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predictions are much higher, the crack still does not reach the 35% depth until

2 years. The methodology clearly demonstrates that continued operation of large
pipes is possible with reasonable inspection programs even with conservative

crack growth rate assumptions. An initial inspection at 18 months after detection
would allow sufficient margin, with future inspections dependent on the results

of the first inspection. If the observed crack growth is less than the

predicted Upper Bound value as expected, a decreased inspection frequency can

be justified. Methods for setting up an inspection plan are discussed in

Appendix J.

2.4.3 Predictive Methodology Verification: Application to Field Failures

2.4.3.1 Representative 4-in.- and 10-in.-Diameter Pipe Behavior. The methodology

was applied to past field failures in small diameter weld sensitized Type-304
stainless steel lines to confirm its accuracy. Predictions were compared to the
occurrences of actual IGSCC failures. In order to predict the general behavior of
field incidents, nominal operating stresses and weld residual stress distributions
were assumed. The nominal sustained stress was assumed to be 11.5 ksi or 2/3 Sm.
This consists of 6 ksi primary stress and 5.5 ksi secondary stress. A Tinear vary-
ing weld residual stress from 40 ksi on the i.d. surface to -40 ksi on the o.d.
surface was assumed. This is consistent with values reported in earlier studies,
for small diameter pipe (1,6). The initial flaw was assumed to be 0.010 in., small
enough to preclude any initiation time considerations. The representative crack
growth rate curve shown in Figure 7 was used. Figure 10 shows the predicted crack
growth of a circumferential crack as a function of time for 4-in. Schedule 80 pipe.
At 43,000 hours, the crack has reached 60% of the total pipe depth. At this point,
it is expected that leakage will occur shortly thereafter, since the rate of growth
is rapid and since the nonsymmetric stress distribution would cause preferential
crack growth to through wall. To compare the predictions with field failures,
times to failures in 33 pipe cracking incidents were reviewed (1,18). (Only pipes
which had through-wall cracks were considered.) The average operation time was
caiculated based on plant availability. The shortest, average, and longest times
to failure for the 4-in. pipe are plotted on Figure 10. The predicted failure

time of the pipe matches the average time to failure from the field data. If the
upper bound crack growth rate data from Figure 7 was used, then the model would
easily account for the shortest time to failure. This great variability would be
more expected to exist with small diameter piping due to the wide variation in
degree of sensitization possible with field welding procedures. Similarly, the
prediction for nominal 10-in. Schedule 80 pipe is displayed in Figure 11. As
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before, nominal values of the primary, secondary, and residual stresses components
were assumed. A starting flaw of 0.010 in. was used. The crack reaches 60% of
the wall at a time of 44,000 hours. The field experience (18) is also shown in
Figure 11. The shortest, average, and longest operation time are given. As with
the 4-in. Schedule 80 pipe predictions, the predictions made using representative
crack growth rates match the average time failure from field data. Predictions of
the representative behavior of 4-in. Schedule 80 and 10-in. Schedule 80 and the
good agreement with field cracking experience verifies the methodology and its
ability to predict IGSCC failure time for sensitized pipes.

2.4.3.2 10-in. Schedule 80 Recirculation Riser: Specific Application. To further

calibrate the predictive methods, a specific cracking incident was selected and
failure times predictions were made using the actual stresses (instead of nominal
data in the previous example). Table 4 characterizes the stresses present in a
10-in. Schedule 80 recirculation riser, where IGSCC failure occurred in 25,900 hours.
Since the pipe had experienced a large thermal gradient during operation, a thermal
stress was added to the pressure stress and a linear bending residual stress dis-
tribution. Figure 12 shows the predicted crack depth as a function of time. The
crack reaches 60% depth at 22,000 hours, compared to the actual failure time of
25,900 hours. The close agreement between the predictions and the actual failure .
time further support the reasonableness of the predictive methodology and under-
lying data base.

2.5 CONCLUSIONS: GROWTH AND STABILITY OF STRESS CORROSION CRACKS IN AUSTENITIC
STAINLESS STEEL PIPING

The major accomplishments are as follows:

° Failure Analysis Diagrams for austenitic piping were developed.
These diagrams, based on net section collapse, indicate substantial
margin over ASME Code 1imits to failure in cracked piping under
expected conditions. These analytical predictions are consistent
with experimental and field data and show good agreement with elastic-
plastic fracture mechanics predictions.

° Methods were developed to evaluate the nonlinear dynamic response of
a large piping system with a cracked pipe section. These methods
were used to demonstrate the extra structural margin over that
determined using linear elastic analysis for piping designed to the
ASME Code limits.

° Dynamic pipe tests were performed and confirmed that the elastic-
plastic dynamic analysis methods predict the dynamic response of
cracked pipe sections. These tests also confirmed that net section
collapse criteria can be used as a conservative estimate of the load
capacity of flawed pipes.
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Finite element methods were developed to better characterize the
stress intensity facteors for circumferential cracks in pipes sub-
jected to highly nonlinear residual stress distributions.

Laboratory test specimens were used to substantiate arrest of a
growing stress corrosion crack in Type-308L weld metal.

Constant load crack growth rates, needed for the predictive metho-
dology, were measured as a function of sensitization in oxygenated
high temperature water. Crack growth rates were found to increase
with increasing degree of sensitization. Two crack growth rate
curves were developed: an expected growth rate curve and a con-
servative upper bound curve.

Cyclic crack growth rates were measured under in-service conditions.
The crack growth rate per cycle was a strong function of loading
frequency. The growth per cycle increased with decreasing frequency.
The cyclic crack growth rates were less dependent on sensitization
than those measured under constant load.

Confirmatory pipe tests were started in the General Electric Pipe
Test Laboratory. Both 4-in.- and 16-in.-diameter pipes, representa-
tive of field pipes, will be used to verify the predictive
methodology.

The key conclusions drawn from the application of the methodology are summarized
as follows:

2.6

The Failure Analysis Diagram shows that piping systems designed to
ASME Code stress 1imits can have very large flaw tolerances.

The Failure Analysis Diagram is both a realistic and practical way
to evaluate margin for cracked pipe sections and can be used in
conjunction with a crack growth model to establish a specific
In-Service Inspection plan.

Large diameter welded Type-304 stainless steel pipes which contain
stress corrosion cracks have several critical advantages over small
diameter pipes. These pipes have more favorable weld residual
stresses and weld geometry, lower sensitization, and larger wall
thickness. These features allow the use of predictive methods to
establish an In-Service Inspection plan for continued plant operation.
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Table 1

SUMMARY RESULTS OF NONLINEAR DYNAMIC ANALYSIS OF THE PIPING SYSTEM FOR
VARIOUS FLAW CONFIGURATIONS, FLAW LOCATIONS, AND SEISMIC CONDITIONS

Max imum Maximum Absolute
Absolute Moment
OBE Time- Moment from Elastic-
History from Elastic Plastic Ratio
Flaw Scaling Analysis, Analysis, Mo/
Configuration Location Factor Me (in.-1bf) Mep (in.-1bf) Mep
a/v = 1.0 6 6
a/t = 0.67 Elbow 10.0 2.0 x 10 1.29 x 10 1.55
a/m = 1.0 6 6
a/t - 0.67 Safe-End 10.0 4.3 x 10 2.08 x 10 2.07
af/m = 0.5 6 6
a/t = 1.0 Elbow 5.0 1.0 x 10 0.55 x 10 1.82
af/m = 0.5 6 6
a/t = 1.0 Safe-End 5.0 2.15 x 10 0.9 x 10 2.39
1
A Safe-End 2.5 1.08 x 10° 0.64 x 10° 1.69

a/t
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Table 2
ACCEPTANCE FLAW SIZE FOR NORMAL CONDITIONS

0.1 0.2 0.3 0.4 0.5 or more
a/t
0.50 0.40 0.30 0.20 0.10
0.58 0.48 0.38 0.28 0.18
0.66 0.56 0.46 0.43 0.26
0.73 0.63 0.53 0.36 0.33
0.75 0.70 0.60 0.50 0.40
0.75 0.75 0.66 0.56 0.46
0.75 0.75 0.70 0.60 0.50
Table 3
ACCEPTANCE FLAW SIZE FOR FAULTED CONDITIONS
&/ 2mr
0.1 0.2 0.3 0.4 0.5 or more
a/t
0.50 0.40 0.30 0.20 0.10
0.58 0.48 0.38 0.28 0.18
0.66 0.56 0.46 0.36 0.26
0.73 0.63 0.53 0.43 0.33
0.75 0.70 0.60 0.50 0.40
0.75 0.75 0.66 0.56 0.46
0.75 0.75 0.70 0.60 0.50
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Table 4

STRESSES - 10-in. SCHEDULE 80 RECIRCULATION RISER

Stress Type Axial Component
A. Primary 6.07 ksi
B. Secondary 18.51 ksi
C. Residual 40 ksi i.d.,
(Tinear) 0 - Neutral axis
-40 ksi, o.d.
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FAILURE PIPE LOADS: INITIAL FLAW
CRITERION STATIC, CYCLIC DEPTH AND
DYNAMIC CONFIGURATION
CRITICAL STRESS INTENSITY
FLAW SIZE, FACTOR (K)
A FOR PIPE
DYNAMIC WELD
PLASTIC i e ammman METAL
MARGIN INTERACTION
SI;FETY ENVIRONMENTAL
FACTOR FOR CRACK GROWTH
ACCEPTANCE RATE VERSUS K
ASME DEGREE OF
-4 B m—
INPUT SENSITIZATION
ACCEPTABLE CRACK DEPTH
FLAW SIZE, VERSUS
Ancce <A TIME

INSPECTION
INTERVAL

Figure 1. Flow Chart of Predictive Methodology (with left vertical path
used to determine acceptable flaw size and right vertical path used to
determine crack growth as a function of time)
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NOMINAL STRESS
IN THE UNCRACKED

SECTION OF PIPE \

A —ffe-re

o= FLOW STRESS

STRESS DISTRIBUTION IN
THE CRACKED SECTION AT

THE POINT OF COLLAPSE

Figure 2. Schematic Showing Stress Distributed in a
Cracked Pipe at the Point of Collapse
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FRACTION OF WALL THICKNESS, d/t

08

0.6

0.4

0.2

1.0

Pm =6 ksi, Pp =0
® N m
~
® So -
®® -~
L i I g -
P =6 ksi, P + Pp = 1.5 S,
®O®®
| @ FIELD DATA — PART-
® THROUGH FLAWS
®
® O FIELD DATA — LEAKS
S = 16.0 ksi
® of=48.0 ksi
B VALUES AT 5509F
®
1 ] ] ]
0 0.2 0.4 0.6 0.8
FRACTION OF CIRCUMFERENCE, afr
Figure 3. Comparison with Field Data - Stainless Steel Piping
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AVERAGE DYNAMIC MOMENT AMPLITUDE {in.-kip)

7

/

/ LINEAR ELASTIC
/ EXTRAPOLATION

150 |—

FINITE ELEMENT

CALCULATION W O ss1
50 ® O sso
A A INa
o | | 1 |
0 0.02 0.04 0.06 0.08 0.10

AVERAGE ANCHOR POINT MOTION AMPLITUDE (in.)

Figure 4. Comparison of Dynamic Pipe Test Results to Elastic-Plastic
Dynamic Analysis-Predicted Response, 2/3 x 360-in. Flaw, fp = 12 Hz.
(Open symbols are no failure, solid points represent final failure.)
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FRACTION OF WALL THICKNESS, d/t

1.0

~ Pm +Pp =Sy
~ /— (COLLAPSE LINE)

-
-
-
- e e -

0.8

0.6

Pm + Pp = 2773 S
(SAFETY FACTOR = 2.773)

BILINEAR
APPROXIMATION FOR
ALLOWABLE FLAW SIZE

04 |- = 0.40
|
|
|
|
|

02~ ] Pm = Sm/2
| o= 38m
|
|
|

o 1 ] | | I
] 0.2 0.4 0.50 0.6 0.8 1.0

FRACTION OF CIRCUMFERENCE, a/n

Figure 5. Determination of Allowable Flaw Sizes with a Safety Factor
of 2.773 for Normal Conditions
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0¢

APPROXIMATE PROFILE OF
HEAT-AFFECTED ZONE

0.75in.

-
o

o
o

CRACK DEPTH, a (in.)
o
o

1
>

0.2

~~_POSTULATED ~20
04 in. 1GSCC STRESS (ksi)

Figure 6. Schematic of Large Diameter Pipe

(a) Through-wall schematic showing weld area with postulated intergranular crack
located adjacent to fusion line

(b) Through-wall axial stress at plane of crack
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da/dt
Iffllll lllllll

T

/
/

UPPER BOUND
EVALUATION CURVE/

REPRESENTATIVE
EVALUATION CURVE

K (ksi+/in. )

Figure 7. Upper Bound Evaluation Curve and Representative
Evaluation Curve Used to Evaluate Crack Growth Behavior.
The Curves Are Based on Constant Load Crack Growth Test
Results Presented in Appendix H.
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CRACK DEPTH FRACTION, dft

‘LARGE" PIPE

> 1in. THICK
> 20in. DIA
10 \
\ COLLAPSE LINE
N {NORMAL
~ CONDITIONS)
08 |— ~ ~
\
0.75 e e - -
0.6 [—
0.50
ACCEPTANCE
FLAW SIZE
04 |—
02 [—
" J | | ]
0 0.2 0.4 0.6 0.8 1.0
CRACK LENGTH FRACTION, a/n
Figure 8. Acceptance Criteria for Flaw in Cracked Large
Diameter Piping. Determined from Table 2 for Pm Py = O.8Sm.
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53

DEPTH/THICKNESS

0.5 T | I |

6 months 1 year 18 months 2 years
04 —
—— —— — ﬂ
ASSUMPTIONS S cm——
11.6 ksi OPERATING STRESS a—
03— REPRESENTATIVE RESIDUAL STRESS / /UPPER BOUND CRACK GROWTH RATE

0.2 |— /

ot/
-{ REPRESENTATIVE CRACK GROWTH RATE
; | | | |
0 4 8 12 16

THOUSANDS OF hours

Figure 9. Depth versus Time Predictions for Large Pipe Comparing Representative
and Upper Bound Crack Growth Rates. (Crack growth is expected to stop because
(1) stress intensity decreases below threshold value and (2) crack intersects
weld metal which is resistant to IGSCC.)
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04
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THOUSANDS OF hours

Figure 10. Predictions of 4-in. Schedule 80 Pipe Behavior Using Representative
Crack Growth Rates (Normal operating conditions and residual stress assumed.
Data on field through-wall cracking incidents used.)

o ® —o—
SHORTEST— AVERAGE— l LONGEST—
12,600 hr 42,000 hr l 76,300 hr
ASSUMPTIONS /
0.010-in. STARTING FLAW
11.56 ksi OPERATING STRESS
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(40 TO 40 ksi) /
— /
—
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| | ] ] il | |
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DEPTH/THICKNESS

0.6

0.5

0.4

0.3

0.2

0.1

O ® O

SHORTEST— AVERAGE— LONGEST—
25,200 hr 41,800 hr 49,600 hr
- ASSUMPTIONS
0.01-in. STARTING FLAW
11.5 ksi OPERATING STRESS
LINEAR RESIDUAL STRESS
{40 TO —40 ksi) /
-
-
—
— -
cam—
1 e d
] ] | | ] 1
0 8 16 24 32 40 48
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Figure 11. Prediction of 10-in. Schedule 80 Pipe Behavior Using Representative
crack Growth Rates (Normal operating residual stresses assumed. Data on field
through-wall cracking incidents used.)




DEPTH/THICKNESS

1.0

09

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

10-in. RISER - 24.6 ksi

LINEAR RESIDUAL STRESS
(40 TO —40 ksi)

REPRESENTATIVE EVALUATION
CURVE

0.01-in. STARTING FLAW

] | |

@®

(ACTUAL
FAILURE
TIME)

| J !

4 8 12

16 20 24
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Figure 12. Prediction of 10-in.

Recirculation Riser Behavior

(Actual operating stresses used with representative crack

growth rates.)
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