A
PROBABILISTIC ASSESSMENT

CASES FOR ALLOY
821182 DISSIMILAR METAL WELDS IN PRIMARY

SYSTEM PIPING

A.1 Scope of Assessment
The probabilistic modeling presented in this appendix explicitly considers two example largediameter Alloy 82/182 dissimilar metal welds in PWR primary system piping: a reactor vessel
outlet nozzle operating at reactor hot-leg temperature and a reactor vessel inlet nozzle operating
at reactor cold-leg temperature. The reactor vessel outlet and inlet nozzles are considered to be
the main candidates for peening where access limitations may preclude other types of mitigation
from the exterior (i.e., mechanical stress improvement and weld overlay). However, considering
the range of sensitivity cases included (including the effect of variability in pipe loads), it is
concluded that the examination requirements of Section 4 are also valid for other Alloy 82/182
piping butt weld locations, including large-diameter reactor coolant pump suction and discharge
nozzles in B&W- and CE-designed plants, reactor vessel safety injection nozzles in two-loop
Westinghouse-designed plants, and reactor vessel core flood nozzles in B&W-designed plants.
These other cited locations operate at or below reactor cold-leg temperature. The calculations
presented in this appendix showed large improvement in the leakage probability versus the case
without peening and with inspections performed per intervals applicable to unmitigated welds.

A.2 Probabilistic Modeling Methodology
The integrated probabilistic modeling framework that is used to study the effect of peening
DMW components on PWSCC combines the individual models discussed in Sections A.3
through A.6. Namely, this integrated probabilistic modeling framework is used to predict leakage
criterion statistics, which are discussed in Section A.7, over the operating lifetime of the unit.
Results generated with this model are given in Section A.9, using the inputs and uncertainties
discussed in Section A.8.
The DMW probabilistic model described in this appendix applies a framework similar to those
applied in MRP-373 [2] to assess depth-sizing uncertainty of flaws in large-diameter piping
welds and by the xLPR probabilistic software tool ([4], [5]), which is currently under
development under sponsorship of NRC and EPRI. The approach taken for the DMW
probabilistic model is also similar in form to other models applied over the last 12 years to assess
PWSCC of RPVHPNs in IvRP-105 [ii and MRP-395 [3] or of BMNs in the analyses
summarized in MRP-206 [6]. For example:
* Uncertainty propagation is handled by sampling input and parameter values from
appropriately selected probability distributions (with appropriately selected bounds) in the
main model loop, prior to the time looping structure. It is noted that for simplicity the model
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discussed in this report does not treat differently epistemic (i.e., due to incomplete
knowledge) and aleatory (i.e., due to random variation) uncertainties.
*Event scheduling for a given weld, including operating, mitigation, inspection, and PWSCC
initiation times, is developed in the main loop prior to entering the time looping structure.
*If one or more of the predicted PWSCC initiation times, adjusted for differences in stress and
temperature, are less than the final operating time and the peening time (if applied), the time
looping structure is entered. Each active flaw is allowed to grow until it coalescences with
another active flaw, it achieves through-wall crack growth, it is detected and repaired, or it
reaches the end of the operation partially through-wall.
*Initiations, leaks, repairs, among other events, are tracked as a function of operating cycle for
each Monte Carlo realization and summary statistics are compiled at the end of each Monte
Carlo run.
It is noted that there are several key differences between the DMW probabilistic model and
xLPR Version 2.0:
*The DMW model described in this report takes a simplified approach of modeling throughwall penetration but not pressure boundary rupture. Growth after through-wall penetration,
crack opening displacement and leak rate, and component stability are not explicitly
modeled. However, by demonstrating a greatly reduced probability of through-wall
penetration, the results demonstrate a reduced risk of large flaws that could compromise
structural integrity.
*As the cracking degradation concern in Alloy 82/182 piping butt welds is dominated by
PWSCC initiation and growth, fatigue initiation and growth are not modeled in the DMW
model described in this report. xLPR Version 2.0 predictions are expected to confirm the
marginal effect of fatigue on leakage risks in piping butt weld components.
*xLPR Version 2.0 includes treatment for accident conditions, such as seismic loading. These
accident conditions are of interest in xLPR primarily for their contribution to stability risks.
As stated above, the DMW probabilistic model presented in this report does not consider
stability risks explicitly and therefore modeling of accident loads is not critical.

*PWSCC initiation modeling is similar between both probabilistic models. Both utilize semiempirical model forms with key coefficients calibrated with field data for PWSCC detections
in butt weld components in domestic plants. Both utilize circumferential discretization in
order to model multiple flaw formation. However, in addition to the Weibull initiation model,
the xLPR Version 2.0 model includes two additional initiation model forms. Furthermore, the
xLPR initiation model factors in temporal variation using a Miner's rule approximation for
damage accumulation. This approach enables the treatment of changing surface stresses or
temperature. The DMW probabilistic model described in this report treats only one key
temporal change--the change in surface stresses at the time of peening--but otherwise does
not treat temporal variation. Studies with temporal variation were not of importance for this
report.
*The probabilistic model discussed in this report utilizes the weld residual stress profile model
form from the xLPR Pilot Study--third or fourth order polynomials fit to a set of constraints
on the value of stresses at various through-wall positions. In xLPR Version 2.0, the weld
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residual stress profile progressed to a piecewise linear model with stress defined at up to 26
points through the component thickness. While the xLPR Version 2.0 model affords more
flexibility in the definition of weld residual stress, the primary characteristics of the weld
residual stress (i.e., ID surface stress, OD surface stress, tensile-compressive crossover point,
and force balance in the case of axial stresses) are well captured in the DMW model.
*The DMW model described in this report includes more detail for modeling peening stress
profiles. This includes explicit definition of the peening stress profile with surface
compressive stress and penetration characteristics, treatment of stress redistribution, and
implementation of a partial crack closure methodology. xLPR Version 2.0 allows the
specification of a surface stress component with the capability to mimic the effect of peening
on PWSCC initiation, but stress profiles have not been developed within xLPR to mimic the
penetration of the peening stress effect into the component thickness.
*The probabilistic model discussed in this report has the added capability (relative to the
xLPR tool) of allowing correlation of selected input parameters during runtime. Specifically,
multi-dimensional normal deviates are computed using a covariance matrix Choleskydecomposition-based approach as discussed in Numerical Recipes [7]. For a given pair of
correlated input parameters, a Pearson product-moment correlation coefficient, which
provides a measure of the strength of the linear relationship between two variables, is
specified and the pair of correlated random deviates is then used to sample the relevant input
parameter distributions. The Pearson coefficient provides a measure of the strength of the
linear relationship between two variables where a value of 1 indicates a perfect positive
correlation (i.e., a perfect linear correlation with a positive slope), a value of-i indicates a
perfect negative correlation (i.e., a perfect linear correlation with a negative slope), and a
value of 0 indicates that there is no linear relationship between the given variables.
*It is noted that for convenience of analysis, the probabilistic model described in this report
has been designed to simulate up to three distinct DMWs (i.e., welds with different
geometries, temperatures, inspection and mitigation schedules, etc.) during a single Monte
Carlo run.
The probabilistic model is made up of a main loop with an internal time looping structure. Inside
the time looping structure, a flaw looping structures are included to account for multiple flaws
and their potential interaction. A high level presentation of the main loop of the probabilistic
model for a given weld is presented in Figure A-i and a more detailed presentation of the time
looping structure is given in Figure A-2. The remainder of this section provides an end-to-end
description of a DMW Monte Carlo run.
The initial conditions for the run are defined prior to entering the main ioop. These initial
conditions include all input parameters that remain constant throughout the run, such as the
number and length of operating cycles, the frequency of inspections, certain weld geometry
attributes, and the times of mitigation.
Following the definition of the initial conditions the main loop is entered. The main ioop is
cycled for each Monte Carlo realization and is exited once all of the user-specified Monte Carlo
realizations have been completed. After exiting the main loop, the program evaluates the results
of the run, outputs certain information relevant to the study, and terminates the run.
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At the beginning of each Monte Carlo realization, the values of the distributed inputs (detailed in
Section A.8) are determined by random sampling. The distributions for each of the distributed
inputs are user-defined. The program then calls the load models (detailed in Section A.3) to
determine the relevant circumferential or axial loads (including peening loads if peening is
scheduled before the end of the plant operational period).
Once all stresses have been determined from the load model, the program invokes the initiation
model (detailed in Section A.4) to predict the initiation times at all potential flaw sites. The flaw
initiation times are compared to the "initiation end time": the final operating time or, if peening
•is scheduled, the peening application time. It is assumed that flaws may not initiate on the
component surface after the application of peening. The current Monte Carlo realization is
terminated if all of the predicted initiation times exceed the "initiation end time". If not, the
initiation model assigns initiation conditions to each flaw with an initiation time occurring before
the "initiation end time." These flaws are "scheduled to initiate". Subsequently, the Monte Carlo
realization enters the time looping structure.
The time looping structure is composed of an outer cycle-by-cycle loop with a nested withincycle loop. The cycle-by-cycle ioop may be terminated if all flaws that have been "scheduled to
initiate" have been repaired. If this occurs, the program exits the time loop structure, stores
relevant information, and cycles to the next Monte Carlo realization.
The within-cycle loop is entered if there is an active flaw whose initiation time is less than the
time of the end of the current operating cycle. Immediately prior to entering the within-cycle
loop, any peening application that is scheduled for the current cycle is invoked resulting in new
stress profiles utilized to predict crack growth.
If no flaw initiations occur prior to the end of the current sub-step in the within-cycle loop, the
sub-step is skipped. Otherwise, at the beginning of each sub-step, the stress intensity factor for
each active flaw is calculated based on the geometry of the flaw and the stress profile at the
beginning of the sub-step. During each sub-step, all active flaws are grown using the flaw
propagation model (detailed in Section A.5) that determines the flaw propagation rate and
increases the depth and length of the flaw at a constant rate for the duration of the sub-step.
Before completing a given sub-step, the program checks if any flaw has reached through-wall,
and if so, the cycle number is stored for a statistical summary generated at the end of Monte
Carlo run. The exception to this is if a flaw achieves through-wall crack growth before a userdefined past inspection time for which it is assumed that no flaws have leaked or been detected
(i.e., credit is taken for the fact that the modeled DM weld has not leaked or had detected cracks
up to a user defined time); in this case, the Monte Carlo realization is restarted with newly
sampled values. For DM welds, when through-wall growth occurs (and its timing does not
contradict the results of the assumed past inspection), the current realization is terminated and
the program returns to the start of the main loop (contrary to RPVIIPNs whose simulation
continues to check for nozzle ejection).
At the end of each sub-step, if multiple flaws are active, the coalescence model (detailed in
Section A.5.4) is used to consolidate circumferential flaws that are determined to be close
enough to coalesce.
When all sub-steps during a given cycle have been completed, the program determines if an
ultrasonic examination (UT) is to be performed at the end of the current cycle. If so, the UT
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inspection models (detailed in Section A.6) are called appropriately. If a flaw is detected, and its
detection time does not contradict the results of the assumed past inspection, the flaw is repaired
and the cycle number is stored for a statistical summary generated at the end of the Monte Carlo
simulation; the examination continues to any other active flaws. In a similar fashion to a throughwall occurrence, if any flaw detection result contradicts the results of the assumed past
inspection, the code exits the time looping structure without saving any results and restarts the
current Monte Carlo realization from the beginning of the main ioop. If a flaw is not detected, it
remains active. After all scheduled inspections, the code returns to the cycle-by-cycle loop and
continues to the next cycle or returns to the main loop if the cycle-by-cycle loop is complete.
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Figure
A-iProbabilistic Model Flow Chart: Main Loop
DM Weld
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Figure A-2
DM Weld Probabilistic Model Flow Chart: Detail of Time Loop
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A.3 Load and Stress Model
Load models are used to calculate the stress in the DM weld component during each Monte
Carlo realization. The crack initiation and crack growth models utilize this information. Separate
load models are used for hoop stresses (driving axial cracks) and axial stresses (driving
circumferential cracks).'13
The load models account for welding residual stresses, internal pressure, and piping loads (dead
weight, thermal expansion, and thermal stratification, if applicable). In addition, a peening
residual stress model is introduced for modeling crack growth during cycles after a peening
application. The load models differentiate between residual stress and operational stress (which
can all be combined to obtain total stress) as well as membrane stress and bending stress; the
initiation and growth models use these differentiations at various steps.
The DM weld load models described in this report use general methodologies that are similar to
those used by the xLPR Pilot Study program [5]. Significant differences between the models
used in this study and those used in the xLPR Pilot Study include the following:
*Both axial and circumferential cracks are considered in this analysis. Because this study
concentrates on the probability of through-wall crack growth and leakage rather than the
probability of rupture, it was necessary to include axial flaws in the analysis.
*Peening residual stresses are modeled. The peening models are based on the bounding stress
conditions meeting the performance criteria of Section 4. These models are pertinent because
the main goal of this report is to assess the impact of peening on component performance
with respect to leak mitigation (and ejection mitigation for RPVHPNs).
*No seismic loads (which affect crack stability but not subcritical crack growth) are
considered in the analysis reported here. For simplicity, the failure criterion in the current
study was selected to be a through-wall crack. Therefore, demonstrated crack stability during
seismic events is not relevant.
*Thermal stratification loads are not included in this study. The xLPR Pilot Study investigated
PWSCC degradation for a pressurizer surge nozzle, and thus included thermal stratification
loads.
Similarly to the xLPR Pilot Study, it is assumed that the residual stress profile does not vary
around the circumference (i.e., all residual stresses are axisymmetric).
The methodologies for calculating stresses due to internal pressure and piping loads (operational
loads), component welding, and peening are discussed in Sections A.3.l, A.3.2, A.3.3,
respectively. Considerations for the effects of temperature and load cycling are discussed in
Section A.3.4. The load model for initiation and growth is summarized fully in Section A.3.5.

A.3.1I Internal Pressure and Piping Loads
Pipe stresses due to internal pressure, in the hoop and axial directions, are calculated using thinwalled cylindrical shell equations:

13

The subscripts "h" and "a" will be used to differentiate between hoop and axial stresses.
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where P is the normal operating pressure, D, is the pipe inner diameter, and t is the pipe
thickness.
For both axial and circumferential cracks, a crack face pressure stress equal to the operating
pressure, P, is superimposed after initiation.
Other piping loads include dead weight and pipe thermal expansion. These loads act to create a
longitudinal force component, torsion, and two orthogonal bending moments. These loads do not
affect the hoop stress.
The axial membrane stresses due to deadweight and normal thermal expansion are calculated:
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where FDWv and FNTE are the axial loads due to dead weight and normal thermal expansion,
respectively, and A is the cross-sectional area of the pipe.
The bending stress is calculated using the bending moment and torsion components of the dead
weight and normal thermal expansion piping loads (i.e., M5 (torsion) and My and Mz (bending)).
The load model determines an effective moment (Meff) as a Von Mises combination of the
bending and torsional loads:

Meff

M M• +L!Mx1

[A-5]

(For the calculation results presented in this appendix, the effective pipe moment acting on the
weld cross section is an assumed input rather than calculated from components through this
equation. Sensitivity cases are used to assess the effect of the magnitude of the effective moment,
given its variability for actual plant components.)
Then, using the effective moment, the GD bending stress at any azimuthal angle (q) is
approximated as:
MRoos)
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where Ro is the pipe outer diameter and I is the moment of inertia of the pipe cross-sectional
area. Given this definition, ¢=0° is the location of maximum tensile stress due to bending and
0=1 800 is the location of maximum compressive stress due to bending.

A.3.2 Welding Residual Stress Before Peening
The through-thickness residual stress profile is affected by local weld repairs and weld starts and
stops. Thus, these processes can affect the susceptibility of the weld to initiation of PWSCC and
the growth of PWSCC flaws through the weld, and as such must be modeled. In this analysis of
DM welds, welding residual stress profiles are assumed to be axisymmetric and varying throughwall. The through-wall WRS profiles in the axial and hoop directions are detailed in the
remainder of this section.
The axial load model uses a third-order polynomial function of through-wall fraction to
approximate the axial WRS profile:
cWr5,a

H

=

OrWRs'a

+ °-YwRs:

+ o-2 WRsa

where x is through-wall depth from the inner diameter,
(il, WRS, a, o-2, WS, a, and CY3,W5S, are curve-fit parameters.

+ 0 -3,WPsa
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0o, WS,a is

the ID axial WRS stress, and

The model solves for the three curve-fit parameters using three constraints resulting in a system
of three linear equations:

1. The OD axial WRS (•OoD, WS,a) is defined:
o'gRs,a (1) = o'DWP•s,a

[A-9]

2. A through-wall fraction at which axial WRS is zero (Xec) is defined:

O-in (xe) =0

[A-10]

3. The axial WRS is constrained to equilibrate through the thickness of the wall considering the
effect of curvature. Using the axisymmetric assumption, that is:

The circumferential load model uses a fourth-order polynomial function of through-wall
percentage to approximate the hoop WRS profile:
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where 6o-,wps,h is the ID hoop WRS stress, and o-i,wps, , o-2,WS, h, O*3,WS, h and qra,wv/,h are curve-fit
parameters.
The model solves for the four curve-fit parameters using four constraints resulting in a system of
four linear equations:

1. The GD hoop WRS (crOD, wRS, h) is defined:
cr ,h(1) =

[D~ShIa-13]

2. The location of minimum hoop WRS (Xmin) is defined:

[--

WRS,h

]

--

=0
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3. The minimum hoop WRS (umin,,,S~h) is defined:
'WPS~h (Xrnn) = ",,wp,,W5h

[A-15]

4. The derivative of hoop WRS is assumed to be zero at the ID, effectively:
o-,WRS,h

= 0

IiA-16i]

A.3..3 Residual Stress After Peening
As discussed in the body of this report, peening has the effect of adding a thin region of
compressive residual stress at the surface of its application. For modeling purposes, a single
outage in the operating life of the plant can be selected for the application of peening. After the
application, it is assumed that no new cracks initiate and the growth of existing cracks occurs in
the presence of normal operating stresses and the post-peening residual stress (PPRS) profile
described below.
As with WRS, the peening stress profile is assumed to be axisymmetric and varying throughwall. The through-wall PPRS, in both the hoop and axial directions, is modeled using a
piecewise stress equation that captures the minimum depth of the compressive residual stress
layer and the limiting magnitude of the residual plus normal operating stress as detailed in
Section 4. The assumed PPRS profile shape is depicted in Figure A-3 and is described in the
remainder of this section (using the symbols presented in the figure).
For modeling purposes, the post-peening profile is separated into four general regions: the
compressive region (nearest to the peened surface), the first transition region, the second
transition region, and the "minimally affected" region (farthest from the peened surface). These
regions are presented out of spatial order below for pedagogical reasons:
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Region 1: The Compressive Region
The compressive region is the thin region near the application surface where the hoop and axial
residual stresses are compressive. This region is characterized by a surface stress (oro, ppp) and a
penetration depth (xl,ppps). In this region, the PPRS profile varies linearly from the surface stress
at the application surface to neutral stress at the penetration depth, as is reflected in the following
equation:

()-R

04

cPRS
P----~

0<<Xl

[a-17]

Note that the argument to the PPRS equations is absolute depth as opposed to the nondimensional depth used by the WRS equations. This reflects the notion that the peening profile is
insensitive to the thickness of the peening component (for thicknesses characteristic of
components studied here).
The same surface stress and peening depth are applied to the axial and hoop directions. This
reflects the assumption that the peening-induced pressure waves travel without dependence on
their orientation to the peened component. Vendor-supplied data, including orthogonal stress
profiles from the same peened component, support this assumption.
It is noted that the peening profile data from vendors uncovered a slight trend between the
residual surface stress after peening and the residual surface stress prior to peening. This effect,
described in Section 3.3.3, can be included in the model as a linear adjustment to the sampled
PPRS surface stress value that is dependent on the residual surface stress before the peening
application. This effect is not included for base case results because the bounding stress effect
meeting the performance criteria is used.
Region 4: The "Minimally Affected" Region
The "minimally affected" region is the portion of the PPRS profile that is far enough (greater

than the "minimally affected depth",

x3,PPRS)

from the application surface that it does not

experience a stress improvement. This region takes up the majority of the thickness of the
component and is described by the following equations:

~

Ah
(x

=

x3Pps
r~~

<

•1[A-18]

The additive terms Aa and Ah are force balance terms included to ensure the effective residual
force on the peened through-wall element does not change due to peening (accounting for
curvature for the axial stress case). Under the axisymmetric assumption, that is:
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[A-19]

0

o

This modeling convention assumes that any residual tension removed near the application
surface is redistributed through the wall-thickness of the peened component. Validation of this
assumption is included in Appendix C.
Regions 2 and 3: The Transition Regions
The two transition regions are used to connect the compressive region stresses with the
"minimally affected" region stresses, preserving stress continuity through-wall. Because little
information is available to describe this transition, a simple approach is taken.
The first transition region uses a linear equation to connect the neutral stress location at the

penetration depth to the pre-peening residual stress at the "transition depth" (x2,pPP). The general
equation for this is:
UPPR (X1XPR
x-xipps )

~WSd(x2mpRsj

1PS<••X~

[A-Z0]

where the subscript d indicates a placeholder for the subscript a (axial) or the subscript h (hoop).
The second transition region uses a linear equation to connect the pre-peening residual stress at
the "transition depth" to the "minimally affected" region at the "minimally affected depth". The
general equation for this is:

Sx=(r
•

(x•.pp
-
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Figure A-3
Example Post-Peening Residual Stress Profile near Surface of Circumferential Crack in a
DMW Component (Repeat of Figure 5-2)

A.3.4 Effect of Operating Temperature and Load Cycling
Residual stress relaxation can occur in reactor components due to temperature and load cycling
effects. This relaxation is characterized by a reduction of residual stress magnitudes as a function
of operating time. As the bounding stress profile defined in Section 4 is applied to this analysis,
no stress relaxation effects are applied to the base-case probabilistic model. The performance
criteria of Section 4.2.8 require that the effects of thermal relaxation and load cycling
(shakedown) be considered when demonstrating that the bounding stress effect meeting the
performance criteria will be obtained for the remaining service life of the component.
A best-fit time-dependent model is applied to peening and welding residual stresses in a
sensitivity case presented later to quantify the dependence of predicted results on the stress
relaxation model:
UrPPRsd

O.exp[-m. Atp~e,,]
(x, Atpe,) = CPPRs,d (x, At 0)

[A-22]

where Atpeen is the time elapsed since peening (in EFPYs) and mnis the empirical stress relaxation
exponent.
The final (relaxed) surface stress is based on the minimum acceptable peening performance
criteria defined in Section 4. The relaxation factor is based on vendor-supplied data for peened
samples subjected to strain cycling and/or elevated temperatures [8]. These analyses are detailed
in Section A.8.5. Using the model form described in Equation [A-22], the initial surface stress is
then evaluated by back-extrapolating the final (relaxed) stress state to the stress state just after
peening.
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A.3.5 Summary of Load Model
The models discussed in the previous sections can be combined to obtain total stress applicable
to crack initiation or crack growth, before or after peening, and applicable to axial or
circumferential cracks.
The DM weld initiationmodel considers only the surface (ID) stress and does not include crack
face pressure. Prior to peening, this results in the following equations for axial and
circumferential cracks:
U'JD.

(9,o)

=
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After peening, it is assumed that initiation cannot occur. That is, it is assumed that the
compressive residual surface stress introduced by peening is sufficient to prevent the total
surface stress during operation from reaching approximately +20 ksi (+140 MPa) tensile (which

is a conservative threshold for initiation of PWSCC [9]).
The growth model requires total stress as a function of through-wall depth. Prior to peening, the
total stresses for axial and circumferential cracks are:
U1 1 a'~,o,,
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= ', + U'DWa + NTFa +--U--B'Q(p)
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After peening, the total stresses for axial and circumferential cracks are:
ar,o,,(x,o)=
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Note that at most azimuthal locations on the pipe, the pressure and thermal loads that occur
during operation result in a tensile contribution to stress. Superimposing these tensile operating
stresses with the post-peening residual stress profile results in a less compressive and more
tensile stress near the peened surface stress. This is effectively captured in the equations above.

A.4 Crack Initiation Model
This study employs a statistical Weibull approach for predicting crack initiation and allows
adjustments for operating temperature and surface stress, two factors commonly considered
significant for crack initiation prediction. Furthermore, the model allows for initiation of multiple
flaws with axial or circumferential orientations.
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A.4.1I Spatial Discretization of Crack Sites
To account for the possibility of multiple cracks, the DM weld component is divided into a 19
(Ncrack)

crack initiation locations. Because this study also analyzes axial cracks, each of the 19

crack locations is given both an axial and circumferential crack site. This results in 38 total crack
sites at which initiation is modeled.
The program sets the crack locations simply by dividing the 360 degrees of the pipe ID into
equal arc lengths. By convention, the first crack location is centered at zero degrees,
resulting in the following equation for the arc length centers (in radians):

Ncrack

Q,= ----- (i-I1)
N•crack

i=1l....Ncrack

[A-29]

where the subscript i will be used throughout the remainder of this appendix to denote the
different crack locations.
After initiation, crack location is randomly sampled within its respective arc length.

A.4.2 Initiation Time for First Crack
A Weibull model has been selected for use in predicting the time of first initiation of PWSCC in
DM welds. The use of this statistical model reflects systematic and statistical variations in
material properties and environmental conditions from part to part. Furthermore, this statistical
model captures the fact that the time between PWSCC initiation, for the population's first DM
weld component and its last DM weld component, is quite long (several decades and even
centuries). A number of distributions can be used to model failures, but the Weibull distribution
is one of the most commonly used in reliability engineering since it can model a variety of data
and life characteristics [ 10].
The two-parameter Weibull cumulative distribution function is given as follows:

F(t)= 1- e{

[A-30]

where F is the cumulative fraction of components with a PWSCC initiation and t is the
corresponding operating time. The Weibull slope, or shape parameter, /3, is related to the rate at
which degradation spreads through a given component population such as steam generator
tubing. The Weibull characteristic time parameter, 9, provides a measure of the time scale for the
degradation mode of interest. Specifically, the Weibull characteristic time is the time required to
reach a cumulative failure fraction of 0.632 (i.e., the time required for 63.2% of the items in a
given population to fail).
The Weibull slope, ,3, an arbitrary failure fraction, F1, (e.g., 0.1%, 1%, 10%, 63.2%, etc.), and the

time at which this arbitrary failure fraction is reached, t1 , are provided as inputs to the
probabilistic model. The value of 0 is then determined during runtime using Equation [A-30].
The process by which /3,F 1, and ti are fit to existing data for first crack initiation in DM welds is
discussed in Section A.8.2.
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Once fi and 0 are known for the current Monte Carlo realization, they can be used to sample a

reference initiation time in EDY (trey). This sampled initiation time can be adjusted to account for
temperature, material condition, and feedwater chemistry. In this study, the initiation time is
adjusted for temperature (to convert to EFPY) using the widely accepted Arrhenius relationship:
tf =, o<×()---')[A-31]

where T is the absolute operating temperature, Q, is the apparent thermal activation energy for

crack initiation, R is the universal gas constant, and Tref is the Arrhenius model absolute
reference temperature.
The result, tf, is the time of the first PWSCC on the component for the current Monte Carlo
realization. As a convention, this time is attributed to the crack located at the point of maximum
tensile stress. If this point happens to be at a circumferential crack site, it will be at the location
maximum tensile bending stress; if this point happens to be at an axial crack site, all of which
experience the same tensile stress, the crack site is arbitrary (and the axial crack site located at 0°
is selected). As described in the next section, the multiple flaw initiation model uses the first
initiation time to predict the initiation times of the remaining crack sites.

A.4.3 Initiation Time for Multiple Cracks
A Weibull model has been selected for use in predicting times of initiation of multiple PWSCC
cracks in a single DM weld component. The use of this statistical model reflects systematic and
statistical variations in material properties and environmental conditions from location to
location on a single component. An adjustment is made for surface stress at each location to
capture the known dependence of PWSCC initiation susceptibility on surface stress.

The multiple crack initiation Weibull model uses a new Weibull slope, /Jmutt, or a new rate at
which PWSCC degradation spreads to multiple sites on a component after the first crack
initiation. This rate, when used to predict a time of initiation at each crack site independently,
results in more rapid crack initiation than the time to first initiation model. This reflects the
premise that there may be a distinct, but random, event or condition that, after its onset, promotes
more rapid PWSCC. This behavior has been observed in industry. The selection of a value for
fimult

is discussed in Section A.8.2.6.

As in the previous section, a defined cumulative fraction at a defined time is necessary to
complete the Weibull model. Since the time provided by Equation [A-3 1] is indicative of the

time of first PWSCC initiation across all 2Ncrack crack sites, it is associated with the cumulative
probability (Fist) given in Equation [A-32] below:
F

1-0.3
2No' o + 0.4

[A-32]

The shape parameter for the multiple flaw Weibull model, Omult, is calculated from flmul:, tf, and
Fist above using Equation [A-30]. Then, an initiation time for each remaining crack site, trefida, is
sampled from the resulting Weibull distribution. Sampled initiation times are truncated at tfsuch
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that no cracks form prior to the crack at the site experiencing the largest tensile surface stress
(i.e., if the initiation time sampled from the multiple flaw model is less than that of the first flaw,
it is resampled).
Employing the surface stresses calculated by the load model (Equations [A-23] and [A-24]), each
initiation time is adjusted for surface stress effects using an empirical stress-dependent factor
(Sfactor,i):
tte

-

iid--

[A-33]
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[A-34]

1ID,h
'ref

where the stress exponent n and reference stress 6 ref are empirical parameters. Note that initiation
times for sites with a compressive (negative) surface stress are not modeled with the above
equations and instead the stress adjustment factor is considered to be zero; i.e., the initiation
times are set to infinity; i.e., cracks are not allowed to initiate orthogonal to a compressive stress
field.

By convention, the reference stress, Gref, is set equal to the stress at the site of maximum tensile
stress. This constrains the stress adjustment factor in Equation [A-34] to be less than or equal to
one, across all crack sites, and effectively shifts initiation times for sites with lower stresses
further into the future. This normalizing convention has been selected over using a constant
reference stress across all Monte Carlo realizations (as has been done in other studies) because it
is assumed that the variation in the multiple flaw Weibull initiation models already includes the
effects due to varying surface stresses throughout in-service DM welds. Thus, to apply Equation
[A-33] with a constant reference stress would be to "double-count" the variation due to
component surface stress and, furthermore, would require an arbitrary selection of urejf

A.4.4 Crack Initialization
In this context, crack initialization refers to assigning of initial conditions to each crack at its
initiation time. These conditions include size, location, and capacity for growth. Orientation of
an initiated crack, which has been part of initialization in other studies, is inherently addressed in
the spatial discretization procedure discussed in Section A.4.1.
Initial crack depth is sampled from a distribution of positive, non-zero, crack through-wall
percentages. This reflects both that the Weibull initiation models discussed above were fit to
industry data recording first detection of crack indications and that crack detection is only
possible for finite crack sizes. Initial crack lengths are attained by scaling the initial depth by a
sampled aspect ratio.

A-18

ProbabilisticAssessment Casesfor Alloy 82/182 Dissimilar Metal Welds in PrimarySystem Piping

Crack center location, €•, which is important in this study for modeling growth and coalescence
of circumferential cracks only, is sampled uniformly on the arc length of each initiated crack,
defined in Section A.4.1.

Finally, growth capacity for each crack is modeled using sampled growth variation terms,fwetd
andfww,1 , discussed in more detail in Section A.5.3. It is generally accepted by PWSCC experts
that components and locations that are more susceptible to PWSCC initiation tend to have higher
flaw propagation rates, even after normalizing for temperature and stress effects [ 11 ]. This
tendency is modeled by correlating the weld-to-weld growth variation, fweld, with the reference

time of first PWSCC initiation, tref, and similarly by correlating the within-weld variation for
each crack, fww~, with the corresponding multiple flaw reference initiation time, trefi.

A.5 Crack Growth Model
This study employs a model to allow the prediction of PWSCC growth rate as a function of crack
geometry, component loading, and other conditions. Assuming that cracks maintain a semielliptical shape as they grow through-wall, the model predicts growth rates of the surface tips (in
the length direction) and the deepest point (in the depth direction) of the crack.
The model predicts growth rates for partially through-wall cracks. As discussed in Section A.7, a
through-wall growth (i.e., leakage) event is treated as the end condition in this study of DM
welds, so growth prediction does not proceed to necessitate a through-wall crack growth model
(contrary to the analysis of RPVHPNs).
Growth is simulated by integrating the crack growth rates over time. This integration is done
numerically by discretizing each cycle into many sub-cycles and advancing growth linearly over
each sub-cycle, using the crack geometry and stress profile at the beginning of each sub-cycle to
predict growth rate (i.e., a forward Euler method).
The dependence of PWSCC on component loading (i.e., stresses near and orthogonal to the
crack) requires the calculation of stress intensity factors at the crack points of interest. Sections
A.5.1 and A.5.2 discuss the stress intensity factor calculation methods for a crack subject to a
polynomial stress profile and a crack subject to a general stress profile, respectively. These
solutions are based on the results of finite element parametric analyses for circumferential and
axial cracks; these analyses are based on the superposition method of linear-elastic fracture
mechanics.
The crack growth rate model, which factors in stress intensity factor, temperature, and various
other effects, is discussed in Section A.5.3.
Finally, Sections A.5.4 and A.5.5 discuss special considerations made for predicting growth
given geometry characteristics specific to a DM weld component and a stress profile
characteristic of a peened component (i.e., with a compressive stress region near the surface),
respectively.

A.5.1I Stress Intensity Factor Calculation Using Influence Coefficient Method
Welding Research Council (WRC) Bulletin 471 [ 12] describes the calculation of stress intensity
factor, K, for a circumferentially or axially oriented surface crack on a pipe of arbitrary size
using the influence coefficient method. The method described may be applied to a crack
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subjected to: a) a stress profile acting orthogonally to the crack face (i.e., axial stresses for
circumferential cracks and hoop stresses for axial cracks) that is defined by a polynomial
function in the direction of the crack depth and is uniform along the crack length, and/or b)
stresses due to global bending loads, which are by definition not uniform over the crack length.
(In this study, global bending loads are only considered for the growth of circumferential cracks.)
Before the application of peening, the axial and hoop residual stresses may be approximated by
polynomial functions, as demonstrated in Equations [A-25] and [A-26], and so the influence
coefficient method is used due to its simplicity and computational efficiency. After peening, the
more general weight function method, which is described in the next section, must be employed.
The general form of the stress intensity factor calculation (for a surface crack with depth a on a
pipe with thickness t) by way of the influence coefficient method is:

where the G terms are the influence coefficients specific to the crack and component geometries
and the point on the crack, o-0 through o-4 are the polynomial coefficients of the through-wall
stress profile (in units of stress), and o-gb is the nominal bending stress due to a bending moment
acting in the direction indicated in Figure A-4 (i.e., the bending moment is assumed to be
directed such that the crack center is at the azimuthal location of maximum tensile or
compressive stress). While the bending direction indicated in Figure A-4 only applies to two
distinct azimuthal locations on a pipe, stress intensity factors at all locations are calculated with
Equation [A-35] using bending stress approximated as a function of azimuthal angle per
Equation [A-6].
The influence coefficients are interpolated from tables built by way of linear-elastic finite
element parametric analyses. Table 15 and 39 in Marie, et al. [13] provides such look-up tables
for the surface tip and deepest points of cracks of interest to the study of PWSCC in DM weld
components: semi-elliptical, axial or circumferential surface cracks on the inner diameter of a

pipe. Higher order influence coefficients (e.g., G2, G3, and

G 4)

may be calculated with weight

function coefficients as discussed in Section 6.3 in WRC Bulletin 471 [12].
The look-up tables for the crack types of interest require three non-dimensional terms: the ratio
of the pipe inner radius to pipe thickness (R,/t), the ratio of crack half-length to crack depth (c/a),
and the ratio of crack depth to pipe thickness (a/t). Table A-I describes the lower and upper
bounds of the look-up tables provided in Marie, et al. [ 13] and the protocol used for extrapolation
of the look-up tables.
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Table A-I
Interpolation and Extrapolation Criteria for Influence Coefficient Lookup
RI/t

c/a

1

1

0

Error message is givent
Extrapolation is not reliable
below R•/t=-l1

Value of c/a=1 is used.
Extrapolation is not
reliable below c/a=l1.

Error message is givent
Negative depth indicates
error.

16

0.8
Lierxtaotono

Lower Bound

Lower Truncation Protocol
Upper Bound
Upper Trincation Protocol
________________

1000
User is instructed to use
Ri/tl000. Solution is
converged to a flat plate

Value ofc/a=16

is used.
Extrapolation is not

reliable above c/a= 16.

a/t

Lieretaotonf

look-up table is executed.

Figure A-4
Crack Location Relative to Bending Moment Assumed for Stress Intensity Factor
Calculation [12]

A.5.2 Stress Intensity Factor Calculation Using the Weight Function Method
Section 6 in WRC Bulletin 471 [12] describes the calculation of stress intensity factor, K, for a
circumferentially or axially oriented surface crack on a pipe of arbitrary size using the weight
function method, a generalization of the influence coefficient method discussed in the previous
section. The weight function method may be applied to a crack subjected to a stress profile
acting orthogonally to the crack face (i.e., axial stresses for circumferential cracks and hoop
stresses for axial cracks) that is defined by an arbitrary function in the direction of the crack
depth and is uniform along the crack length.
The general form of the stress intensity factor calculation by way of the weight function method
is:

h(x, a)o(x)dx

K

[A-36]

o

where x is the distance from the surface, h(x,a) is the weight function, and a(x) is the stress
profile function. (The weight function is dependent on the crack and component geometries and
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the location on the crack although this is not demonstrated explicitly by its argument list for the
sake of conciseness.)
For the purpose of predicting crack growth under the semi-elliptical crack shape assumption, the
two points of interest on the crack are the deepest point (denoted by the subscript 90) and the
surface tip points (denoted by the subscript 0). The general weight functions for these two points,
respectively, are:

h--2

ho =

ax)[I + M1 ( 1--

xx[1l+ Nl (Xj'J+

+Mli
2 1a

Al

a'

N2 X+ N3 X3/+ N4 XL')

M4

K ;

[A-37]

[1-38]

where the M and N terms are simple algebraic equations of the influence coefficients discussed
in the previous section [ 14].
The weight function method is powerful because it allows the estimation of stress intensity
factors for an arbitrary through-wall stress profile function. This capability is required in this
study because the post-peening stress profile cannot accurately be represented by a polynomial.
There are several approaches to evaluating the integral in Equation [A-36]. If the functional form
of the stress profile is available, the integral may be solvable analytically. This approach has
been implemented for the four-region piecewise polynomial stress profile defined for postpeening in this study (Equations [A-27] and [A-28]). This method is similar to approximating
any arbitrary stress profile with piecewise linear equation, resulting in a closed-form solution
[14].
To experiment with different stress profiles, without having to derive the analytical weight
function indefinite integral for each, a numerical integration procedure is also available. An
adaptive, open, degree-2, Newton-Cotes integration algorithm with a 1% convergence
termination criteria is employed to estimate the weight function integral numerically (see Section
4.1 of Numerical Recipes [7]). The use of an integral transformation discussed in Section 4.4 of
Numerical Recipes [7] accelerates convergence by concentrating the integrand evaluations in
areas with the most rapid change (i.e., near the vertical asymptotes of the weight functions given
in Equations [A-37] and [A-38]).
Due to the mathematical and programming complexities of the implemented weight function
solution modules, verification studies were performed to compare stress intensity factor solutions
against FEA Crack [ 15], for various crack geometries and stress profiles.
It is noted that the weight function method cannot be applied accurately for estimating stress
intensity factors due to bending because the bending stress profile is by definition not uniform
along the crack length. So, after the application of peening, the contribution of the global
bending load to the stress intensity factor continues to be evaluated with the influence coefficient
method (as discussed in the previous section) and is superimposed with those stress intensities
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due to axisymmetric membrane stresses. Accordingly, for circumferential cracks, Equation
[A-36] becomes:

J

K = h(x, a)o-(x)dx + GgbOrgb •af

[A-39]

0

A.5.3 MRP-115 Crack Growth Rate Model for Alloy 8 2/182
The model selected in this study to estimate PWSCC crack growth in Alloy 182 weld metal is
the model presented in MRP-1 15 [11].
The crack growth model provides a way to predict the extension of crack length and depth due to

PWSCC. The model is relatively simple and incorporates the major factors affecting flaw growth
rate: temperature and stress intensity factor. Temperature effects are incorporated through a
widely accepted Arrhenius term and stress effects are incorporated through a standard power-law
dependence, as presented below:

-(d)

=e

y.eaf•,f,

(K 1 - KI,h)[-0

where
d

=general crack dimension (e.g., depth or length)

Qg

=

thermal activation energy for crack growth

R

=

universal gas constant

T

=

absolute temperature at location of crack

Tref

=

absolute reference temperature used to normalize data

a

=

power-law coefficient

fweld

=

common factor applied to all specimens fabricated from the same weld to account
for weld wire/stick heat processing and for weld fabrication

f =

"within weld" factor that accounts for the variability in crack growth rate for
different specimens fabricated from the same weld

K1

=

crack-tip stress intensity factor at location of interest

Kith

=

crack-tip stress intensity factor threshold, below which the crack growth rate is
zero

b

=

stress intensity factor exponent

This model is analogously applied to predict depth growth (substituting the K90 stress intensity
factor term for the KI term above) and length growth (substituting the K0 stress intensity factor
term for the K1 term above).
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The estimation of crack growth versus time requires the solution of the above ordinary
differential equation. This is achieved numerically by discretizing each plant operating cycle into
many sub-cycles and advancing growth linearly over each sub-cycle, using the crack geometry
and stress profile at the beginning of each sub-cycle to predict growth rate (i.e., a forward Euler
method). The use of 12 sub-cycles per calendar year has been demonstrated to converge
sufficiently to actual solution (e.g., a solution that uses twice as many sub-cycles) for a variety of
initial conditions, temperatures, and stress profiles.
Various parameters in the above equation are empirical in nature and their derivation for crack
growth in Alloy 82/182 is described in Section A.8.3. These include the absolute reference
temperature Tref, the growth activation energy Qg, the power-law coefficient a, the crack-tip
stress intensity factor threshold Kith, and the stress intensity factor exponent b.

Two additional factors,fweld andfww, are included in the crack growth model to describe the
aleatory uncertainty in the crack growth rate model (i.e., uncertainty due to the unknowns that
differ each time we run the same experiment). The within-weld variation, fww, is a value sampled
for each flaw site from a distribution reflective of the growth rate variation observed in
laboratory studies of cracks in a controlled weld. Similarly, the weld-to-weld growth rate
variation, fwetd, is a value sampled for each weld from a distribution reflective of the growth rate
variation observed in laboratory studies of cracks in identically controlled welds, after
accounting for the within-weld variation. The derivation of these distributions is described in
Section A.8.3.
As discussed in Section A.4.4, the sampled growth variation terms may be correlated with
sampled initiation times to simulate the premise that components and locations that are more
susceptible to PWSCC initiation tend to have higher flaw propagation rates.

A.5.4 Special Considerations for Crack Growth on a DM Butt Weld Geometry
This section discusses the special constraints and interactions applied to cracks growing on a DM
weld component. These constraints and interactions are imposed by a set of modeling "rules"
used to approximate known physical behaviors. While these physical behaviors are complex in
nature, the simple set of rules is applied in the probabilistic model in order to capture the most
essential growth characteristics.
As discussed in Section A.4. 1, both axial and circumferential cracks are allowed to initiate on the
inner diameter of the DM weld. Axial cracks are constrained such that they cannot grow beyond
the defined width of the weld geometry. Circumferential cracks are constrained such that they
cannot grow beyond the defined inner circumference of the weld geometry. In the case that an
axial, or circumferential, crack grows beyond the defined maximum length (weld width or inner
circumference of the weld) before growing through-wall in the depth direction, its length is
truncated.
All initiated circumferential cracks are assumed to initiate and grow on the same axial plane. For
cracks with little to no circumferential overlap (Example Configuration A in Figure A-5), this
assumption will lead to a single large flaw at the expense of two axially offset flaws, slightly
increasing the probability of leakage and susceptibility to rupture. For cracks with substantial
circumferential overlap (Example Configuration B in Figure A-5), this assumption would tend to
result in a slightly reduced probability of leakage and susceptibility to rupture as one of two

A-24

ProbabilisticAssessment Casesfor Alloy 82/1 82 DissimilarMetal Welds in PrimarySystem Piping

cracks may grow more quickly than the other. However, given the large variability in weld
residual stress and crack growth rates assumed in the probabilistic analyses, the coplanar
simplification is appropriate. It is assumed that axial cracks do not interact with each other, or
with circumferential cracks.

[lii]~

~jj]Non-Coplanar

[3]
Example

Example

Confiuratio A

Confiuration B

Assumption

Figure A-5
Example of Configurations Illustrating Impact of Coplanar Flaw Assumption
Given the coplanar assumption for circumferential cracks, it was necessary to develop a
coalescence model, or a set of coalescence rules, to describe the crack interaction on this plane.
These are described in the remainder of this section.
Coalescence is modeled at the completion of each sub-cycle growth prediction, if multiple
circumferential cracks are active. Coalescence is considered to occur if, at the completion of a
given sub-cycle, two adjacent cracks (call them cracks A and B) overlap or are close enough such
that the dividing section of weld material collapses. While the phenomena of weld section

collapse is highly complex, the collapse distance, ACthreshold, is modeled here as a user-defined
ratio, 1/Fcoaj'escence, of the maximum depth of cracks A and B:
A

Achsoa=max{aA, aB }

~Freo•d-

.....

[A-41]

where the subscripts A and B denote the two adjacent cracks. The same methodology is discussed

in ASME Section XI [16], where Fcoaiescence is defined as 2.0.
If coalescence occurs, the following rules are used to consolidate the original cracks into a single
resulting crack:
*

The resulting crack is assumed to take on a semi-elliptical shape immediately following
coalescence, with a depth equal to the maximum depth of cracks A and B and a length such
that the original cracks A and B are fully circumscribed.
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*

The within-weld variation factor for the resulting cracks is calculated using a depth-weighted
average of cracks A and B:
f

af .A +aBIWWR
-~

[A-42]

aA + aB
The within-weld variation is thought to be a function of varying material and chemical
conditions. During coalescence, the resultant within-weld variation factor is considered to be
dependent on the within-weld factors of the original cracks. This is because the resultant
crack will grow in a combination of the material and chemical conditions of the original
cracks. The depth-weighted average in Equation [A-42] gives preference toward the deeper
crack, which on average is expected to have the higher of the two within-weld factors.
The coalescence of cracks is repeated until there are no active cracks close enough to one another
(although it would be extremely rare for more than two cracks to coalescence during a given subcycle given the initiation rates discussed previously).

A.5.5 Special Considerations for Crack Growth on a Peened Surface
This section discusses special considerations made for predicting growth in a component with a
stress profile characteristic of a peened component, i.e., with a compressive stress region near the
surface. The traditional stress intensity factor calculation methods discussed in Sections A.5.1
and A.5.2 assume a crack that is fully-open and semi-elliptical, while in fact, given a
compressive stress region near the surface, these assumptions may not be realistic. Two
deviations from these assumptions, and how they are addressed from a modeling standpoint, are
discussed in this section; they are crack closure and sub-surface, often resembling a "balloon"
shape, crack growth. Both of these topics have been investigated in detail in other empirical,
numerical, and analytical studies.
As has been emphasized throughout this report, peening produces a compressive residual stress
layer near the surface that prevents crack initiation and tends to reduce the growth rate of shallow
cracks. During operation after the application of peening, the depths of the compressive layer,

when present, in the axial and hoop directions, Xcomp, aand Xcomp, h, are given by the following
equations:

Xcomp~a = XIPR

-o°per'a
O'O'PPRS)

Xeompih

XiPPRS

1l -

[A-43]

o°Per'h

where

Goper,a and aoper,h are terms that include all the operational stresses on the peened location
of interest; if the operational stress is tensile, it has the effect of moving the compressive layer
depth nearer to the surface, or eliminating it entirely.

Cracks loaded with a combination of compressive and tensile stress have the possibility of partial
closure, i.e., open at their deepest point, but closed near the surface due to the compressive layer
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(see Figure A-6). At locations where crack closure occurs, a contact stress is created that is equal
and opposite to the local stresses. If the stress required to keep the crack closed is superimposed
with the contact stresses (as in Figure A-6) it can be shown that the only stresses that contribute
to crack stress intensity factor are those acting in regions where the crack remains open. As a
corollary, if closure is not accounted for, stress intensity factors may be underestimated, and in
some cases they may be predicted to be negative or zero when in fact they are positive.
Beghini and Bertini [17] present a methodology for accounting for crack closure under the
assumption of elastic deformation of the crack face. This methodology has been implemented in
this study. Because the methodology is iterative in nature and requires a substantial
computational effort, it is not applied for the simulation base case. A sensitivity study is
presented later to demonstrate the effect of crack closure on leakage probability.
A second special consideration for crack growth near a compressive surface stress is "balloon"
crack growth: growth of PWSCC below the treated surface where the flaw is modeled to grow in
length along the surface under the influence of the residual stresses existing prior to peening. In
this manner, the tendency of the crack to change shape and grow in length a greater extent below
the surface may be investigated while still using the standard semi-elliptical surface flaw shape.
To assess balloon-shaped growth, analyses were conducted using the finite element software
FEA Crack to produce high fidelity predictions for crack growth, allowing for non-semielliptical growth (e.g., growth resembling a balloon), as seen in Figure A-7. (While the FEA
Crack program simulates fatigue crack growth, advancing the crack front over load cycles
instead of time, the resultant shape progression is reflective of the advancement of a PWSCC
flaw.) The crack shape results of these analyses were compared to two limiting cases; the first
case did not allow crack length growth while the second allowed crack length growth uninhibited
by peening. An example comparison of crack front shapes predicted using the different methods
is shown in Figure A-8. As expected, the balloon growth approximation bounds the length of the
FEA predicted crack shape, given the same crack depth.
In a related study [18], it is demonstrated that crack growth below a PWSCC resistant weld inlay
may be closely approximated by assuming a semi-elliptical shape below the inlay, driving
growth with the deepest and surface points of sub-inlay portion of the crack (referred to as
"idealized crack growth"). The idealized crack growth results in accurate time to through-wall
crack growth relative to the actual crack growth predicted with FEA.
Considering these results, the "balloon" crack growth phenomenon is approximated
conservatively by allowing crack length growth independent of peening (i.e., using only the prepeening stresses). A sensitivity study is presented later to demonstrate the effect of this
alternative crack growth approach.
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Figure A-6
Demonstration of Stresses Superposition for Partially Closed Crack
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Example of "Balloon" Crack Growth over Time Calculated with FEA Crack
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Example of Crack Front Shapes Predicted in a Peened Component with: a) FEA, b)
Classical Analytical Methods, or c) the Balloon Growth Approximation (Repeat of Figure
5-3)

A.6 Examination Model
This section describes the models applied to simulate ultrasonic examinations of DM welds. This
study uses probability of detection (POD) curves to estimate the likelihood of a crack being
detected, given its size. These models are essential for predicting leakage probabilities since
cracks that lead to leaks are often those that go undetected during one or more scheduled
examinations.
Section A.6. 1 discusses how examinations are scheduled, before and after peening. Section A.6.2
describes the inspection models, i.e., how POD is calculated, factoring for the geometry of the
crack. Finally, Section A.6.3 describes the detection and repair modeling rules.

A.6.1 Examination Scheduling
UT examination scheduling for DM welds (prior to peening) is required per ASME Code Case
N-770-1 [19]. Specifically, a Performance Demonstration Initiative (PDI) qualified volumetric
inspection is required once every five years for unmitigated hot leg DM welds and once every
seven years for hot leg cold leg DM welds. The time of the first modeled UT inspection is set by
the user.
When peening is applied, different examination scheduling requirements and options are
included in the model. First, during the peening application outage, immediately prior to
peening, a UT inspection can be modeled to simulate a pre-peening inspection.
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A follow-up UT examination is included before entering the relaxed in-service inspection (1SI)
schedule. In the comparative studies presented later, the follow-up inspection time is varied
between 1, 2, or 3 cycles after the peening application for the RVON and 1, 2, 3, or 6 cycles after
the peening application for the RVIN. Conservatively, the second follow-up UT examination for
the RVON is not credited, and the new 1ST schedule is entered after the first follow-up.
After the follow-up examination, a new 1SI schedule is used. The central goal of this
probabilistic modeling effort is to demonstrate that the IS1 inspection interval after peening can
be elongated compared to N-770-1 requirements without increasing the probability of leakage
over the entire plant service life. Accordingly, several different ISI intervals will be tested after
peening and compared to predictions for unmitigated components.

A.6.2 Inspection Modeling
For modeling UT inspections of cracks in DM welds, a modified version of the POD model from
MRP-262R1 [20] will be used. This model is based on POD data for inspections of realistic
DMW mockups containing well-characterized, representative cracks. However, the POD model
applied in this probabilistic assessment assumes a POD of zero for flaws less than 10% throughwall.
The modified MRP-262R1 model from is comprised by a POD curve that is a function of the
through-wall fraction of the crack, as given in the following equation:

t

POD~i{

[A-44]

,

0.1<~_1

where ,3l and /32 are fit parameters determined by regression analysis of inspection data from the
mockups containing circumferential flaws. The specific values of these fit parameters are given
in Section A.8.4. The resulting set of POD curves is demonstrated in Figure A-9.
The model defined in Equation [A-44] is based on experiments which included circumferential
cracks only. Experience gathered during UT detection qualification suggests that POD may be
lower in general for axial cracks. Accordingly, for axial cracks, an optional POD reduction
factor,fuT,=iat, may be applied to the POD predicted by Equation [A-44].
The model defined in Equation [A-44] is based on experiments including cracks ranging from
10% to 100% through-wall. As the data documented in MRP-262R1 do not include flaws
shallower than 10% of the wall thickness, a POD of zero is conservatively applied for cracks
with depths less than 10% through-wall. (The model also includes the ability to linearly
extrapolate the POD between the origin, i.e. 0% POD for an infinitesimal crack, and the POD
given by Equation [A-44] for a 10% through-wall crack; this option is invoked in a sensitivity
case.)
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Mean Assumed UT Inspection POD Curve for DMW Cracking from the ID

A.6.3 Detection and Repair Modeling
After a POD has been calculated, given the size of the crack of interest, detection may be
simulated by sampling a random value between zero and one, referred to as the detection sample.
If the detection sample is less than or equal to the POD, the crack is predicted to be detected; if
not, the crack is predicted to be undetected for the current examination.
If the detection sample is sampled independently of previous samples, it reflects the premise that
inspection success is uncorrelated, from examination to examination. Alternatively, the
examination model allows for the correlation of successive detection samples for a given flaw.
This is equivalent to assuming that each crack has some ambiguous features which may make it
harder or easier to detect than the general population.
Credit can be taken for the condition that the unit(s) of interest have had no flaw detections
before some user-defined past inspection time. If a flaw is predicted to be detected before this
user-defined past inspection time, the Monte Carlo realization is rejected and repeated with
newly sampled inputs. If a flaw is predicted to be detected after this past inspection time, that
flaw is repaired (removed entirely from the flaw site), but the DM weld component stays in
service and other flaws remain active.

A.7 Through-Wall Flaw (Leakage) Criterion
At the end of each Monte Carlo realization, the probabilistic model discussed in this report stores
a limited number of metrics related to the extent of flaw growth and the repair status of the weld,
including the timing of related events. Most importantly, during each realization, the code tracks
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if at least one flaw reaches through-wall crack growth (i.e., leakage) and, if so, the number of the
cycle of the first through-wall crack growth.
Similar to detection, credit can be taken for the condition that the unit(s) of interest have had no
leakages before some user-defined past inspection time. If a flaw is predicted to grow throughwall before this user-defined past inspection time, the Monte Carlo realization is rejected and
repeated with newly sampled inputs, and the leak is not counted toward the metric discussed
above.
Flaws modeled using the xLPR tool are able to reach through-wall crack growth either by
propagating through the entire thickness of the component wall or by net section collapse of a
critical surface flaw. Specifically, if the xLPR tool determines that the bending load on a given
surface flaw exceeds the calculated net section collapse bending load, the surface flaw will
transition to a through-wall flaw. For simplicity, the probabilistic model described in this report
does not address the net section collapse failure mode and a given flaw may only reach throughwall crack growth if it propagates through the entire thickness of the wall before it is repaired.

A.8 Probabilistic Model Inputs
The probabilistic modeling framework for DMWs accepts both deterministic and distributed
inputs. The values of the deterministic inputs are constant for every Monte Carlo realization. The
values of the distributed inputs are determined by sampling probability distributions (e.g., normal
distribution, log-normal distribution, triangular distribution, etc.) during each Monte Carlo
realization. The probabilistic model accepts an array of eight inputs that is used to define the
distribution of each distributed input. Each input array contains the following information:
*

The value of the parameter to be used when conducting deterministic assessments;

*

The distribution type to be sampled during probabilistic assessments (e.g., normal
distribution);

*

Parameter values defining the distributions (up to four, e.g., the mean and standard deviation
of a normal distribution);

*

Lower and upper truncation limits used to impose bounds on the sampled values.

The inputs selected for use in the probabilistic model are discussed in Section A.8.1 through
A.8.5. All inputs to the probabilistic model for the reactor vessel outlet nozzle (hot leg, RVON)
and reactor vessel inlet nozzle (cold leg, RV[N) are tabulated in this section.

A.8.1I Component Geometry, Operating Time, Temperature, and Loads
The choice of inputs for component geometry, operating time, temperature, and component
loading are discussed in this section. These inputs are given for two component cases for which
results will be presented: a reactor vessel outlet nozzle (hot leg) in a Westinghouse plant and a
reactor vessel inlet nozzle (cold leg) in a Westinghouse plant. These inputs are tabulated in Table
A-2.
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A.8.1 .1 Component Geometry
The component specific parameters (i.e., wall thickness, outer diameter, and weld width) were
taken as deterministic inputs. The values selected are for the outer diameter and the wall
thickness are based on information provided in MRP-44, Part 1 [21] and are given in Table A-2.

A.8.1.2 Operating Time
Both DM weld components are simulated from plant startup until the end of the plant operational
service period. This is considered to occur approximately 80 years after startup (i.e., a 40-yr
original license and two 20-yr license renewals). Cumulative statistics are provided at the end of
the plant operational service period.
Both DM weld components are simulated with 18-month operating cycles at a capacity factor of
0.97. These values are representative of U.S. PWRs.
As discussed in the modeling sections, credit can be taken for the fact that the simulated
component has not experienced leaks or repairs before some user-defined outage. Monte Carlo
realizations that predict leaks or repairs before the user-defined outage are rejected and rerun
with new samples. As defined in Section A.9, average leakage frequencies and cumulative
probabilities of leakage are averaged over the total number of Monte Carlo realizations that are
active (have not yet leaked) following the hypothetical time of peening.
As a sensitivity case, a user-defined outage (before which no leaks or repairs have occurred) will
be set. All statistics presented in this study apply conditionally to Alloy 182 reactor vessel
outlet/inlet nozzles that have experienced no leaking or repairs to date, but otherwise have
characteristics similar to those defined in Table A-2. For this sensitivity case, the number of
rejected and rerun Monte Carlo realizations is reported, which provides further insight on this
modeling assumption.

A.8.1 .3 Temperature
Uncertainty in the component temperature is incorporated into the model by using a normal
distribution. The temperature distributions used for the RVON and RV1N base cases are included
in Table A-2. The means of these distributions reflect bounding reactor hot-leg and cold-leg
temperatures for U.S. PWRs. The uncertainty in the temperatures represents a number of factors
including temperature streaming and measurement uncertainty. The standard deviations have
been selected such that the 95% confidence band is ±5.1°C (+9.2°F) for the RVON and ±1 °C
(±1 .8°F) for the RV1N.

A.8.1 .4 Loads
The input parameters specific to the DM weld loading are summarized in Table A-3 and are
further discussed below.
Relevant operational loads are taken as deterministic inputs. The values selected are considered
to be representative of the loads in the actual components as described in MRP-307 [22].
Additionally, a tensile axial load of 100 kips (445 kN) was assumed (in addition to the axial
pressure stresses). The loads applied to DM welds documented in this report bound those
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documented in a NRC hot leg flaw evaluation summary [23]. Sensitivity studies are included to
explore more extreme loading conditions.
Welding residual stresses are modeled stochastically. Uncertainty is incorporated into the
calculation of welding residual stresses by setting distributions for parameters used to
characterize and constrain the WRS profiles (Equations [A-9] through [A-16] present the
constraint equations for the axial and circumferential WRS profiles). For the axial stress profile,
the distributed inputs are the ID stress, the through-wall depth where the stress changes sign
(from tensile to compressive) and ratio of the OD stress to [D stress. For the hoop stress profile,
the distributed inputs are the ID stress, the location of the minimum stress, the ratio of the
minimum stress to the ID stress, and the ratio of the OD stress to the ID stress.
The distributions for the parameters of the axial and hoop stress profiles are included in Table
A-3. The distributions for the axial stress profile parameters are taken from the xLPR pilot study.
The distributions for the hoop stress profile parameters were determined iteratively by using
random sampling to generate a family of curves which adequately captured the uncertainty in the
data as well as uncertainty due to missing data [22]. The truncation limits are used to prevent the
use of unrealistic stress profiles.
Table A-2
Summary of General Inputs
Description

Source

Total number of trials

Convergence Study
Selected to yield desired cumulative
op.........
!erating time ..
..

Number of operating cycles
Nominal cycle length
Operating capacity factor

CF

Cycle of first UT inspection
Pre-peening UT inspection interval

Parameter
Type
DMW Base Case

Units

Representative cycle length at
Westinghouse plant

RVIN
RVON
years

.. . . . ......

Representative capacity factor for

i
.

U.S. PWR

...Based on typical

operating
service histories

RVIN
RVON

.

reactor

......

R VIN

Cycle number

RVON~

ASME Code Case N-770-1I

Maximum Westinghouse hot leg

S mean;
stdev

°F

operating temperature

rain

max
type
mean

T
Operating temperature of

RVIN-DMW

SWall thickness of RVIN-DMW

Wall...
thickess ofd•0
RVIN-DM
Do

Outer diameter of RVON-DWM

widthi of RVON.-DMfw
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Maximum Westinghouse cold leg
operating temperature

0

1.5
1.5
0.97
0.97

RVON
.....
RVIN

ty•pe

Operating temperature of
RVON-DMW

1,00E+07
53
53

F

3
No• rmal ..
625.0
4.6

597.4
652.6

stdev

563.0
0.9

rai

557.5

max

568.5

'Representative:-.............
component thic:kcness
......

for Westinghouse plants

R~epresentative component ODfor0
Westinghouse plants
Representative weld width for
Westinghouse plants

2.75
in.

..

.R .

_

2.75

.... RVINI

ProbabilisticAssessment Casesfor Alloy 82/182 Dissimilar Metal Welds in PrimarySystem Piping

Table A-3
Summary of Loading Inputs for DMW Model
Parameter
Symbol

Description
Normal operating pressure
Effective loads for RVON-DMW
(including deadweight, thermal
expansion, and thermal stratification
loading)

Pop

F,

Source

Representative of U.S. PWRs
Representative reactor vessel nozzle
loads for Westinghouse plant

Mx

Effective loads for RVIN-DMW
(including deadweight, thermal
expansion, and thermal stratification
loading)

F,

Representative reactor vessel nozzle
loads for Westinghouse plant

Units
ksi
kips

iDMW Base Case

in-kips

0
40000
0
100
0
40000
0
S........N
o_rm~al......
43.55

100

in-kips
in-kips
kips
in-kips
in-kips
in-kips

...ype•
Weld residual axial stress on ID
Oowns•surface

mean

xLPR Pilot Study

ksi

stdev
min

type

79.91
Normal

xLPR Pilot Study

stdev
min'
max

0.125
0.50

xLPR Input

main
max

max

X.

Fractional through-thickness at which ]
weld residual axial stress profie
crosses zero
Random scaling factor for weld
residual axial stress on OD surface

Weld residual hoop stress on ID
0W0,surfacee

15.95
21.75

0.05

Uniform

XLPR Pilot Study

ksi

mean
stdev

..

0.5

1.0

•. Normal
43.55
15.95

... .Normal.....
fW~i

Random scaling factor for minimum
weld residual hoop stress

Iterative random sampling, see
Section A.8.1.4

mean

stdev
min
max

0.50
0 10
0.25
Normal

fw•s 2

Random scaling factor for weld
residual hoop stress on OD surface

Fractional through-thickness at which
Xm. weld residual hoop stress is minimum

Iterative random sampling, see
Section A.8.1.4

Iterative random sampling, see
Section A.8.1.4

stdev
min
Smax

S0.075

t..ype

....Normal.

mean

. 0..50O

max

0.80
1.20

...
..

.0.0...
~ 75
0.40
0.75

A.8.2 Crack Initiation Model

The set of inputs for the DM weld PWSCC initiation model is described in Table A-4 at the end
of this section. Various inputs are detailed in the following subsections.

A.8.2.1 Industry Inspection Data used to Develop Initiation Model
The following plant inspection data for piping to nozzle DM welds fabricated from Alloys 82
and 182 were used in the Weibull initiation model development:
A-35

ProbabilisticAssessment Casesfor Alloy 82/1 82 Dissimilar Metal Welds in Primary System Piping

*

Pressurizer safety/relief nozzles, spray nozzles, surge nozzles;

*

Reactor hot leg piping surge nozzles, decay heat nozzles, drain nozzles, reactor vessel outlet
nozzles, steam generator inlet nozzles, and shutdown cooling nozzles;
*Reactor cold leg piping letdown drain nozzles, core flood nozzles, high-pressure injection
nozzles, reactor coolant pump (RCP) suction and discharge nozzles, inlet nozzles, and safety
injection nozzles.

Table A-5 shows the list of PWR piping DM welds in which indications of cracking were
detected that was used for this analysis. The data were compiled from industry documents
(primarily documents from the NRC website such as LERs) using Table E-1I of MRP-2 16 [24] as
a guide. Please note the following regarding Table A-5:
*

All of the data are for U.S. plants

*

No exhaustive effort was made to include all inspections of PWR piping DM welds that
resulted in no indications being reported. This conservatively results in a higher probability
of crack initiation than would have been the case if additional inspections were considered.

*The 20 welds given in Table A-5 were evaluated in detail and are considered either to be
representative of service-induced cracking or it was not possible to rule out the presence of
service-induced cracking (as opposed to fabrication-related defects, etc.). The remaining
nozzles without indications are treated as suspended items [ 10] in the Weibull analysis.
Size data for PWSCC indications presented in Table A-5 were collected from the following
sources:
*

Table B-I in MRP-216RI [24]

*

Licensee Event Reports to the NRC

*

Other documents from the NRC (such as ASME Code Section Flaw Evaluations, Special
Inspections, Issuance of Relief from Code Requirements, etc.)

Operating EFPYs at the time of inspection were taken from the EPRI steam generator
degradation database, and operating temperatures were based on various sources.
Some of the welds inspected were without indications of cracking and are treated as suspended
items. Specifically, a given weld that was found not to have any indications of cracking during
its most recent inspection is modeled to have been removed from the statistical population at the
time of the most recent inspection. The inspection data given in Table A-5 represent a summary
of the detected flaws, which are part of what is known as a censored sample. For a Weibull
distribution with a censored sample (i.e., failure data plus suspension data), it is necessary to
account for the suspension times within the data set. Using the censored data set, it is possible to
include the effect of the effective operating times of the uncracked components.

A.8.2.2 Weibull Fitting Procedure for Time of First Initiation
After adjusting the operating time data for the effect of operating temperature using the
Arrhenius adjustment, the values of the Weibull parameters, I3 and 0, were determined using a
maximum likelihood estimator (MLE) statistical procedure [10] fit to the PWR dissimilar metal
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weld experience. The MLE procedure is preferred over a least-squares fitting procedure in the
case that limited cracking experience is available.
For the particular case of a Weibull distribution with a censored sample (i.e., failure data plus
suspension data), the maximum likelihood estimates of the Weibull parameters ,8 and 9 may be
determined by simultaneously solving the following equations:

nZ

xflIn x,
=0

1 •lx___

_____

0"= - --j

[A-45]

[A-46]

where
f*=

maximum likelihood estimate of fi

0*

=

maximum likelihood estimate of 9

xi

=

operating time of componenti

n

=

number of components in the population

r

=

number of failures

Components censored at times t4 are assigned values Xr+-i=ti. Thus, the second term in Equation
[A-45] sums the logarithms of the failure times only. The values offl* and 0* may be found
using an iterative procedure.
A least squares fitting procedure may also be used to determine the values of the Weibull slope
and characteristic time parameters. This procedure consists of fitting the available data to the
linearized representation of the Weibull distribution (see Equation [A-47]) using a least squares
analysis.

In(-Iln(l - F))= fl In(t) - fl ln(9)
y

=

mx +

[A-47]

c

Specifically, a plot ofF versus t on a double log-log plot yields a line with slope /t. The value of
9 may then be determined using the values off? and the vertical intercept (referred to here as c)
obtained from the fit.
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A.8.2.3 Analysis Results for Time of First Initiation
Figure A-10 shows an example MLE Weibull distribution fit to the industry experience with DM
welds fabricated form Alloys 82 and 182 given in Table A-5. The failure and suspension times
were adjusted to a common reference temperature of 600°F (31 5°C) using a thermal activation
energy of 44.0 kcal/mole (184 ki/mole) (the mean value given in Section A.8.2. 10).
Table A-7 summarizes the MLE fit parameters of the Weibull analysis. Also included in Table
A-7 are the standard errors in the Weibull fit parameter, /8,and the vertical intercept of the
linearized model determined from the linear least squares fit (which is used to determine the
value of 0).
It is noted that for simplicity, the standard errors of the linear least squares parameters are
presented instead of the MLE parameter values. It is also noted that the standard error in the
vertical intercept of the linearized Weibull fit (referred to here as o-c) is presented because it is

used during runtime to account for the uncertainty in the value of the anchor point time,

th,

as

discussed later.

A.8.2.4 Uncertainty in First Initiation Time Weibull Slope
The uncertainty in the Weibull slope, /8, is modeled with a normal distribution having the mean
and standard deviation given in Table A-7. The mean was selected as the value calculated using
the MLE fitting procedure and for simplicity, the standard deviation was selected as the standard
parameter error determined using the least squares fitting procedure. Based on the similarity of
the Weibull slopes calculated using the two methods, this simplification is considered
reasonable.

A.8.2.5 Uncertainty in Anchor Point Time (ti)
Based on data presented in Figure A-I 0, a value of 0.01 was selected as the value of the arbitrary
failure fraction, F1. Figure A-10 shows that this failure fraction provides a reasonable
representation of the earlier failures observed in the field, which will provide a more realistic set
of Weibull curves defined by random sampling during the Monte Carlo analysis. That is,
appropriately selecting the value of F1 (which in combination with the Weibull slope and

characteristic life determines the mean value of the anchor point time,

ti)

will reduce the

probability that the initiation model will greatly under-predict or over-predict (relative to
observed plant experience) the initiation time of the first flaw during a given Monte Carlo
realization.
The value of ti is determined by solving Equation [A-30] for time at a failure fraction of F 1 and
the mean vales of the Weibull parameters, /3and 0, given in Table A-7.
Uncertainty in the anchor point time is incorporated for each Monte Carlo realization using the
following procedure:
*

Determine the characteristic time, 0, using the value of F1 and the deterministic values of/3

and t1 .
*

Determine the mean intercept parameter, c, using the deterministic value of/3 and the value
of 0 determined in the previous step.
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*Sample the value of c from a normal distribution using the mean intercept parameter

determined in the previous step and the standard error (o-2 ) given in Table A-7.
*Determine the anchor point time for the current trial using the sampled value from the
previous step and the deterministic value of/Lt

A.8.2.6 Uncertainty in the Multiple Flaw Weibull Model
As discussed in the modeling section, a second Weibull model is used to predict the initiation of
multiple flaws on a single component. The key inputs to this model are the Weibull slope and the
empirical stress exponent.
Based on analysis of laboratory data, an empirical stress exponent, n, of about 4 is often assumed
to describe the stress dependence of the initiation of PWSCC in Alloy 600 125]. For this study,
this exponent value is inherited for modeling PWSCC initiation in Alloy 82/182. A normal
distribution with a mean of 4.0 standard deviation of 1.0 is employed to incorporate the
uncertainties due to material and manufacturing disparities. A lower truncation bound of 0.0 is
used to prevent the unphysical trend of earlier initiation for lower tensile surface stresses.
The Weibull slope of the multiple flaw model, ,Ifi•, quantifies the rate at which flaws occur after
the initiation of the first flaw. An analytical data fitting procedure, as done for the first initiation
time model, was not considered appropriate to fit /3•q• given the modeling complexities involved

in sampling multiple flaw initiation times. Instead, a mean value of 2.0 was selected for ,8 Iqh.
This value has a precedent in probabilistic modeling of SCC in steam generators [25]. A normal
distribution with a mean of 2.0 and a standard deviation of 0.5 is employed to incorporate
uncertainties due to material and manufacturing disparities. A lower truncation bound of 1.0 was
selected to prevent a multiple flaw Weibull model in which the PWSCC initiation rate decreases
over all time.
A numerical experiment was run with a value of 2.0 for /3ji• in order to demonstrate the resulting
number of cracks per component, given the parameter and stress distributions discussed
throughout this Section A.8. Figure A-I11 depicts the resulting distribution of number of flaws in
components with at least a single flaw, at 20 EFPY, given an operating temperature of 625°F.
The average number of flaws at 20 EFPY, given that at least a single flaw exists, is 3.3.
Industry experience listed in Table A-5 shows that there have been up to five detected cracking
indications on a single hot leg DMW component, with the average close to 1.5 indications per
component with at least a single flaw. These values are regarded as low given the existence of
small cracks that have not been identified. Accordingly, the results given in the numerical study
are not considered excessively conservative.

A.8.2.7 Uncertainty in Flaw Orientation
Flaw orientation is not directly controlled with a probability distribution. Rather, the stress
adjustment together with the surface stress distributions dictates the ratio of flaw orientations.

A.8.2.8 Uncertainty in Initial Flaw Depth
The initial flaw modeled within the simulation is assumed to be of engineering scale. The initial
flaw is the result of both initiation processes and early growth processes (for which growth is
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driven by stress intensity factor). This approach bypasses the early stages of growth when
coalescence of micro-fissures is especially important. Moreover, the initiation predictions are
based on empirical plant experience for detected flaws, which are all of engineering scale, i.e., at
least 1 to 2 millimeters in depth.
A log-normal distribution with a median of 5% of through-wall was selected to model the
uncertainty in the initial flaw depth. The log-normal distribution conservatively provides greater
weight for the upper end of the initial depth distribution (i.e., a long tail). The 95% confidence
bound of the distribution was set to an initial depth of 9% through-wall. The log-normal standard
deviation was determined using the median and 95% confidence bound values specified above.
A lower truncation limit was defined to prevent the initiation of very small flaws for which the
stress intensity factor (based on the input distributions of the surface welding residual stress and
other sources of normal operating stress) would be significantly less than the lower bound of
stress intensity factors (about 20 MPa-m"/2 or 18 ksi-in"/2 ) evaluated in the laboratory studies
used to define the flaw propagation models given in MRP- 115 [11] for Alloys 82 and 182.
The sensitivity results section presents a study in which the flaw through-wall fraction
distribution is scaled down such that cracks initiate approximately 10 times smaller. This is
included to assess the potential effect on leakage probability of smaller cracks not being
identified during inspections prior to entering the relaxed inspection schedule after peening.

A.8.2.9 Uncertainty in Flaw Aspect Ratio
The distributions of the initial aspect ratios of axial and circumferential flaws were determined
from the population of in-service inspection data discussed in A.8.2. 1. The aspect ratio of a given
flaw was calculated by dividing its total length by its depth. These data were used to determine
approximate distributions of the axial and circumferential initial aspect ratios.
A log-normal distribution was selected to model the uncertainty in the initial aspect ratio of both
circumferential and axial flaws because they provide reasonable fits to the aspect ratio data given
in Table A-6. The parameter values defining these distributions are given in Table A-4.

A.8.2.10OUncertainty in Temperature Effect
Uncertainty in the apparent activation energy for PWSCC crack initiation is treated by defining a
distributed input. As shown in Table A-4, a normal distribution is assumed to describe the
uncertainty in the activation energy.
An activation energy of 209.4 kiJ/mole is a standard value applied for the initiation of PWSCC in
Alloy 600 components [26]. This value is based on evaluations of PWSCC in Alloy 600 steam
generator tubing [27]. A lower, experimentally determined value of 184.2 k J/mole (44
kcal/mole) was determined for Alloy 600 CRDM nozzle (i.e., thick-wall) material [28].
Activation energies ranging from 125.6 kJ/mole (30 kcal/mole) to 201.0 kJ/mole (48 kcal/mole)
were reported in a review of laboratory and field data [27]. Due to similarities in the
compositions of Alloy 82/182 and Alloy 600 wrought material, 184.2 kJ/mole was selected as
the mean of the distribution and the standard deviation was selected such that the 95%
confidence bound of the distribution would be 209.4 kJ/mole (50 kcal/mole).
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Table A-4
Summary of Inputs for DM Weld Initiation Model
1

Symbol

-Parameter

Description

Source

Units

Time at which failure fraction F1 is
reached

See Section A.8 2.5

EDY

oc

Standard error in intercept of
linearizedWeibull fit

See Section A.82.3

In(EDY)

Fl

Arbitraiy failure fraction selected to
define Weibull PWSCC initiation
function

See Section A.8.2.5

t

i

Weibull slope for PWSCC flaw
initiation
Number of circumferential locations
Ncakfor
crack initiation

Type

DMW Base Case

mean

11.40

stdev
min
max

0.304
3.14
41.10

... 030;4

tye
mean
See Section A.8.2.3

stdev

0...
.082 ..

min .. ..0.927 . ...
xLPR Pilot Study
type

SWeibull slope for PWSCC multiple
flaw initiation

0.0 10
Normal
1.419

Based on representative value for
formation of PWSCC at multiple
locations in industry SGs

stdev ......
min
max

Normal

0.5
1.0
5.0

Correlation coefficient between

PWSCC initiation and propagation
Pwcdd

rates for all cracks in Alloy 82/182

ixLPR

Input

~weld
pw.c

...... Correlation coefficient between
PWSCC initiation and propagation
rates for indicidual crack

xLPR Input

0.0

........
00.... .
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Table A-4 (continued)
Summary of Inputs for DM Weld Initiation Model

~Parameter
Symbol

Description

Source

Units

Type

'I
Thermal activation energy for
Q•PWSCC flaw initiation
to normalize
Rfrnetemperature
efer1060

PWSCC flaw initiation data
Exponent for surface stress
adjustment to initiation time

Initial depth assigned to newly
a°tinitiated
flaw

Initial aspect ratio assigned to newly
A~ic initiated circumferential flaw

Distribution based on laboratory data
and experience with Weibull analysis

m....tde

DMW Base Case

type:

....... ..mean ...
..
...
i

Normal
4403i
3.06.........
56 -

"-Temperature used to adjust flaw
initiation data: assessed in this report
Smean
EP.......T.............................1...0
ER R143

Based on expected performance of
UT inspection technique

Flaw initiation data from operating
experience
'•

4.0
te
min

.
0.0

type
Log-Normal
linear Ws
0 053
median
0.050
iog-no0rm g ......
3-0 ......
..............
035...........
mmn
max
.type

0.01
0.42
Lo8 --Normal

lmedrian
median•-•t

11.28
866....
i- .....
... 2..

min

0.110

type iLog-Normal

AR,=

Initial aspect ratio assigned to newly
initiated axial flaw

Flaw initiation data from operating
experience

o-omedia
ilo.g-norm i
mm

Smax
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Table A-5
Summary of PWSCC Experience in U.S. PWR Piping Nozzle Dissimilar Metal Welds

Plant
PlanA

Inspection
Operating Operating
Compenent
Time
Temap
0
TypR!elie
OEFPY
F}
Safety
23.1
653

PlantB
PlantC

Safety Relief
Saran

19.2
21.9

RelieflNote l)

Plant E

PJantF

Sarge..

10.0

.

Safety elief
Safety Relief

PlanF
Plant F

17.9
17.9
17.9

PlantA

H:Sarge

Plant A
PlaatH

tHLDrain
il LDrain

23.1
21.7

923.

Plant K
Plant L
PlanyM
PlantN
PlantlH
Plant J

RPV Oatlet
RPV Outlet
•RPVOatlft
SG Inlet
CL Drain
CL Drain

20.2
16.5
15.6
26,6
21.7
17.6

Largest Axial PWSCC Indication
Axial
Axial
Namber
Axial
Indication
Indication
Wall
of Axial Indication
Total
Axial
Aspect
Orientatio Thickness PWSCC
Depth
Length
Indicatton
Ratio
n
(in
Indications
a,
ir)
(2c0.60irn.
a/t
/2cm
Axal
1.3
1
0,10
8%
6110

653
653

Axial
Axial+Circ

1.40
1.5

I
1

653

Axal

0.89

643
653
653
653
597

Circ
Cis'c
Citec
Circ
Circe

04
1.5
1.3
1.4
.

597
597
601
...
605
605

Circ
Axial
Circ
Axial
.
.Circ

0.5
0.6
1.3
1.3

1.23
0.3!

0.40
0.50

88%
200'/

Namber
of Circ
PWSCC
m/aai

0.32
1.61

1

Lergest Circumaferential PWSCC Indication
Cire
Circ
Circ
Indication
Indication
Indication
Total
Circ
Aspect
Depth
Length Indication
Ratio
a in.
(2c, in)
a/t
2n/a

0.51

-3

33.00'

5.88

!2.62

621

Axial

2.9

621

Axial

7-2.5

620

Axial

4.66

555

Axial

0.6

Notes:
(1) PWSCC indicanon was located in heat affected zore of an Alloy 6(00safe enod.
(2) Indication reported to extend over the swidthof weld snmtl.
(3) Indication length not availahle

Table A-6
Summary of PWSCC Experience in U.S. PWR Piping Nozzle Dissimilar Metal Welds Used
to Define Initial Flaw Aspect Ratio
Inspection
Plant
Plant A

Operating

Operating Time
Comaponent Tycpe
(EFPY)
Safely Relief
23.1

PlantIC ............ t ge....
Plant
Spray
Plant F....
... Surge... ..
PlantF
Surge
Plant F
Safety Reltef
PlantF
Safety Relief

',Number

21.9.......
2653........C......c6
13.9
653
. 17.9 .....
... 653
17.9
653
17.9)
653
17.9
653

of

Wall Thickness
Orientation
(in.)
Axial
1.3

Tentp.
0
( F)
653

..

C rI.. .015.51....1........
Axial
0.89
.Cire
1.5
Circ
1.5
Circ
1.3
Circ
1.4

Indication

Indication Total

PWSCC

Depth

Indications
1

(a, inr)
0.10

Length
(2c. in.)
0.60

......

,

Pl.antA
PlantI1
Plant L

Huce
DecaylHeat
RPV• a~et

23.!
21.6
16...
65

597
601
621

Circ
Circ
Axial

1.6
1.3
2.9

I
1
2

P!at•M
Plant H

R1PV7atlel
CLflrain

15.6
21.7

621
545

Circ
Circ

--2.5
0.6

1
1

0.36
0.30
0.34

...
1.17
8.97
6.17
8.44
22.61

0.40
0.90
0.6

2.40
10.00
0.96

25.0%
68.6%
21%/

6.00
11.11
1.6

2.00
0.63

8%•
10%

10.00
11.21

.

3 (1) ..
3(2)
I
.....
1
,

Ratio
(2c/a)
6.00

. 333..
3.... . .......33_5.88. .
0.25
24%
4.03 . . ...31,0%
2.22
25.00/
2.51
22.5%/
7.69
25.8%
,

.-. 0.21

V.

Indication Aspect
Indication
a/I
8%

4.O•5 ,

0.20
0.06

,

Table A-7
Summary of Weibull Distribution Parameter Fitting Results for DMW Analysis
i
Fitting Method
Linarized LieasthSquare

i

p
1.32

iStandard Error in
0 (EDY) [

Weibull Slope

Standard Error in Vertical
,

Intercept (In(EDY))

33210.8
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Al mpetion dat adjusted to 600 F (Q -44 kcal/mole)

0.90

0.63
0.50

O020

U=

0.10

C.
0.05
II.

4.

0.02

0.01

0.005

0.002
0.001
0.10

1.00

10.00

100.00

1000.00

EDYs

Figure A-10
Example MLE Weibull Probability Distribution for Alloy 82(182 Piping to Nozzle Butt Welds
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70%

60%

-56.9%

50%

40%
30%
20%
7.2%-8.9%

10%

4.0%

2.7%

2.0%

1.5%

1.2%

0%
1

2
3
4
5
6
7
8
>8
Number of Flaws per Component with At Least a Single Flaw
(at 20.0 EFPY)

Figure A-11
Result for DM Weld Numerical Study: Distribution of Number of Flaws per Component with
at Least a Single Flaw
A.8.3 Crack Growth Model
The set of inputs for the PWSCC propagation model is described in Table A-8 at the end of this
section, including deterministic and distributed inputs. Various inputs are detailed in the
following subsections.

A.8.3.1 Empirical Growth Parameters
The general flaw propagation rate equation used in this study is given in Equation [A-40]. The

flaw propagation rate constant for growth in Alloy 82/182, aw•eld, is based on MRP-1 15 and is
taken as a deterministic input. Likewise, the stress intensity factor threshold and propagation rate
stress intensity factor exponent (for growth in Alloy 82/1 82) are based on MRP-1 15 and are
taken as deterministic inputs.

A.8.3.2 Growth Variation Factors
The uncertainty in the probabilistically calculated flaw propagation is principally characterized

by thef.weld andfww parameters in the MRP-1 15 flaw propagation rate equations described Section
A.5.3.

ThefIweld parameter is a common factor applied to all specimens fabricated from the same weld to
account for effects of the weld wire/stick heat processing and of weld fabrication. For this study,
the log-normal distribution fit to the weld factors for the set of laboratory test welds assessed in
MRP-1 15 is used (see Figure A-12).
A "within weld factor" (fvw) is included to describe the variability in flaw propagation rate for
different weld specimens fabricated from the same test weld. Log-normal distributions were
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developed and are shown in Figure A-13 to describe the variability inf~w observed for the data
generated in MRP-l 115. Thefww distribution describes the scatter in the flaw propagation rate
model that remains after all effects addressed by the model are considered including the
particularfwetd parameter calculated for each test weld.
Because there is a physical upper limit to the rate at which PWSCC crack propagation can
proceed, an upper truncation limit is applied when samplingfweld orfww. Thefwetd orfww upper
bound is set to the maximum of: the 9 5 th percentile of the respective distribution and the
maximum calculatedfwetd orf~w, respectively. The lower bound is imposed in a similar manner as
the minimum of the 5th percentile of the respective distribution and the minimum calculatedfweld
orf~w, respectively.
Note that when anf•~ factor is applied in addition to the fwetd factor, the product of the two
corresponding upper truncation limits proscribes the maximum flaw propagation rate that can be
applied within the flaw propagation model. That maximum flaw propagation rate is assured to be
greater than the maximum flaw propagation rate actually observed in any of the laboratory tests
used to develop the fweld andfww distributions when the conditions for each test are applied to the
applicable flaw propagation rate equation.

A.8.3.3 Uncertainty in Temperature Effect
The temperature dependence of the flaw propagation process is modeled using a thermal
activation energy. As shown in Table A-8, a normal distribution is used to describe the
uncertainty in the activation energy. The standard deviation assumed corresponds to 5 kJ/mole,
relative to the 130 kJ/mole mean activation energy value for PWSCC growth, and is based on the
range of PWSCC flaw propagation activation energy values reported by various investigators for
Alloy 600 wrought material [ 11 ].
A reference temperature of 61 7°F is chosen as the reference temperature for the crack growth
model. The uncertainty in the activation energy accounts for the uncertainty in the temperature
effect between 61 7°F and the operating temperature.

A.8.3.4 Correlation in Relating Flaw Initiation and Propagation
As discussed in A.5.3, it is generally accepted by PWSCC experts [l11] that components that are
more susceptible to PWSCC flaw initiation than other components tend to have higher flaw
propagation rates than those other components. The main challenge in correlating the time to
initiation and the flaw propagation rate in a probabilistic PWSCC assessment is that there is a
general lack of data with which to choose an appropriate correlation coefficient. In the absence
of data to select an appropriate correlation coefficient, this correlation is examined in a
sensitivity study. The correlation coefficient was therefore set to zero for the base case analysis.

A.8.3.5 Crack Coalescence Factor
Crack coalescence modeling requires a distance threshold at which coalescence occurs. In this
study, this threshold is modeled by some deterministic ratio of the maximum depth of the two
cracks for which coalescence is assessed (that ratio being l/Fcoaiescence). For the base case result,
the Fcoatescece parameter is inputted as an arbitrarily large number such that cracks must abut for
coalescence to occur.
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Table A-8
Summary of Inputs for DM Weld Flaw Propagation Model
Source
Description
Number of time steps per year for [ The value chosen provides sufficient
1/tcrack
size increment
iconvergence

Symbol

fweld

Weld-to-weld factor: common factor
applied to all specimens fabricated
from the same weld to account for
weld wire/stick heat processing and
for weld fabrication

Units
1/yr

Parameter'
Tye DMW Base Case
Type

m...rediJan
!00
1....
75%ile
1.49
log-norm i'
0.000
log-norm a
0.589...
min
0.313
max
2.64
ty...
pe
L•og-Normnal
linearnt
1.12
median
1.00

Fit to weld-to-weld variation data
from MRP-1 15

Within-weld factor: factor accounting
Fit to within-weld variation from
for the variability in crack growth
MRP- 115 data after normalizing for
f., rate for different specimens
weld-to-weld variation factor
fabricated from the same weld

min

Qg

Trefg

power law constant for Alloy 182
weld
Thermal activation ener•' for
PWSCC flaw propagation

Absolute reference temperature to
normalize PWSCC flaw propagation

~data

MRP-1 15

i
!

MRP-1 15

MRP-1 15
MRP-1 15

K i~,

Minimum allowable value for Ki

No technical basis for non-zero value

predicted considering the effect of

c....
rack closure

..

1.62E-07

0

R

Normaal..
.. .31!.07

. 20
1...

kcal/mole
min

Ki Stress intensity factor threshold

Flaw propagation rate equation
power law exponent for Alloy 82/182
weld
iRatio of maximum crack depth that
/F~o•,,•,• is used to evaluate the critical
separation distance for coalescence€
Flag indicating if crack growth will be

(in/hr)/
(ksi-in.°-5)iO
Lgp?;
mean

K116

b

0..481
03?09
3.24

.......
.FlaW propagation rate equation
a et

LgNra

23.90
38.24
1077

ksi-in.°-

0.0

ksi-in,°0.5

0.0

MRP-1 15

1.6

Set arbitrarily small such that
coalescence occurs only once two
.. ... cracks overlap.
..

1.0E-06

Crack closure effects are neglected
for base case

Flag indicating if cracks may grow in
Sub-surface balloon growth of crack
length without the effect of peening
conservatively
included for base case
stre sse s

Logical

FALSE

Logical

TRUE
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1.0
0.9
0.8
S0.7

•-0.5

=0.3

~)0.2
0.1
0.0
1.10.

0.1

Weld Facto r,fweld
Figure A-12

MRP-1 15 Weld Factor fweld Distribution [I1] with Log-Normal Fit for Alloy 82/182/132
1.0
0.9

I

0.8
.• 0.7

•-0.5
..

0.4

S0.2
0.1
0.0
0.1

0.1

1.10.

Within Weld Factor, f•.

Figure A-13
MRP-115 Within-Weld Factor fm., Distribution [11 ] with Log-Normal Fit for Alloy 8211821132
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A.8.4 Flaw Inspection and Detection Model
The set of inputs for the flaw examination models is described in Table A-9 at the end of this
section, including deterministic and distributed inputs. Various inputs are detailed in the
following subsections.
A.8.4.1 Examination Scheduling
As mentioned in the modeling section, UT inspection scheduling prior to peening for DM welds
is based on ASME Code Case N-770- 1 [ 19]. Accordingly, a UT inspection is simulated once
every three cycles for the RVON and once every four cycles for the RVIN. The first PDI

qualified UT inspection is modeled as occurring after the 14 th simulated cycle for the RVON and
after the 15 th simulated cycle for the RVIN. These dates correspond with the units that were used
to develop the operating timeline, and geometry inputs discussed in Section A.8.1.
In cases where peening is scheduled, the follow-up and in-service inspection intervals are varied
to generate comparative results. The follow-up interval is varied between 1, 2, or 3 cycles for the
RVON and between 1, 2, 3, or 6 cycles for the RV1N. The in-service inspection interval is varied
from 3 cycles (same as the unmitigated component ISI) to the total plant service life for the
RVON and from 4 cycles to the total plant service life for the RVIN.
A.8.4.2 UT Probability of Detection
The UT POD model for DM welds is described by Equation [A-44]. Based on the study of UT
qualification data published in MRP-262R1 [20], the uncertainty of the detection model

parameters,

/li

and /32, can be accurately captured using a bivariate normal distribution. The

distribution parameters for POD of DM weld cracking on RVONs from this study are given in
Table A-9. Note that these parameters are also applied for the RVIN case given that the two
nozzles have a similar geometry in Westinghouse plants.
As discussed in the modeling section, the study used to derive the UT POD curve discussed
above did not include axial cracks. Experience indicates a decreased capability to detect axial
cracks relative to circumferential cracks using UT. Accordingly, a deterministic reduction factor
of 0.8 is conservatively applied to the POD predicted by the model from MRP-262R1 [20] in
order to model detection of axial flaws by UT. This assumption is examined in a sensitivity
study, in which both axial and circumferential POD curves are decreased by an additional 20%.
A correlation coefficient relating the results of the next inspection to the results of the previous
inspection can be included to take into account the increasing likelihood of non-detection if a
crack has already been missed in a previous inspection. Because this value has not been
experimentally determined, a modest correlation coefficient of 0.5 is used for the base case input.
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Table A-9
Summary of Inputs for DM Weld Examination Model
Symbol

Description

Source

The through-wall fraction below

Pip Correlation coefficient for successive

Type

i

..

..

..

.. .. .

.. . . .

Conservative assumption

UT petp
POD model for 0th order logistic
1(B I)

equation parameter for Category B 1

Table 12-3 of MRP-262

ty.........
pe ..
.Normal ..
3.244

-mean.

components: RV Inlet and Outlet

.....

POD model for 1st order logistic

1•2(BI)

equation parameter for Category BI

Table 12-3 of MRP-262

1 (Bi)

I

Ifur,,ti
_________

B I component POD model

stdev

0.549

type

Normal

........... mean

components: RV Inlet and Outlet

Ip

DMW Base Case

moku test10

which the small-flaw contingency

..... ..... •PPO9 = 0) i used

Units

Smallest flaw size usedinU

.....
-ope,

te

... 1...
0-6.......
3
089

~Reduction

factor applied to POD
predicted from circumferential crack
detection data

[
See Section A.8.4.2

-•08

___________________

A.8.5 Effect of Peening on Residual Stress
The set of inputs related to peening considerations is described in Table A- 10 at the end of this
section, including deterministic and distributed inputs. Various inputs are detailed in the
following subsections.
A.8.5.1

Peening Application Scheduling

For both the RVON and RVIN base cases, the peening application is scheduled for the outage
coinciding with the second UT inspection. Given the first inspection times and inspection
intervals defined in Section A.8. 1.2, the time of peening application for the RVON is EOC 17
and the time of peening application for the RVIN is BOC 19.
A.8.5.2 Post-Peening Residual Stresses
The parameterized model for post-peening residual stress profiles are described in Equations
[A- 17] through [A-2 1].
For piping DM welds, the residual plus normal operating stress is modeled to remain
compressive for all wetted surfaces along the susceptible material, as defined in Section 4. Thus,
the peening compressive stress at the surface is set to result in a total (operating plus residual)
stress of zero at the circumferential location and for the principal stress direction with the
maximum operating stress.
The peening compressive residual stress depth for the DM weld ID is modeled with a normal
distribution. This distribution is given a mean of 1.0 mm (0.039 inch). This value is the minimum
allowable compressive residual stress depth defined in Section 4. A standard deviation of 0.25
mm (0.0 10 inch) is conservatively assumed. The non-realistic case of negative penetration depth
is prevented by using a lower truncation bound of 0.0 mm (0.0 inch).
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To define the transition from the compressive surface layer to the pre-peening stress profile, two
characteristic lengths are required (as detailed in Section A.3.3 and Figure A-3). The first length,

defines the distance from the peened surface to the point where the pre-peening WRS
profile is regained. The second length, x3,ppRs, defines the distance from the peened surface to the

x2,ppR,

point where the post-peening, stress-balanced WRS profile is regained. These lengths are defined
with deterministic ratios:
x••= flPP~sxl~PP•s[-8
x2pm= xP+
f2pp (x 3~,pps

-xlp•)[-8

These ratios were defined based on a review of the peening residual stress profiles in
MRP-267R1 [8]. Their values are given in Table A-8.
A.8.5.3 Thermal and Load Cycling
The base case probabilistic inputs do not include any stress relaxation effects; the peening
residual stress inputs are based on the bounding stresses permitted by the performance criteria of
Section 4 for the remaining service life of the component. The inputs described in this section are
used in a sensitivity case.
To estimate the stress relaxation occurring in a peened component over a plant service life,
experimental data monitoring residual surface stress measurements on a peened surface as a
function of time were analyzed. Specifically, measurements were available for three Alloy 182
specimens treated with WJP by Hitachi-GE [8]. These data are shown in Figure A-14.
To accelerate the stress relaxation, the experiments were performed at a temperature of 842 0 F
(45 00 C) for 1000 hr, which is much higher than typical component temperatures during
operation. This temperature and duration were converted to an equivalent operating time at
6250 F (329°C) using an Arrhenius relationship with an activation energy of 188 kJ/mol (44.9
kcal/mol), which corresponds to the lower bound of an activation energy range for creep of Alloy
600 in primary water determined by Was et al. [29]. This results in a total equivalent operating
time of approximately 59.5 EFPY at 6250 F (329 0 C).
After linearizing the exponential model defined in Section A.3.4, a best-fit value of the stress
relaxation exponent was calculated with linear least squares regression. A value of 5.1 ×x10. 3
EFPY-' was estimated. This results in a stress relaxation vs. time that is nearly linear between 0
and 80 years (77.6 EFPY).
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Specimen: Alloy 182
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Figure A-14
Experimental Data used to Estimate Thermal Residual Stress Relaxation Factor

A.8.5.4 Effect of Peening on Growth
For the base case probabilistic model results, growth of cracks is simulated without consideration
for crack closure. This effect is considered as a sensitivity case.
Also for the baseline results, full credit is given to growth of the length of a crack under the
peening surface. As discussed in Section A.5.5, this is done by using the "balloon" growth
approximation - neglecting peening stresses for the calculation of length growth. The "balloon"
growth approximation is lifted for a sensitivity study.
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Table A-10
Summary of Peening-Specific Inputs for DM Weld Model

~Parameter
Symbol

Description

Source
ShdldanetotgconiigRVON

Outage of peening application
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•.ps!
lyrfrom IDsurface

I

Type

RVN

f'ps

Fraction of depth between
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)

1
.
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.....
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.
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6...

..
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.
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17

e
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. .....
......
. ....
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00100
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.
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. ... ..
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..
.. .. .. .. .
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m

.
-

..

F~

..
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A.9 Results of Probabilistic Cases
This section presents results generated using the integrated probabilistic model described in
Sections A.2 through A.6, with particular focus on the prediction of the leakage criterion
described in Section A.7. Using the inputs described in Section A.8, this section presents
predictions for the RVON and RV1N base cases without peening mitigation (Section A.9.1) and
with peening mitigation (Section A.9.2).
Section A.9.3 presents the results of sensitivity studies wherein one or more inputs or modeling
methodologies were varied from those described in Sections A.2 through A.8. The aim of these
sensitivity studies is to demonstrate the relative change in the predicted leakage risk for a DM
weld component when an input or modeling assumption is varied.
The primary statistics used to assess and compare the results of the probabilistic model are
defined below:
*Incremental leakage frequency (ILF) is defined as the average number of new leaking reactor
vessel outlet/inlet nozzles per year. A simulated flaw causes leakage if it propagates through
the entire material thickness before it is detected and repaired. This statistic is derived for any
given operational cycle by averaging the predicted number of new leaking nozzles for that
operational cycle across all MC realizations. This is adjusted to a probability per year by
dividing by the number of calendar years per cycle.
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ILF - (Number of new leaks predicted during cycle across all realizations)
(Number of realizations)(Calendar years per cycle)

[A-49]

Average leakage frequency (ALF) is the time-average of the ILFs following the hypothetical
time of peening until the end of the operational service period of the plant. This statistic is
averaged over the number of MC realizations that are active (have not yet leaked) following
the hypothetical time of peening. Using this subset of realizations provides no credit to
realizations where the component leaks and is removed from the modeled population prior to
the hypothetical time of peening.
S(Number of new leaking nozzles predicted during cycle across all realizations)
ALF = ''"[-0

(Number of realizations)(Calendar years per cycle)(N~cyje

-impee)

where:
Ncycie

=

ipeen

=

number of cycles in operational service period
cycle number associated with the hypothetical time of peening

*Cumulative probability of leakage (CPL) is defined as the fraction of reactor vessel
inlet/outlet nozzles with a predicted leak across all active MC realizations across all cycles of
interest. This document reports two versions of this statistic: (1) cumulated from the start of
operation to a given cycle and (2) cumulated from the hypothetical time of peening to the end
of plant operation. When calculating the CPL after the hypothetical time of peening,
realizations in which leakage occurs prior to the time of peening are discarded and are not
included in the reported statistic.
CPL

-

(Total number of realizations with at least one predicted leak)[A5]

(Number of realizations)[A5]

These probabilistic results are used to compare the risk associated with peened welds examined
on a relaxed schedule versus the risk for unmitigated welds examined per the standard intervals.
This comparative approach has the advantage of minimizing any potential for bias introduced by
the various modeling assumptions.

A.9.1I Results for the Unmitigated Case
Using the inputs specified in Section A.8, predictions were made for the RVON and RVIN base
cases without any peening mitigation; leakage probability vs. time predictions are given in
Figure A- 16 and Figure A-I17, respectively. For these cases, inspections were scheduled based on
N-770-1 for unmitigated components.
For reference, the hypothetical time of peening is shown on these plots. As discussed in the
inputs section, this time of peening has been set to coincide with the second modeled UT
inspection. Between the hypothetical time of peening and 80 calendar years (77.6 EFPY), the
model predicts a cumulative probability of leakage of 1.5 x l 0-' for the RVON and 2.1 × 10.3 for
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the RVIN. These values will be important for assessing the performance of peening with respect
to leakage mitigation in the following section.

A.9.2 Results with Peening Mitigation
As discussed previously, a follow-up inspection is expected to be conducted either one, two,
three, or six cycles after peening, and after the follow-up inspection, a new in-service inspection
interval is expected to be utilized through the end of plant service life. Various combinations of
follow-up inspection time and in-service inspection frequency were used to make leakage risk
predictions after peening. These results are summarized in Figure A-18 and Figure A-19 for the
RVON and RV1N, respectively. It is emphasized that no surface examinations are modeled at the
pre-peening inspection for these results.
For both the hot and cold DM weld components, the predicted likelihood of cracks existing after

the pre-peening inspection is very low; less than 2.6× 10.
For the RVON, it was predicted that the cumulative probability of leakage after peening would
be reduced by a factor between 60 and 150, (compared to cumulative leakage probabilities on
same span of time for an unmitigated RVON), depending on the post-peening follow-up
examination and ISI scheduling. While there is some small trend with respect to follow-up time,
in general the degree of improvement is not significantly influenced by the follow-up time or the
1S1 frequency. The former is the result of the fact that most of the cracks that go undetected at the
pre-peening inspection are small, and accordingly grow slowly after peening (see deterministic
calculations that demonstrate this in Section 5.2); the latter is a result of the fact that nearly all
cracks are detected during the pre-peening or follow-up inspection and no new cracks are
expected to initiate after peening.
For the RV[N, it was predicted that the cumulative probability of leakage after peening is
reduced by a factor between 8 and 24, (compared to cumulative leakage probabilities on same
span of time for an unmitigated RVIN), depending on the post-peening follow-up examination
and ISI scheduling. This degree of improvement is smaller than that predicted for the RVON
because the inspection schedule for an unmitigated RVIN conservatively takes little credit for its
reduced temperature in comparison to that for hot-leg locations.
For both the RVON and RVIN peening base cases, the probability of leaking after the follow-up
inspection is very low, as can be seen in Figure A-16 and Figure A-17. Furthermore, Figure A-20
demonstrates the decaying nature of leakage probability vs. time after peening, for both the hot
and cold components with relaxed UT inspection intervals.

A.9.3 Results for Sensitivity Cases
Various sensitivity studies were conducted with the DM weld probabilistic model in order to
demonstrate the relative change in the predicted results given one or more changes to modeling
or input assumptions. Each sensitivity case has been classified as either a Model Sensitivity (in
which an approximated input or model characteristic is varied) or an Inspection Scheduling
Sensitivity (in which a controllable inspection option is varied). These sensitivity cases are
described in Table A-Il and Table A-12.
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Figure A-21I (RVON) and Figure A-26 (RVIN) compare the cumulative probability of leakage
from the hypothetical time of peening to end of plant operation for peened and unmitigated
components for Inspection Scheduling Sensitivity cases.
Figure A-22 through Figure A-25 compare the cumulative probability of leakage from the
hypothetical time of peening to the end of the operational service period of the plant for peened
(Figure A-22 and Figure A-23) and unmitigated (Figure A-24 and Figure A-25) RVON Model
Sensitivity cases, respectively. Figure A-27 through Figure A-30 provide the equivalent
comparison for RVIN cases.
All sensitivity cases for peened components result in a cumulative probability of leakage
substantially below that of the equivalent sensitivity case for an unmitigated component.
The cases of greatest interest are discussed below:
DMW Inspection Scheduling Sensitivity Cases 1 and 2: Skipping Pre-Peening or Follow-Up
UT Inspections
The base case included a volumetric (UT) inspection during the pre-peening examination, as well
as a follow-up inspection before entering a relaxed in-service inspection schedule. Under the
conservative assumption that no credit is taken for the required ET examinations, both the prepeening and follow-up inspections are key for detecting significant cracks before entering the
relaxed inspection schedule. Skipping UT follow-up examinations (Inspection Scheduling
Sensitivity Case 1) results in a CPL of 2.5x×10- 3 for the RVON and a CPL of 5.4x10-4 for the
RVIN. Skipping UT pre-peening inspections (Inspection Scheduling Sensitivity Case 2) results
in a CPL of 1.1 xl102 for the RVON and a CPL of 9.4x 10o-4 for the RVIN. These sensitivity cases
emphasize the importance of pre-peening and follow-up inspections, such that pre-existing
cracks of detectable size are corrected.
DMW Model Sensitivity Case 6 - Decreasing UT POD Curves by 20%
The base case POD curves shown in Figure A-9 are a conservatively modified version of the
POD model from MRP-262R1 [20], with a zero POD assumed for flaws less than 10% throughwall. This sensitivity study decreases both UT POD curves by 20%, which results in an increased
cumulative probability of leakage. The scaled POD curve results in a CPL of 4.5 x 10-3for the
peened RVON, a CPL of 1.9x10-1 for the unmitigated RVON, a CPL of 6.3x10-4 for the peened
RV1N, and a CPL of 3.7× 10-3 for the unmitigated RV[N. However, this sensitivity case results in
a maximum POD just under 80% for near-through-wall circumferential flaws, which is
significantly lower than the best-estimate POD curve derived from personnel and equipment
qualification data representative of NDE methods applied in the field. Furthermore, the POD
curve for axial flaws applied in this sensitivity case falls below the minimum detection rates
(between 0.68 and 0.82) defined in Appendix VIII of ASME Section XI [30] for specimens with
a mixture of circumferential and axial flaws.
DMW Model Sensitivity Cases 7 and 8

-

NB-3600 [31] Bending Loads

To study the effect of worst-case bending loads on leakage, the high and extreme loads
calculated with NB-3600 [31] equations were applied to RVON in DMW Model Sensitivity Case
7.
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The extreme bending load calculated using NB-3600 equations is approximately 90% larger than
the load used in the base case. These modified loads result in a CPL of 1.1 × 10- for the peened
RVON, a CPL of 1.*9x 10' for the unmitigated RVON, a CPL of 1.6x 10o-4 for the peened RV1N,
and a CPL of 2.6x 10-3 for the unmitigated RVIN. While this resulted in a modest increase in the
probability of the leakage for the unmitigated component, it counter-intuitively reduced the
probability of leakage for the peened component. This is partially due to the fact that the higher
bending results in faster crack growth prior to peening, and thus higher probabilities of detection
at the pre-peening inspection.
To compensate for this effect (in Model Sensitivity Case 8), a reduction factor is applied to ti of
the first crack initiation time model.
t•' = f,,[A-521
This results in earlier first crack initiation to counteract the reduction in the mean arrival time of
multiple crack initiation. The reduction factor is calculated to normalize the initiation times of
the extreme bending case:

a s

Ouurf,e~xtremesrfae[

-3

where 6 surf,base and asu~fexfreme are the nominal surface stresses at the point of maximum bending
for the base case and the extreme loading case, respectively. The modified loads and initiation
model result in a CPL of 3.2x(10-3 for the peened RVON, a CPL of 3.7x 10' for the unmitigated
RVON, a CPL of 5.7x×10-4 for the peened RVIN, and a CPL of 9.0× 10-' for the unmitigated
RVIN. This suggests that the faster rate of growth due to the larger bending load outweighs the
larger POD at the pre-peening inspection.
DMW Model Sensitivity Case 10: Time-Dependent Residual Stress Relaxation
As an alternative to the bounding peening performance criteria defined in Section 4, an example
peening surface stress was combined with a time-dependent residual stress relaxation for DMW
Model Sensitivity Case 10.
As demonstrated in Figure A-22, the relative change caused by applying this model was
negligible. The modified stress profile results in a CPL of 1.6x×10-3 for the peened RVON, and a
CPL of 2.2×x10- for the peened RVIN. Both of these results are statistically equivalent to the
respective peening base cases. This case shows that the results are insensitive to the assumed
stress profile.
DMW Model Sensitivity Case 13: Earlier Initiation of First PWSCC
This model sensitivity case explored the effect of shifting the initiation time model such that
initiations are predicted earlier in general. This provides an alternative approach to accounting
for the fact that the initiation model used for the base case was fit to data for detected cracks;
hypothetically, if undetected cracks could be included to fit the initiation model, the initiation
time distribution would be shifted toward earlier times. (On the other hand, some detections used
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to fit the initiation model may not reflect actual PWSCC.) Conservatively, the parameter tl of the
first crack initiation model, which quantifies the time at which 1% of DM weld components are
expected to initiate PWSCC, was reduced by a factor 3 for this sensitivity case.
The modified initiation model results in a CPL of 6.2x 10o-3 for the peened RVON, a CPL of
3.2x×10-' for the unmitigated RVON, a CPL of 1l.x 10-3 for the peened RVIN, and a CPL of
1.2x 102 for the unmitigated RV1N. This sensitivity case results in the largest CPL of all
modeling sensitivity cases for the mitigated RVON, mitigated RVIN, and unmitigated RVIN.
It is noted that cumulative probability of leakage for an unmitigated RVON, predicted at 23
EFPY, for this sensitivity case, was approximately 28%. This is a higher probability than
indicated by the incidence rate in U.S. PWRs.
DMW Model Sensitivity Case 15: Correlation of Initiation and Growth
DMW Model Sensitivity Case 15 explored the generally accepted tendency for cracks that
initiate earlier to grow faster; specifically it explored this tendency's impact on the leakage
probability predictions. This tendency is implemented by adding a negative correlation between

the time of first crack initiation on DM weld component, tref, and the weld-to-weld variation
factor,fveld, as well as between each multiple crack initiation time, tref,i, and the sampled withinweld variation, fww, , for each crack. The base case used zero correlation because cases in which
relative material susceptibility to both initiation and growth are available are rare, precluding
development of a proper correlation coefficient. Instead, this sensitivity case uses a
medium/strong (-0.8) correlation coefficient for the correlations described above.
Applying a correlation between initiation and growth results in a CPL of 7.7x10o-4 for the peened
RVON, a CPL of 2.7x 10' for the unmitigated RVON, a CPL of 1.2x 10o-4 for the peened RVTN,
and a CPL of I1.0x 10-2 for the unmitigated RVIN. For the peened component, adding correlation
results in a decrease in the probability of leakage after peening because it causes generally larger
cracks at the time of the pre-peening inspection which fosters detection before the relaxed
inspection scheduled. However, for the unmitigated component, adding correlation results in an
increase in probability of leakage because cracks that initiate during the operating lifetime of a
DM weld component are considered early (for the corresponding chemical and material
conditions) and thus grow faster.
DMW Model Sensitivity Cases 18 and 19: Reduced Initial Crack Depth
The base case inputs used to make predictions for the RVON assumed an initial crack depth with
a 5 th percentile of roughly 2 mm (3% TW), a median of 3.5 mm (5% TW), and a 9 5th percentile
of roughly 6 mm (9% TW). In reality, the initiation depth of PWSCC can be on the micro- or
nano-scale, arising from manufacturing processes, other forms of corrosion, cavitation, etc. The
rationale behind selecting a much larger initiation depth is that the initiation time model is based
on data for detected cracks, and so it does not account for micro- or nano-scale cracks, of which
there are likely many more incidences. Furthermore, the prediction of crack growth rate with the
methods presented in the modeling section is compromised as the depth of the crack to be
analyzed becomes smaller than approximately 0.1 mm.
Because of the importance of detection during the pre-peening and follow-up inspections, it may
be non-conservative to assume cracks with large initial depths. Such cracks may more easily be
detected at the pre-peening or follow-up inspections, resulting in fewer active cracks during the
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post-peening 151 schedule. DMW Model Sensitivity Cases 18 and 19 assessed this possibility by
using an initial crack depth distribution with a median depth 10 times less than that used for the

base case, resulting in an initial crack depth with a 5 th percentile of roughly 0.2 mm (0.3% TW),
a median of 0.35 mm (0.5% 1W), and a 9 5 th percentile of roughly 0.6 mm (0.9% TW). This is
investigated in combination with utilizing crack closure methodology (Model Sensitivity Case
18) and by applying a minimum Ki value (Model Sensitivity Case 19).
Applying a reduced initial crack depth and imposing a minimum stress intensity factor (Model

Sensitivity Case 19) results in a CPL of 2.8x1I0-3 for the peened RVON, a CPL of 1.*4x1I0-' for
the unmitigated RVON, a CPL of 4.8x 10-4 for the peened RVIN, and a CPL of 2.0× 10- for the
unmitigated RVIN. The reduction in initial depth with a minimum K1 results in increased leakage
likelihood for DMWs. Nonetheless, the leakage likelihood for peened DMWs with a relaxed inservice inspection schedule remains well below that predicted for unpeened components
inspected in accordance with the applicable requirements for unmitigated DMWs.
Applying a reduced initial crack depth and crack closure (Model Sensitivity Case 18) results in a
CPL of 3.1 xl10- for the peened RVON, a CPL of 1.*4× 101 for the unmitigated RVON, a CPL of
4.9x 10"4 for the peened RVIN, and a CPL of 2.0x 10o-3 for the unmitigated RVLN.
The application of the partial crack closure methodology with the reduction in initial depth has a
rather small effect on the leakage predictions. This is because pre-existing flaws are often
appreciably deeper (e.g., two times or more) than the surface region with reduced tensile stresses
induced by peening and therefore largely unaffected. Partial crack closure has been found to be
more important for deeper stress improvement methods like mechanical stress improvement.
DMW Model Sensitivity Case 25: Total Stress Compressive to Nominal Compressive
Residual Stress Depth
The base case, which models the peening performance requirements defined in Section 4,
includes a compressive total (residual plus operating) stress at the peened surface, and a
compressive residual stress at the nominal compressive residual stress depth of 0.04 in. (1.0
mm). DMW Model Sensitivity Case 25 investigates the effect of a compressive total (residual
plus operating) stress at the nominal compressive residual stress depth. To do so, this sensitivity
case is modeled by assigning a greater value for the compressive residual stress depth and a more
compressive peening surface residual stress compared to the base cases. The stress profile used
in this sensitivity case is compared to the base case peened stress profile in Figure A-i5.
Setting the total (residual plus operating) stress to be compressive from the surface to the
nominal compressive residual stress depth results in a CPL of 1.5 xl10. for the peened RVON,
and a CPL of 2.3 x10-4 for the peened RVIN. When compared to the base case results for the
mitigated components (a CPL of 1.6x 10o-3 for the RVON, and a CPL of 2.3 x 10-4 for the RV1N),
there is only a minimal reduction in the cumulative probability of leakage for this sensitivity
case. These results show that there would be very limited benefit to requiring a more
compressive stress effect than that specified by the performance criteria in Section 4.2.8.1 for
DMWs.
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Table A-Il
Description of Modified Inputs for DMW Model Sensitivity Cases
[Sensitivityi
[Case

Parameter
i

Ml1

Description
Reduce Operating Capacity Factor

Symbol

Units

CF

. ..

Reject trials with detectiona before
IVIL
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-
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40000........
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0
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0.0 10

Normal
0.039
0.020
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0.098
Normal operating plus
residual stress is zero ksi
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000.
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.
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t
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...
.. ..... ..
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1.242
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0 069
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_f y .....

SIncrease peening compressive
surface stress and penetration
depth

18

in -:kips
ini-kips

mean

Decrease effective load to match
Case C of ML 112 160169

MI1

16

0

stdev

mmn

M0 Include time-dependent stress
MIO
relaxation

0.92
0.92

0

-

max

M9

•iSensitivity Case Value

.....
.. 40000 . . ..... .
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.
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Table A-Il (continued)
Description of Modified Inputs for DMW Model Sensitivity Cases
Sensitivity
Case
i

M1

Description

Symbol

Increase initiation activation
energy to N-729-1 value

Units

0

k~l
kcalmole
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Type
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Table A-I12
Summary of Modified Inputs for 0MW Inspection Scheduling Sensitivity Cases
Sensitivity
Case

Description

Units

'•Parameter
Type
RVON

S1

Skip follow-up inspection and
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.2nd
RVIN
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_____
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Figure A-15
Post-Peening Total (Normal Operating Plus Residual) Axial Stress Profile for
Circumferential Crack in an Alloy 82/182 Reactor Vessel Primary Nozzle Butt Weld
Component (Azimuthal Position of Maximum Global Bending Stress)
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Prediction of Leakage vs. Time for RVON
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Prediction of Leakage vs. Time for RVIN
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Cumulative Probability of Leakage from Hypothetical Time of Peening to End of
Operational Service Period vs. ISl Frequency for a RVON
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Cumulative Probability of Leakage from Hypothetical Time of Peening to End of
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Incremental Leakage Frequency after Peening with Relaxed ISI Intervals
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Summary for Inspection Scheduling Sensitivity Results for RVON Probabilistic Model with Peening

A-66

Base Case

-U

ProbabilisticAssessment Casesfor Alloy 82/182 DissimilarMetal Welds in PrimarySystem Piping

1.E+0
Model Sensitivity Cases
M1 - Reduce Capacity Factor
M2 - Reject Trials w/Leaks Before Present Day
M3 - Halve Growth Integration Time Step
M4 - Remove Correlation for Successive UT Examinations
M5 - Linearly Extrapolate POD to Zero below 10% TWN
M6 - Decrease POD by 20%

1i.E-1

0)
_

Model Sensitivity Cases (Continued)
M7 - Increase Effective Load per NB-3600 Eq. 10
MB - M7 with Initiation Characteristic Time Offset
M9 - Decrease Effective Load per Case C of ML1 12160169
M10 - Include Time-Dependent Stress Relaxation
M1 1 - Double Standard Deviation of Peening Penetration Depth
M12 - Increase Peening Compressive Surface Stress and Depth

~'1.E-2
"•

"•--

)

"E4.5E-3

3.2E-3

•
a.1.6E-3

2.1 E-3
1.5E-3

1.65-3

1.5E-3

1.5E-3

M2

M3

M4

1231.6E-3

1.6E-3

1.33

Mll

M12

,•1.E-3

o•

1.E-4

1.E-5

,Base
Case

Mi

M5

M6

M7

M8

M9

M10

Model Sensitivity Case
Figure A-22
Summary of Model Sensitivity Results for RVON Probabilistic Model with Peening
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Figure A-23
Summary of Model Sensitivity Results for RVON Probabilistic Model with Peening (continued)
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Summary of Model Sensitivity Results for RVON Probabilistic Model without Peening
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Figure A-25
Summary of Model Sensitivity Results for RVON Probabilistic Model without Peening (continued)
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Summary for Inspection Scheduling Sensitivity Results for RVIN Probabilistic Model with Peening
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Figure A-27
Summary of Model Sensitivity Results for RVIN Probabilistic Model with Peening
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Figure A-28
Summary of Model Sensitivity Results for RVIN Probabilistic Model with Peening (continued)
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Summary of Model Sensitivity Results for RVIN Probabilistic Model without Peening
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Summary of Model Sensitivity Results for RVIN Probabilistic Model without Peening (continued)
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A.10 Conclusions Regarding Appropriate In-Service Examination
Requirements for DMWs in Primary System Piping Mitigated by Peening
The results of the probabilistic analysis of PWSCC on a general RVON support the relaxed UT
inspection schedules prescribed in Section 4 of this report. Specifically, the cumulative leakage
probability after the hypothetical time of peening is predicted to be reduced by:
*A factor of approximately 142 when the follow-up UT inspection is scheduled one cycle after
peening and subsequent UT inspections are scheduled every 10 years (every interval)
*A factor of approximately 97 when the follow-up UT inspection is scheduled two cycles after
peening and subsequent UT inspections are scheduled every 10 years (every interval)
The results of the probabilistic analysis of PWSCC on a general RVIN support the relaxed UT
inspection schedules prescribed in Section 4 of this report. Specifically, the cumulative leakage
probability after the hypothetical time of peening is predicted to be reduced by:
*A factor of approximately 11 when the follow-up UT inspection is scheduled two cycles after
peening and no subsequent UT inspections are scheduled after follow-up examinations are
performed
*A factor of approximately 12 when the follow-up UT inspection is scheduled three cycles
after peening and no subsequent UT inspections are scheduled after follow-up examinations
are performed
*A factor of approximately 9 when the follow-up UT inspection is scheduled six cycles after
peening and no subsequent UT inspections are scheduled after follow-up examinations are
performed
Many key input or modeling assumptions have been varied for Model Sensitivity Cases. While
the leakage probability predictions are shown to vary for many of these cases, no case negates
the prediction that a peened RVON or RVLN can maintain a lower probability of leakage with a
relaxed inspection schedule (as compared to the unmitigated component). This is due primarily
to the large margin of improvement predicted for the base cases.
Two Inspection Scheduling Sensitivity Cases investigate the impact of optional alterations to the
inspection schedule/scope. Inspection Scheduling Sensitivity Case 2 demonstrates the
importance of a pre-peening UT inspection.
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