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EXECUTIVE SUMMARY 

Software modules for calculation of crack initiation times are developed for incorporation into the 
eXtremely Low Probability of Rupture (xLPR) computational Framework that represents a 
cooperative development effort by the NRC and EPRI.  xLPR is a probabilistic assessment tool 
that can be used to directly demonstrate compliance with 10CFR50 App-A GDC-4.  This tool 
models the effects of both active degradation mechanisms and the mitigation activities that are 
being undertaken to combat this degradation.  

Both fatigue and primary water stress corrosion cracking (PWSCC) initiation mechanisms are 
included in the development.  Probabilistic crack initiation model forms are developed to 
accommodate field or laboratory initiation data, allowing functional dependency for conditions that 
are known to have a strong impact on initiation.  PWSCC crack initiation is modeled separately 
from fatigue crack initiation (i.e., the effects are not superimposed and there is no correlation 
between the two models). 

Each included initiation model determines an initiation time for a discrete volume of material and 
a specified crack orientation (axial or circumferential). This result is then applied by the framework 
through a discretization technique that enables the xLPR program to consider multiple crack 
initiation sites on a single weld.  Subsequent crack growth, coalescence, leakage and pipe rupture 
probabilities are then evaluated by the xLPR program. 

The crack initiation modules accept inputs for several initiation-relevant, potentially time-
dependent, surface area conditions (e.g., surface stress, temperature, water chemistry) and 
return the initiation times and location of each resulting initiated crack.  To provide generality and 
versatility for PWSCC initiation, three different models are available for the initiation time 
calculation under a fixed set of conditions: two direct models and a Weibull model. 

This report describes the activities performed by the xLPR Crack Initiation Sub-Group to develop 
software modules that perform the crack initiation calculations. The theoretical basis for each 
model is presented.  Software development, verification test plans and validation activities are 
summarized for each model.  In the final section of this report recommendations are made for 
future development efforts. 
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1. INTRODUCTION 

1.1 Subgroup Roles & Responsibilities 

The Crack Initiation (CI) models subgroup is responsible for selecting and implementing the 
models to predict probability of crack initiation incorporated into the eXtremely Low Probability of 
Rupture (xLPR) computational Framework.  Consistent with the range of applicability established 
for the xLPR code, the selected models are best-estimate, computationally efficient, widely 
accepted models that reliably represent available crack initiation data for pipe material 
degradation due to stress corrosion cracking (SCC) and fatigue.  The subgroup also provides 
clear descriptions and appropriate quantification of all sources of uncertainty in model parameters. 

1.2 Subgroup Objectives  

The primary objectives of the CI Subgroup are: 

• Define the analytical models necessary to predict the probability of crack initiation for 
PWSCC and fatigue damage mechanisms. 

• Develop the associated software code to perform the calculations.   
• Define the necessary test cases for use in verifying and validating coded crack 

initiation model performance. 
• Characterize model parameter and input value uncertainty.  
• Produce crack initiation model documentation. 

1.3 Models Under Auspices of Subgroup 

The CI Subgroup develops models for the fatigue and primary water stress corrosion cracking 
(PWSCC) initiation mechanisms.  Models for manufacturing defects and intergranular stress 
corrosion cracking (IGSCC) were considered for development but these mechanisms were 
ultimately excluded from the scope of the xLPR Version 2.0 program.  Treatment of micro-sized 
flaws before the existence of a flaw of engineering scale is not addressed in the current version 
of xLPR.  The reference depth assumed in this report for a flaw of engineering scale is 6 mm 
(Section 2.7).  Furthermore, model development is limited to initiation times and crack locations 
with guidance provided for initial crack sizes.  Subsequent crack growth, coalescence, leakage, 
and component failure are addressed by other xLPR subgroups. 

Probabilistic CI model forms are developed to accommodate field or laboratory initiation data, 
allowing functional dependency for conditions that are known to have a strong impact on initiation. 
For both PWSCC and fatigue, model parameters are fit to data with regression or calibration 
techniques.  These empirically based models are widely employed in industry applications 
(including nuclear) and have proven to be effective albeit in a limited capacity due to the highly 
variable nature of PWSCC and fatigue crack initiation.  Other phenomenological or mechanistic 
models that consider the microscopic nature of the initiation mechanisms are presently not 
appropriate for the treatment of initiation within xLPR given the relative complexity associated with 
the physical process and our current state of knowledge. 

The CI models developed for xLPR define a functional dependence of initiation time on the 
predominant drivers of fatigue or PWSCC initiation.  For PWSCC three different models are 
developed to address the significant level of modeling uncertainty associated with PWSCC 
initiation.  All three models include the effects of operational surface stress, operational 
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temperature, and zinc concentration on initiation time.  The Direct Model 2, discussed in 
Section 2.4.2, includes cold work and other mechanical properties while the Weibull model 
(Section 2.4.3) includes the subunit size in the calculation of initiation time.  For all three PWSCC 
models, each of these dependencies has a strong technical basis. Other dependencies that are 
not explicitly used are captured with model uncertainty. 

The fatigue initiation model developed in Section 2.4.4 is a strain based model that, in general, 
has many proven applications in industry for low cycle fatigue.  The model developed here for 
xLPR includes the effects of temperature, sulfur content, dissolved oxygen and strain rate in the 
form of an environmental parameter that is taken directly from NUREG/CR-6909 [14].  This model 
can be extended to high cycle fatigue with proper adjustment of the fatigue law parameters 
including the fatigue threshold. 

PWSCC crack initiation is modeled separately from fatigue crack initiation (i.e., the effects are not 
superimposed and there is no correlation between the two models).  Industry experience has 
shown that these two initiation mechanisms are generally observed separately at different 
locations and are caused by very different environments and loading conditions.  Since there is 
no clear technical basis defining the superposition of or the interaction between PWSCC and 
fatigue they are assumed to be independent crack initiation mechanisms.  
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2. SCC AND FATIGUE MODEL DESCRIPTIONS 

Fatigue and SCC initiation are modeled separately in xLPR and each is contained within a 
separate module that may be called by the Framework as needed.  The user selects whether one 
or both models are applied in a given simulation. 

2.1 Implementation Structure 

Each included initiation model determines an initiation time for a discrete volume of material and 
a specified crack orientation (axial or circumferential). This result is then applied by the 
Framework through a discretization technique that enables the xLPR program to consider multiple 
crack initiation sites on a single weld.  Subsequent crack growth, coalescence, leakage and pipe 
rupture are then evaluated by the xLPR program.  A brief description of this technique is included 
here as context for the specific fatigue and SCC model descriptions. 

Initiation within a single subunit: To accommodate multiple cracks on a single 
component/weldment, the xLPR program allows each component/weldment to be discretized into 
multiple subunits as shown in Figure 1. Initiation within each subunit (and subsequent growth) is 
simulated by the xLPR program. The fatigue and SCC CI modules are called at least once for 
each subunit (i.e., the CI modules are called “N” times to calculate initiation times for a component 
discretized into “N" circumferential subunits). 

 

Figure 1. Component circumferential segmentation into subunits. 

Initiation for a single orientation:  Each CI module is used to calculate initiation times for axial 
or circumferential cracks, but can only consider a single orientation each time it is called. They 
rely on the xLPR computational Framework to provide the surface stress input that is relevant for 
the appropriate orientation (i.e., axial stresses for circumferential cracks; circumferential stresses 
for axial cracks) and the selected subunit. For example, if both circumferential and axial initiation 
are selected by the user, the appropriate CI module must be called “2*N” times to calculate 
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initiation times for circumferential and axial cracks for a component discretized into “N" 
circumferential subunits. 

Other initial crack properties:  The CI modules calculate location and initiation time, but they 
do not calculate the initial crack-specific length and depth. These crack properties are sampled 
directly by the xLPR computational Framework based on the initial flaw length and depth 
distributions input by the user. Although not a direct attribute of the initiation models, the CI 
Subgroup provides guidance on the selection of these distributions. 

2.2 Model requirements for xLPR 

The CI modules accept inputs for several initiation-relevant, potentially time-dependent, surface 
area conditions (e.g., surface stress, temperature, water chemistry) and return the initiation time 
and location of each resulting initiated crack. The CI modules are called by the xLPR 
computational Framework to develop an array listing initiation times and locations for each 
subunit, orientation, and mechanism before entering the time-looping structure of the xLPR code. 

Prior to invoking the PWSCC or fatigue CI modules, the xLPR computational Framework partitions 
simulation time into intervals corresponding with changes in initiation-relevant operating 
conditions. For each call to the CI modules, a number of inputs and model parameters are 
required defining component and environment attributes for the subject subunit, some of which 
may be time-interval-dependent.  The computational Framework partitions distinct time intervals 
for each change in an operating load (e.g., operational pressure, operational temperature), 
residual stress or component thickness (which can be altered by surface stress improvement 
(SSI) or weld application), or zinc concentration.  The xLPR computational Framework performs 
the looping to select inputs and calls the CI modules for each subunit.  Figures 2 and 3 give 
illustrative examples of time interval partitioning applicable for the PWSCC and fatigue crack 
initiation modules respectively.  

 

Figure 2. Example of Time Interval Partitioning Required for Interfacing with the PWSCC CI Module 

 

Figure 3. Example of Time Interval Definitions Expected by the Fatigue CI Module 
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Both fatigue and PWSCC CI modules consist of an outer subroutine that is called by the overhead 
DLL wrapper code when the DLL is called in calculation mode. This outer subroutine coordinates 
the calculation of initiation time and location within a single subunit.  The calculation of initial crack 
location involves few operations. The calculation of initiation time requires a recursive procedure 
to account for conditions changing over sequential time intervals. Incremental damage is 
calculated for each discrete time interval (Figures 2 & 3) and a Miner’s rule type of approach is 
used to calculate cumulative damage over time. 

To provide generality and versatility for PWSCC initiation, three different models are available for 
the initiation time calculation under a fixed set of conditions: two direct models and a Weibull 
model. The outer subroutine is responsible for selecting inputs and calling the appropriate model 
(as specified by the user input Initiation Time Model Flag). Each initiation time model is 
implemented as a distinct code entity (e.g., a Fortran function or subroutine). 

Figures 4 and 5 provide schematics describing the PWSCC and fatigue CI modules respectively 
(with some interfacing requirements) where key code divisions are delineated with a boundary 
and key arguments are shown in shaded boxes. There are no specific requirements associated 
with these schematics; they are intended to be for information only. For instance, the looping and 
routing suggested in Figures 4 and 5 are not explicitly required. 
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Figure 4. Flow Diagram of the Version 2.0 xLPR PWSCC Crack Initiation Module and Key Interfacing 
Operations 
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Figure 5. Flow Diagram of the Version 2.0 xLPR Fatigue Crack Initiation Calculations. 
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2.3 Model Assumptions 
The assumptions made to support Crack Initiation model development are summarized here. 

Assumption Technical Support/ Reason 
for Assumption Implication 

PWSCC crack initiation is modeled 
separately from fatigue crack 
initiation, i.e., the effects are not 
superimposed and it is assumed that 
there is no interaction between the 
two models. 

Industry experience has 
shown that these two initiation 
mechanism are generally 
observed separately at 
different locations and are 
caused by very different 
loading conditions. There is 
no clear technical basis 
defining the superposition of, 
or the interaction between 
these two initiation 
mechanisms. 

The CI models developed for 
xLPR define a functional 
dependence of initiation time 
on the predominant drivers of 
fatigue OR PWSCC initiation. 
Other dependencies that are 
not explicitly used are 
captured with model 
uncertainty so this assumption 
is not believed to have any 
effect on the overall 
predictions of crack initiation. 

To accommodate multiple crack 
initiation sites on a single 
component/weldment, the xLPR 
program divides each 
component/weldment into multiple 
subunits and assumes a single crack 
initiates within each subunit. 

Industry experience shows 
that multiple cracks initiate at 
weld locations and 
coalescence into larger cracks 
during service. 

None. CI Modules replicate 
observed cracking behavior. 

All CI-specific conditions are 
assumed to remain constant within 
each time interval.  Distinct time 
intervals are defined for each change 
in an operating load (e.g., operational 
pressure, operational temperature), 
residual stress or component 
thickness (which can be altered by 
surface stress improvement (SSI) or 
weld application), or zinc 
concentration. 

To accommodate changes in 
initiation-relevant operating 
conditions, 

As many of these changes 
occur over time intervals that 
are relatively short when 
compared to the simulation 
plant lifetime, this 
discretization is expected to 
have minimal impact on pipe 
leakage and rupture 
probabilities. 

Miner’s Rule assumed to represent 
damage accumulation towards 
initiation. 

Miner’s Rule is well-
established method. 

None. 

Circumferential and axial cracks are 
assumed to behave independent of 
one another. 

Observed field cracking does 
not show a significant degree 
of interaction between axial 
and circumferential cracks. 

CI module is used to calculate 
initiation times for axial or 
circumferential cracks, but can 
only consider a single 
orientation each time it is 
called. 

PWSCC crack initiation is assumed to 
be dependent on surface stress and 
operational temperature for all three 
crack initiation models developed. 

It is widely accepted in the 
technical community that SCC 
is influenced by both 
temperature and surface 
stress 

None.  Any SCC initiation 
model needs to include both 
temperature and surface 
stress in the calculation of 
initiation times. 
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Assumption Technical Support/ Reason 
for Assumption Implication 

The Direct Model 2 crack initiation 
model further assumes that cold work 
and other mechanical properties 
influence crack initiation times. 

Test data and field 
experience show that cold 
work can influence initiation 
SCC times.  

Provides additional capability 
and flexibility to the initiation 
capabilities of the xLPR 
Code. 

The fatigue crack initiation model is 
assumed to be appropriately 
represented by a strain-based model 
suitable for low cycle fatigue 
applications with environmental 
effects limited to temperature, sulfur 
content, dissolved oxygen content 
and strain rate. 

The fatigue model leverages 
the development work 
documented in NUREG/CR-
6909. 

The NUREG/CR-6909 work 
represents the best available 
model for low cycle fatigue 
however questions remain 
about its capability to include 
high cycle fatigue behavior. 

Initiated cracks are assumed to be 
located on the center plane of the 
component/weldment. 

This assumption is necessary 
for subsequent crack 
coalescence calculations for 
circumferential cracks and 
results in both ends of axial 
cracks reaching base metal at 
the same points in time. 

The alternative approach to 
include random locations of 
cracks in the axial direction 
would require a three 
dimensional approach that is 
beyond the capabilities of the 
xLPR program. 

Axial cracks are assumed to have 
symmetrical axial growth. 

This assumption is necessary 
for axial cracks reaching base 
metal at the same points in 
time. 

Including different crack 
growth rates at each end of 
axial cracks would double the 
amount of tracking required 
by the xLPR framework with 
very little additional insight 
into rupture behavior 
expected as a result. 

Uncertainty characterization for the 
Direct Model 1 PWSCC crack 
initiation model is included by 
assuming the variables A and σth to 
be random variables. 

This is a common approach 
in probabilistic modeling and 
has been shown to provide 
accurate predictions of 
initiation times as compared 
to laboratory data. 

Keeps probabilistic initiation 
models simple and accurate. 

Similar to the treatment of uncertainty 
in the Direct Model 1 crack initiation 
model, uncertainty characterization 
for the Direct Model 2 PWSCC crack 
initiation model is included by 
assuming the proportionality constant 
B to be a random variable. 

This is a common approach 
in probabilistic modeling and 
has been shown to provide 
accurate predictions of 
initiation times as compared 
to laboratory data. 

Keeps probabilistic initiation 
models simple and accurate. 

Uncertainty characterization for the 
Weibull PWSCC crack initiation model 
is included by assuming the Weibull 
slope and adjusted scale parameters 
are random variables.  Additionally 
there is uncertainty in the vertical 
intercept parameter, c. 

This is a common approach 
in probabilistic modeling and 
has been shown to provide 
accurate predictions of 
initiation times as compared 
to laboratory data. 

Keeps probabilistic initiation 
models simple and accurate. 
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Assumption Technical Support/ Reason 
for Assumption Implication 

Uncertainty in the fatigue crack 
initiation model is included by 
considering Co and ε∞ to be normally 
distributed random variables. 

This is a common approach in 
probabilistic modeling and has 
been shown to provide 
accurate predictions of 
initiation times as compared 
to laboratory data. 

Keeps probabilistic initiation 
models simple and accurate. 

 

2.4 Model Development 

Three different models are developed for the PWSCC initiation time calculation under a fixed set 
of conditions: two direct models and a Weibull model.  A separate fatigue initiation model is also 
developed.  The development of these four models including the technical basis, mathematical 
descriptions and data used are described here. 

2.4.1 PWSCC Direct Model 1 

Direct Model 1 calculates initiation time directly as a function of temperature and surface stress. 
Multiple parameters are available to allow calibration to data. These parameters include 
uncertainty to capture scatter in the data. Direct Model 1 calculates initiation time for a fixed set 
of conditions in accordance with Equation [2-1] when the surface stress (σ) is greater than or 
equal to the threshold stress parameter [1] [2] [3]: 

/

,

1 Q RT n
th

INI nom

Ae
t

σ σ σ−= ≥

 

[Eqn. 2-1] 

where 

 

For Direct Model 1, if the surface stress is less than the stress threshold parameter, no damage 
accumulates (i.e., a crack does not initiate under the fixed conditions). 

The value and uncertainty characterization of A and σth is estimated by calibration to literature 
data or industry experience (e.g., rates of detection, leakage, etc.) for a specific group of 
component types or materials. The temperature and stress effects defined by Q and σth may also 
be estimated from controlled laboratory studies. As demonstrated in Figure 6, uncertainty in A 
and σth leads to randomness in the time to initiation versus surface stress relationship. 
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Figure 6. Example of Statistical Treatment of Initiation Time with Direct Method 1 

Calibration of Direct Model 1 (and the other two PWSCC initiation models) may require flexibility 
in the number of subunits (Nsubunit) or the initial crack depth distribution. These can be varied with 
the other model parameters described above to meet calibration metrics such as average time to 
leakage.  Direct Model 1 does not include a term to normalize for the number of subunits (i.e., for 
the wetted surface area). Accordingly, the parameters (namely the proportionality constant) vary 
depending on the number of subunits used for discretization of the component. 

The recommended default inputs for Direct Model 1 for Alloys 182/82/132, which represent an 
input set that should only be modified concurrently, are given in Reference [4] and reviewed in 
Section 3.2.2. These inputs are based on a comprehensive calibration study that considered both 
laboratory and field data in an effort to optimize predicted SCC initiation times for xLPR 
evaluations to best represent that data.  This calibration is applied to all three PWSCC initiation 
models.  Recommended inputs for the Direct Model 1 resulting from the calibration study are 
described in Section 3.2.2. 

2.4.2 PWSCC Direct Model 2 

Direct Model 2 is based on model development documented in EPRI 1019032 [5] and validation 
documented in EPRI 1025151 [6].  It calculates initiation time directly as a function of temperature, 
surface stress, level of cold work (CW), and other mechanical material properties. Multiple 
parameters are available to allow regression of data. These parameters include uncertainty to 
capture scatter in the data.  
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For Direct Model 2, the threshold stress is calculated in accordance with Equation [2-2]. If the 
surface stress is less than the stress threshold, no damage accumulates, i.e., a crack does not 
initiate under the fixed conditions. 

( )1 2 ln
th ys

ult

ys

z

z z z

σ σ

ξ
σζ
σ

=

= +

=

 

[Eqn. 2-2] 

where 

1 2

local yield stress (input)
local ultimate stress (input)

, Direct Model 2 CW-SCC threshold parameters (input)
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z z
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=
=  

For Direct Model 2, the maximum stress is calculated in accordance with Equation [2-3]. If the 
surface stress is greater than the maximum stress, a crack initiates immediately at the start of the 
time interval [5]. 
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[Eqn. 2-3] 

where 

, Direct Model 2 cold work microcracking resistance parameters (input)v w=  
If the surface stress is greater than or equal to the threshold stress defined in Equation [2-2] and 
less than or equal to the maximum stress defined in Equation [2-3], Direct Model 2 calculates 
initiation time in accordance with Equation [2-4]  

/
, lnQ RT

INI nom

ys

D zt BGe
zσ

σ

 
 − =
 − 
 

 

[Eqn. 2-4]

where intermediate values are calculated per Equations [2-5] through [2-9] 
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[Eqn. 2-5] 

wD v e ζ⋅= ⋅  [Eqn. 2-6] 
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( )1 2 lnz z z ζ= +  [Eqn. 2-7] 
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and 
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The model parameters and their uncertainty characterization are estimated from calibration to 
literature data or industry experience for a specific group of component types or materials. The 
temperature effect defined by the activation energy and the cold-work effects defined by various 
other model parameters may also be estimated from controlled laboratory studies. 

Like Direct Model 1, calibration of Direct Model 2 may require flexibility in the number of subunits 
(Nsubunit) or the initial crack depth distribution.  

Like Direct Model 1, Direct Model 2 does not include a term to normalize for the wetted surface 
area of a subunit. The model parameters (namely the proportionality constant) may vary 
depending on the number of subunits used to discretize the component. 

The recommended default inputs for Direct Model 2 for Alloys 182/82/132, which represent a set 
that should only be modified concurrently, are given in Reference [4] and reviewed in Section 
3.2.3. 

When using xLPR the responsibility is with the user to monitor the frequency (i.e., per realization) 
with which the upper stress threshold is exceeded.  If this condition occurs at a frequency 
exceeding the user’s desired lower level of risk prediction precision, the user should a) use Direct 
Model 1 or the Weibull model instead or b) verify the validity of the utilized upper stress threshold 
relationship and then run sensitivity cases varying the number of subunits (See Section 4.3 for 
further discussion). 
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2.4.3 PWSCC Weibull Model 

The Weibull Model calculates initiation time by sampling from a Weibull distribution with 
parameters that are a function of temperature, surface stress, and number of subunits. Multiple 
parameters are available to allow regression of data. These parameters include uncertainty to 
capture scatter in the statistically estimated parameters. 

General Weibull model regression analysis is detailed in Reference [7]. Weibull model parameters 
typically are estimated using the log-transformed variation of the Weibull cumulative distribution 
function given in Equation [2-10]: 

( )( ) ( ) ( )ln ln 1 ln ln
            =        +    

F t

y x c

β β θ
β

− − = −

 
[Eqn. 2-10] 

where 

cumulative distribution function
time
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"vertical intercept parameter"
general independent variable used in regression
general dependent v
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=
=
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=
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Estimation with the model form in Equation [2-10] results in parameter estimates (including 
uncertainty quantification) for the Weibull slope (β) and the “vertical intercept parameter” (c). 

In addition to being used for the estimation described above, data may also be used to reliably 
quantify a pivot point defined by a) a time and b) the fraction of components with initiations having 
occurred by that time. A pivot point is used in Weibull modeling to preserve agreement with data 
when including slope uncertainty. Without an explicitly defined and modeled pivot point, 
uncertainty in the Weibull slope can result in large deviations between the model and the available 
data.  

To support the estimation approaches typical of Weibull model regression, the Weibull Model 
function described herein incorporates a pivot point, a fitted Weibull slope distribution, and a fitted 
vertical intercept uncertainty. A similar approach was used for modeling in References [8] and [9]. 

For the Weibull model, if the surface stress is less than or equal to zero, no damage accumulates 
(i.e., a crack does not initiate under the fixed conditions.) 

Within the Weibull Model function, the random vertical intercept parameter is defined as the sum 
of, a) the vertical intercept predicted from the pivot point using the best-fit Weibull slope and, b) 
the vertical intercept uncertainty (i.e., per Equation [2-11]): 
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[Eqn. 2-11] 

where 

1

1

ˆ best fit Weibull slope (input)
pivot time (input)
percent of components with flaw at pivot time (input)
vertical intercept error (input)c
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ε

=
=
=
=  

The best-fit Weibull slope is calculated by the Computational Framework from the user-defined 
Weibull slope input. 

The Weibull Model calculates the reference Weibull scale parameter in accordance with 
Equations [2-11] and [2-12], if the surface stress is greater than zero: 

[ ]exp /ref cθ β= −  [Eqn. 2-12] 

where 

random Weibull slope (input)β =  

The Weibull Model adjusts the reference Weibull scale parameter for temperature, surface stress, 
and number of subunits (i.e., a proxy for wetted surface area) in accordance with Equation [2-13] 
if the surface stress is greater than zero:1 

( )1/1 1exp
n

subunit ref
ref ref

Q N
R T T

βσθ θ
σ

−    
= −              

[Eqn. 2-13] 

where 

                                                 
1 Applying the temperature, stress and wetted surface area adjustments to the scale parameter is 
functionally the same as applying them to the sampled initiation time. 
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temperature (input)
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number of subunits (input)
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=

=
= emperature and stress parameters (inputs)

 
The Weibull Model determines the initiation time within the subunit by sampling from the Weibull 
distribution defined by the random Weibull slope and the adjusted Weibull scale parameter of 
Equation [2-13] in accordance with Equation [2-14], if the surface stress is greater than zero: 

( )( )( )1/
, lnINI nom INIt U

βθ= −
 [Eqn. 2-14] 

where 

, initiation time under fixed set of conditions (output)
uniform random seed used to sample Weibull distribution (input)

INI nom
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t
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=
=  

As mentioned above, Reference [7] provides details regarding regression of a Weibull distribution 
including the consideration of censored or suspended data (which allow credit for lack of failure 
up to some point in time (e.g., an inspection) without giving credit for lack of failure after that time).  

The recommended default inputs for the Weibull model for Alloys 182/82/132, which represent a 
set that should only be modified concurrently, are given in Reference [4] and reviewed in Section 
3.2.4. 

As an overview of all three PWSCC CI models, Figure 4 provides a flow chart of the PWSCC 
crack initiation module as given in the SRD for CI SCC [10].  The flow chart identifies those 
calculations to be performed by the SCC CI module, which returns initiation times for each subunit, 
and those performed by the xLPR Framework, that performs Monte Carlo Simulation and makes 
the necessary transient load inputs available to the SCC CI module.  

2.4.4 Fatigue Initiation 

Fatigue Crack Initiation calculations in xLPR are based on probabilistic fatigue life curves similar 
to those developed by Argonne National Laboratory (ANL) [11, 12, 13 and 14].  These 
relationships are incorporated into the pc-PRAISE probabilistic fracture mechanics code [15] and 
have been applied to fatigue initiation studies of LWR components by Pacific Northwest National 
Laboratory (PNNL) [16 and 17].  The probabilistic fatigue life curves from ANL [11, 12, 18 and 19] 
are written as; 

 ∞+= εε ba N
B  [Eqn. 2-15] 

where B is a scaling parameter in the general strain-life relationship.  
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Alternatively, this is expressed as; 

 
)ln()ln()ln()ln(1)ln( CalLoadSurfaenvo FFF

b
CCN −−−−−+= ∞εε

, [Eqn. 2-16] 

where, 

N = Number of cycles to fatigue crack initiation 
Co = Low-cycle fatigue variable (normal distribution) 
Cenv = Deterministic environmental variable 
b = Slope of low-cycle fatigue (material-dependent constant) 
εa = Strain amplitude 
ε∞ = Strain endurance limit (normal distribution) 
Fsurf = Factor capturing effects of surface finish (log-normal distribution) 
Fload = Factor capturing the uncertainty in the loading history (log-normal distribution) 
Fcal = User-defined factor used to calibrate the fatigue crack initiation model to match 
empirical component data or other user requirements (constant or log-normal distribution) 

The probabilistic aspect is introduced in Equation [2-16] by considering Co and ε∞ to be random 
variables.  The strain amplitude, εa, is one-half the peak-to-peak strain value and ε∞, is the 
endurance limit strain.  The terms Co and ε∞ are assumed normally distributed.  Cenv is a 
deterministic environmental term dependent on temperature, oxygen content of the coolant, sulfur 
content of the material and strain rate.  Variability associated with surface finish and loading 
sequence is captured in the factors FSurf and FLoad which are assumed to be log-normally 
distributed. 

Figure 5 provides a flow chart of the fatigue crack initiation module as given in the Software 
Requirements Document (SRD) for CI fatigue [20].  Figure 5 identifies those calculations to be 
performed by the fatigue CI module, which returns initiation times for each subunit, and those 
performed by the xLPR Framework, that performs Monte Carlo Simulation and makes the 
necessary transient load inputs available to the fatigue CI module.  

2.5 Calculating Initiation Times over Multiple Time Intervals 

When calculating initiation times over multiple time intervals, like those shown in Figures 2 and 3, 
incremental contributions to total damage are summed over successive intervals until the interval 
that causes damage to exceed unity is identified.  This calculation uses a Miner’s rule approach 
to accommodate changing operating conditions. Initiation times under fixed conditions are 
calculated for each time interval (tINI,i) and used to calculate cumulative damage until the 
cumulative damage becomes greater than or equal to unity, which indicates that initiation occurs.  
The partial damage in that interval required to bring the total damage to unity is then used to 
calculate the initiation time.   

The following bulleted requirements pertain to the calculation of cumulative damage (D): 

• The cumulative damage shall be zero before the first time interval since the 
calculations are for virgin material. 

• Cumulative damage shall be updated for each time interval by adding the incremental 
damage (Di) of the time interval. This shall be repeated, beginning at the first time 
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interval and proceeding in ascending order without skipping a time interval.  For 
instance: 

1
i

i
D D

=

=
 

[Eqn. 2-17] 

• If cumulative damage becomes greater than or equal to one, no further summation 
shall occur (i.e., damage from later cycles shall not accumulate).  The interval at which 
this occurs is herein referred to as the initiation interval. For instance, if this occurs at 
interval m, then: 
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= =

< ≤  [Eqn. 2-18] 

• The initiation time in interval m, is linearly interpolated using the damage at the 
beginning and end of the initiation interval and the time at the beginning and end of the 
initiation interval, in accordance with Eq [2-19]: 

 
( )

1

1
1 1

1
m

m
INI i m

i m m

tt t D
D D

−

−
= −

Δ= Δ + −
−

 [Eqn. 2-19] 

• If cumulative damage remains less than unity after summing the incremental damage 
of all time intervals, no further summation shall occur.  This condition means that no 
initiation occurs within the simulated component lifetime.  

For PWSCC, incremental damage for a time interval is calculated in accordance with Equation 
[2-20]: 
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[Eqn. 2-20] 

where 

•
,

duration of time interval  (input)
initiation time under conditions of time interval  (calculated)
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=

For fatigue, incremental damage for a time interval is calculated in accordance with Equation 
[2-21]: 
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j
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,σ  [Eqs.. 2-21] 

where   
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NL = number of loads in each interval 
nj = number of applied cycles per year for each load “j” 
Nj(σa,j) = allowable cycles for the load “j” with stress amplitude σa,j  

Use of Equation [2-21] requires the stress amplitudes be converted to strains using a suitable 
modulus of elasticity and Nj(σa,j) is the cycles to initiation for the stress amplitude σa,j, which is 
determined from Equation [2-16] for a given probability.   

The flow charts in Figures 4 and 5 detail how these calculations are completed for multiple time 
intervals for PWSCC and fatigue initiation times respectively.   

2.6 Crack Locations 

The circumferential location of the crack (in radians) is determined by sampling uniformly over the 
circumferential bounds of the current subunit.  All locations returned are between 0 and 2π.  

The following conventions are used for defining subunit bounds when calculating crack locations:  
All subunits have the same length in radians (as determined by the number of subunits input, 
Nsubunit). Subunit 1 is centered at zero radians, defined as the top dead center of the weld.  Each 
subunit after subunit 1 has one of its bounds coincidental with the bound of the previous subunit. 
No subunits have finite overlap.  

The axial location of circumferential and axial cracks is assumed to be at the weldment center. 
This assumption is not conveyed by an output of the module but instead is exploited directly by 
the xLPR computational Framework when needed. For instance, this assumption requires that all 
circumferential cracks lie on the same circumferential plane, which is necessary for coalescence 
or stability modeling.  Also, this assumption for axial cracks, under a separate assumption of 
symmetrical axial growth, guarantees that axial crack tips (growing in the crack length direction) 
encounter base metal at the same time. 

2.7 Initial Crack Size Distributions 

As discussed earlier, the CI Subgroup provides guidance on the selection of the initial crack size 
distributions to be employed in the xLPR Framework.  Treatment of micro-sized flaws before the 
existence of a flaw of engineering scale is not addressed in the current version of xLPR.  The size 
distributions of initial crack sizes are defined for the crack depth “a” and half crack length “b”.  
During sampling when the sampled value of “b” is less than “a”, then “b” should be set equal to 
“a”. A summary of these initial crack size distributions as defined in the SRDs for CI-SCC [10] and 
CIF [20] are given here.  

For initial PWSCC crack sizes, the recommended distribution of both “a” and “b” is lognormal with 
the following distribution parameters. 

Crack depth “a”:  μa = 6.5 mm;  σa = 0.35 mm 
Crack length “b”  μb = 5.34 mm;  σb = 0.8 mm 

For initial PWSCC crack depth the distribution includes a lower truncation limit of 0.5 mm.   

For initial fatigue crack sizes, the recommended distribution of both “a” and “b” is lognormal with 
the following distribution parameters. 
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Crack depth “a”:  μa = 3.0 mm;  σa = 0.05 mm 
Crack length “b”  μb = 8.608 mm; σb = 4.849 mm 

Additional discussion of these recommended distributions and associated parameters is 
contained in the respective SRDs. 

2.8 Quantification of Uncertainty and Conservatism 

Uncertainty characterization of the different CI models is included by assigning appropriate 
statistical distributions to some of the parameters used in the model definition.  This section 
provides a summary of how the uncertainty characterization is applied to each CI model defined. 

With regard to potential crack initiation model conservatism due to any non-realistic biases, 
information is provided as follows: 

• The fatigue CI models are best estimates of the laboratory data in air [21]. 

• The fatigue CI model correction factors for actual plant operation are believed to be 
conservative, but there is insufficient data to quantify it at this time [21]. 

• All three CI models for PWSCC have been calibrated against all applicable data to be 
best-estimate with no additional conservatism [4, 22].  

2.8.1 Quantification of Uncertainty in the PWSCC CI Models 

Uncertainty characterization for the Direct Model 1 PWSCC CI model is included by considering 
the variables A and σth to be random variables. The statistical distributions of A and σth are 
estimated by calibration to literature data or industry experience (e.g., rates of detection, leakage, 
etc.) for a specific group of component types or materials. Additionally, A may exhibit some within-
heat variation. The temperature and stress effects defined by Q and σth are also estimated from 
controlled laboratory studies.  Specific values for these parameters are provided in Section 3.2.2. 

Similar to the treatment of uncertainty in the Direct Model 1 CI model, uncertainty characterization 
for the Direct Model 2 PWSCC CI model is included by considering the proportionality constant B 
to be a random variable.  The parameter value and uncertainty characterization is estimated from 
calibration to literature data or industry experience for a specific group of component types or 
materials.  Additionally, B may exhibit some within-heat variation. Specific values for the 
proportionality constant, B, are provided in Section 3.2.3. 

For the Weibull model uncertainty is included in the initiation time by sampling from the Weibull 
distribution defined by the random Weibull slope and the adjusted Weibull scale parameter of 
Equation [2-13] in accordance with Equation [2-14], when the surface stress is greater than zero.  
Additionally there is uncertainty in the vertical intercept parameter, εc.  Specific values for these 
random variables are provided in Section 3.2.4. 

In lifetime prediction using the Weibull distribution [7] it is commonly noted that the slope 
parameter, β, is best associated with the physics of a failure mode, while the characteristic life or 
scale parameter, θ, is best associated with severity of application within that failure mode.  This 
implies that physically, the Weibull parameters β and θ maybe two independent parameters.  
However, in application for xLPR version 2, where the Weibull model parameters are calibrated 
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to operating experience, there is not enough information to develop independent numerical 
estimates of β and θ; a strong correlation exists between the numerically estimated Weibull 
parameters (i.e., β and c in the xLPR Version 2 Weibull model form) due to the paucity of data.  
The xLPR Version 2 framework includes a correlation term between β and c to properly capture 
this effect. 

A more detailed treatment of the uncertainty characterization of the PWSCC initiation models is 
provided in the Vertical Slice document for PWSCC initiation included here as Attachment A. 

2.8.2 Quantification of Uncertainty in the Fatigue CI Models 

Uncertainty in the fatigue CI model is included by considering Co and ε∞ to be random variables.  
The terms Co and ε∞ are assumed normally distributed.  Cenv is a deterministic environmental term 
dependent on temperature, oxygen content of the coolant, sulfur content of the material and strain 
rate.  Variability associated with surface finish and loading sequence is captured in the factors 
FSurf and FLoad which are assumed to be log-normally distributed. 

A more detailed treatment of the uncertainty characterization of the Fatigue initiation models is 
provided in the Vertical Slice document for Fatigue initiation included here as Attachment B.   

2.8.3 Quantification of Heat-to-Heat and Within-Heat Uncertainties – PWSCC and 
Fatigue CI Models 

An additional complexity with the uncertainty quantification of crack initiation models is that 
parameter uncertainties may be partially due to weld-to-weld (or heat-to-heat) variation and 
partially due to within-weld (or within-heat) variation. The former quantifies the scatter in the time 
to crack initiation in different welds; the latter quantifies the scatter in the time to crack initiations 
at different locations of the same weld. Specifically, the variance in crack initiation across different 
welds (e.g. heat-to-heat) is greater than the variance for different circumferential subunits of a 
particular weld (e.g. within-heat).  Within-heat and heat-to-heat variances have a large influence 
on break probabilities and within-heat variance affects the number of subunits that initiate a crack 
in a given sample (weldment).   

Both variances may be used in the calculation of PWSCC and fatigue crack initiation times.  For 
the Direct Model 1 and Direct Model 2, heat-to-heat and within-heat variances are assigned to 
the proportionality constants “A” and “B” respectively.  For the fatigue initiation model, the random 
variables C0 and ε∞ are assigned heat-to-heat and within-heat variances.  The selection of random 
values for these parameters during Monte Carlo simulation is a two-step process.  In the first step 
the mean values of the random variables (A, B, Co and ε∞) are used with the heat-to-heat standard 
deviations (σh-h) to sample for representative values of the terms for the pipe/weld.  These terms 
are referred to as A’0, B’0, C’0 and ε'∞.   In the second step, the primed terms (A’0, B’0, C’0 and ε'∞) 
are used as mean values with the within-heat standard deviations (σw-h) to sample for values of 
A, B, Co and ε∞ to be applied to each pipe/weld subunit.  Details of this sampling algorithm are 
given in the SRDs for PWSCC [10] and fatigue [20]. 
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3. SCC AND FATIGUE MODEL DESCRIPTIONS 

In this section module design requirements, inputs, verification and validation activities are 
described.  The Software Design Documents (SDDs) for PWSCC [23] and fatigue [24] define the 
computational sequence necessary to meet the functional requirements outlined in corresponding 
SRDs.  The software architecture, numerical methods, mathematical models, physical models, 
control flow, control logic, data model, data flow, process flow, data structures, process structures, 
and the applicable relationships between data structures and process structures that are used to 
meet the functional requirements are all described in the SDDs.   

Also note that the models for crack initiation due to PWSCC and fatigue have been reviewed and 
commented upon several times by the External Review Board (ERB) for the xLPR Project and by 
the NRC Advisory Committee of Reactor Safeguards (ACRS) [25, 26] in 2012. The basis for the 
PWSCC initiation models was also reviewed by the ACRS Subcommittee on Materials Metallurgy 
and Reactor Fuels in 2013 [27]. All ERB and ACRS review comments have been considered in 
the development of the crack initiation models and modules, as described in the following 
subsection. 

3.1 Design requirements 

The scope of each module is limited to the definition of crack initiation time and location for a 
single subunit of a single component.  Each module uses several random variables in its 
computations, but is not responsible for sampling the random variables. The modules rely on the 
xLPR GoldSim Framework to sample random variables and pass the sampled values to the 
modules as input arguments. 

The CI modules are implemented as a set of FORTRAN subroutines and functions that are 
compiled within a Dynamic-link library (DLL) executable that is called by the xLPR GoldSim 
Framework.  The traceability between the functional requirements defined in SRDs [10] and [20] 
and the design attributes in the SDDs are documented in the xLPR Requirements Traceability 
Matrices (RTM’s) [28]. 

The main design entity necessary for module development is a FORTRAN subroutine that 
provides all functionality required of the CI modules.  A use case diagram showing the services 
provided by the CI_PWSCC subroutine is shown in Figure 7.  A similar diagram would reflect the 
function of the CIF subroutine.  In this diagram, arrows indicate the flow of data. 

In addition to providing the core functionality of performing the initiation calculations as specified 
in the CI SRDs, the DLL that is used to deploy the CI subroutines provides four additional services 
that are required to allow the subroutine to be used by GoldSim as an external DLL element. 
These additional services are based on the guidelines for creating GoldSim external elements 
described in Appendix C of the GoldSim User Manual [29]. The DLL interface services are 
expected to be provided by a wrapper subroutine that calls the CI (PWSCC or fatigue) 
subroutines. As illustrated in Figure 8, this wrapper subroutine is designed and implemented by 
the Computational Group along with the xLPR GoldSim Framework, and is therefore not 
addressed in the CI SDD design documents. 
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Figure 7. Use Case Diagram of CI_PWSCC subroutine and outside actors 

The deployment of the PWSCC CI subroutine within the external DLL element that is accessible 
to the xLPR Framework is illustrated in Figure 8. Similar deployment architecture is used for the 
fatigue CI module.  The CI DLL Files provide an interface to the xLPR GoldSim Framework 
through the CI DLL Wrapper subroutines, which are callable by GoldSim as an external function. 
The CI DLL Wrappers access the CI subroutine (PWSCC or fatigue) when a calculation is 
requested by the xLPR GoldSim Framework. 

 

Figure 8. Component diagram of PWSCC CI module logical and deployment architecture 

The interface between the CI subroutines and the respective CI DLL Wrapper subroutines is 
accomplished through the arguments that are passed to the CI subroutines when they are called. 
The arguments that are passed to the CI subroutine, along with their required units, variable types, 
dimensions, and allowable values are identified in the respective SDDs for PWSCC and fatigue. 

The numerical methods, mathematical models, physical models, control flow, control logic, and 
process flow of all components in the CI subroutines are detailed in the SDDs [23, 24]. 

To invoke the CI modules, the CI wrapper DLL’s or the xLPR computational Framework calls the 
CI subroutines with a set of inputs that are in conformance with the required units, data types, 
and sampling frequencies specified in the respective SRDs for PWSCC and fatigue.  The 
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corresponding CI SDDs specify the input argument ordering and details of array dimensions that 
the Computational Framework uses to pass arguments to the CI modules in agreement with the 
ordering and the array dimensions. 

The required inputs, outputs, and data types for the PWSCC and fatigue modules are specified 
in Tables 1 and 2 respectively. 
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Table 1 PWSCC CI Subroutine Arguments List 

 

# Description Symbol Used 
in this SRD Required Units Range of Validity 1 Data Type Sample Frequency

1 Number of subunits N subunit - 0 < N subunit  ≤  100 integer -
2 Current subunit number I subunit - 0 < I subunit ≤ N subunit integer -
3 Number of time intervals in operating history MTS - 0 < MTS ≤ 10 integer -
4 Initiation time model flag I method - I mehod  = 1, 2, 3 integer -
5 Material flag I material - I material  =1, 2 integer -
6 Initation location random variable U loc - 0 ≤ U loc  < 1 real per subunit
7 Duration for each time interval Δt (MTS ) EFPY Δt (ITS ) > 0 real array -
8 Zinc concentration C Zn (MTS ) ppb CZn (ITS ) ≥ 0 real array -
9 Zinc concentration threshold C Zn,th ppb C Zn,th  ≥ 0 real -
10 Zinc factor of improvement FOI Zn - FOI Zn  > 0 real per weld

11 Surface stress in subunit σ (MTS ) MPa - real array -
12 Component temperature T (MTS ) K T (ITS ) > 0 real array -
13 Activation energy Q kJ/mol Q > 0 real -
14 Universal gas constant R kJ/K-mol R > 0 real -

15 Proportionality constant A (1/EFPY)(1/MPan) A > 0 real per weld / per subunit
16 Stress threshold σ th MPa σ th  > 0 real per weld
17 Direct Model 1 stress exponent n - n  ≥ 0 real -

18 Proportionality constant B EFPY B > 0 real per weld / per subunit
19 CW-SCC threshold parameter 1 z 1 - z 1  > 0 real -
20 CW-SCC threshold parameter 2 z 2 - z 2  > 0 real -
21 cold work microcracking resistance parameter 1 v - v > 0 real -
22 cold work microcracking resistance parameter 2 w - w > 0 real -
23 environment-cold-work exponenet q - q > 0 real -
24 general cold work parameter 1 a - a  > 0 real -
25 general cold work parameter 2 b - b < 0 real -
26 general cold work parameter 3 c - c < 0 real -
27 general cold work parameter 4 k - k  > 0 real -
28 Yield stress for subunit σ ys MPa σ ys  > 0 real -
29 Ultimate stress for subunit σ uts MPa σ uts  ≥ σ ys real -
30 Elastic modulus E MPa E  > 0 real -

31 Best fit Weibull slope - > 0 real -
32 Pivot time t 1 EDY t 1  > 0 real -
33 Percent of components with crack at pivot time F 1 - 0 < F 1  < 1 real -
34 Vertical intercept error ε c - - real per weld
35 Weibull slope β - β  >  0 real per weld
36 Weibull model stress exponent n - n  ≥ 0 real -
37 Reference temperature T ref K T ref  > 0 real -
38 Reference stress σ ref MPa σ ref  > 0 real -
39 Initation time random variable U INI - 0 < U INI  ≤ 1 real per subunit

40 Initiation location for subunit θ INI rad - real -
41 Initiation time for subunit t INI EFPY - real -
42 Error flag I error - - integer -
1 The symbol ITS is intended to indicate each entry in an array

Outputs

General Initiation Time Model Inputs

Direct 1 Model Inputs

Weibull Model Inputs

Direct 2 Model Inputs

β̂ β̂
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Table 2 Fatigue Crack Initiation Module Arguments List 

DLL 
Element Input Variable Description (units) Sample 

Value Limits Data Type 

Inputs 
1 NU Number of sub-units (none) 19 0 < NU ≤ 100 Integer 

2 NSUB Subunit number 3 1 ≤ NSUB ≤ NU Integer 
3 MTS Number of time intervals (none) 3 0 < MTS ≤ 10 Integer 

4 NL Number of loads in operating 
history (none) 9 0 < NL ≤ 30 Integer 

5 MAT 
Material type ID: 1-LAS, 2-CS, 
3-Austenitic, 4-Ni-Cr-Fe, 5-other 
(none) 

3 1 - 5 Integer 

6 RAND Random number for location .3 0 ≤ RAND < 1 Real(8) 

7 TST(MTS) Time Intervals (EFPY) 9.85 > 0 Real(8) 

8 O2(MTS) Oxygen Term for each load 
(ppm) .002 > 0 Real(8) 

9 NCYC(NL) Cycles/year for each load 
(EFPY-1) 125 > 0 Real(8) 

10 DELT(NL,MTS) Rise Time for each load (sec) 100 > 0 Real(8) 

11 STRMX(NL,MTS) Maximum Stress for each load 
(MPa) 75 ≥ STRMN Real(8) 

12 STRMN(NL,MTS) Minimum Stress for each load 
(MPa) 30 none Real(8) 

13 TEMAX(NL,MTS) Maximum Temperature for each 
load (°C) 200 ≥ TEMIN Real(8) 

14 TEMIN(NL,MTS) Minimum Temperature for each 
load (°C) 200 none Real(8) 

15 CENV(NL,MTS) Environmental Factor: MAT=5 
(none) .05 > 0 Real(8) 

16 SUL Sulfur Content (wt. %) .015 0 - 100 Real(8) 

17 E Elastic Modulus (MPa) 200,000 > 0 Real(8) 

18 B Exponent in ε-N relationship 
(none) 0.553 > 0 Real(8) 

19 STH Sampled value of ε∞ (%)  .151 > 0 Real(8) 

20 C0 Sampled value of C0   (none)  5.747 > 0 Real(8) 
21 FSURF Surface Factor (none) 2.21 > 0 Real(8) 

22 FLOAD Load Factor (none) 1.28 > 0 Real(8) 
23 FCAL Calibration Factor (none) 1.0 > 0 Real(8) 

Outputs 
24 INITIME Initiation time (EFPY) 3.5 >0 Real(8) 

25 LOCCRACK Location of initiated crack 
(radians) 0.261 0<=LocCrack<=2π Real(8) 

26 IERROR Error code (none) 0 0<=Ierror<=399 Integer 
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The only arguments that are modified during a call to the PWSCC or fatigue CI subroutines are 
the initiation time and initiation location, and potentially the Error Flag (listed as outputs in Tables 
1 and 2). All other arguments are not modified. 

3.2 Description of Inputs 

Preliminary xLPR evaluations suggest that leakage and rupture risk results are particularly 
sensitive to the PWSCC initiation model [30]. Consequently, to support the xLPR project, a 
comprehensive calibration and validation effort has been completed to ensure the PWSCC 
initiation models consistently reflect current laboratory and operating experience for Alloy 
82/182/132 weld materials.  The calibration and validation effort presents a statistical framework 
for the integration of laboratory and field data in the development of the three probabilistic models 
(DM1, DM2 and Weibull) employed in xLPR for the prediction of the PWSCC initiation time of a 
flaw of engineering scale.  Treatment of micro-sized flaws before the existence of a flaw of 
engineering scale is not addressed in the current version of xLPR.  The reference depth assumed 
in this report for a flaw of engineering scale is 6 mm [4]. 

A brief description of this calibration and validation work is presented here in Section 3.2.1 to 
provide a sufficient understanding of the detailed and comprehensive nature of this work.  The 
specific inputs for the Direct Model 1, Direct Model 2 and Weibull initiation models are given in 
Sections 3.2.2, 3.2.3 and 3.2.4 respectively.  The fatigue model inputs are reviewed in Section 
3.2.5. 

3.2.1 Calibration of PWSCC Crack Initiation Models 

The calibration results developed in [4] for the initiation models are based on the generalized 
model form for PWSCC initiation time prediction given in Equation [3-1].  All three specific models 
fit this generalization. 

 ( ), , ...; , , ...σ= Λ ⋅t g T Q n  [Eqn. 3-1] 

Each critical component of the generalized model form is described below: 

• Dependent variable (t): initiation time for flaws of engineering scale 

• Explanatory variables (e.g., T, σ): These are the dependent model variables. They 
include stress conditions, material properties, and environmental properties, among 
others. 

• Effects model (g): The initiation functional model that defines the relationship between 
the dependent model variables and the initiation time. 

• Effects model parameters (Q, n): The model parameters are used in the functional 
model to define the relationship between initiation time and the dependent model 
variables. The Arrhenius model that uses a thermal activation energy, Q, is an 
example. 

• Failure time model random variable (Λ): Used to include the statistical or probabilistic 
capability to the initiation model.  Traditionally, this random variable may be defined by 
a probability density function, a survival function, or a hazard function and in each case 
the associated distribution parameters. 
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Both field data and laboratory data are used in the calibration of the CI model parameters [4].  
Laboratory testing of PWSCC initiation allows precise control of model variables that are difficult 
to measure in plant applications, e.g., near-surface stress.  Near-surface stress refers to the 
stress beneath the thin cold worked layer induced by surface grinding or machining that is usually 
present on the wetted surface of Alloy 82/182/132 PWR piping butt welds. The near-surface stress 
includes weld residual stress and normal operating loads, but excludes the effect of grinding or 
machining. In laboratory studies, conditions are controlled in order to isolate the effect of one (or 
a few) model variables. As such, laboratory testing gives the best opportunity to estimate effects 
model parameters. 

As utilized for estimating effects model parameters, laboratory testing is performed for aggressive 
material conditions and aggressive surface conditions (including cold-work) to initiate flaws in 
reasonable test periods. While it is reasonable to assume representative trends versus model 
variables as described above, the aggregate prediction of initiation time based solely on 
laboratory results is expected to under-predict the time to PWSCC initiation for field experience.  
As such, estimation of the probabilistic failure time model is done using field detection data.  This 
approach has the advantage of treating the effects of surface condition and material susceptibility 
implicitly.   

Calibration of Effects Model Parameters using Laboratory Data: 

A review of the following literature was performed to identify Alloy 182/82/132 PWSCC crack 
initiation laboratory data: 

• Papers and presentations from the series of the International Conference on 
Environmental Degradation of Materials in Nuclear Power Systems 

• Papers and presentations from the series of Fontevraud conferences: Contribution of 
Materials Investigations and Operating Experience to LWRs Performance and 
Reliability 

• Papers and presentations from the series of EPRI Alloy 600 Workshops and Alloy 690 
Expert Panel meetings  

• Other sources identified in the literature above 

• Proprietary EPRI reports 

Of interest to the calibration and validation of the xLPR PWSCC initiation models are the best 
estimate (calibrated) values for activation energy, Q, surface stress exponent, n, surface stress 
threshold, σth, and the cold work parameters for the Direct Model 2 model.  These effects model 
parameters are developed by model regression with pooled data sets or with subsets of data 
investigating individual effects, or by consensus across parameters reported by independent 
investigators. The optimal calibrated values are given here. 

• Activation Energy, Q = 185 kJ/mole 
• Surface stress exponent, n = 5 
• Surface stress threshold, σth = 0 for the Direct Model 1 and Weibull Models. 

For the Direct Model 2, the stress threshold model was established in conjunction with other 
parameters of the near-surface stress and cold work effects model during initial model 
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development.  It is therefore not considered appropriate to define a new stress threshold for Direct 
Model 2.  It is recommended that the stress threshold model in Direct Model 2 be used as is.  Also 
for the Direct Model 2, no independent analysis is performed to refine the Direct Model 2 cold 
work effects model parameters and they also are to be used as is. 

Calibration of Probabilistic Failure Time Model Parameters Using Field Data: 

The field data set represents Alloy 82/182/132 dissimilar metal piping butt welds, pressurizer 
safety relief nozzles and reactor pressure vessel outlet nozzles in PWR environments. PWSCC 
has been detected in numerous butt welds of this type since 2004.  Both U.S. and international 
PWR PWSCC experiences are compiled as part of the calibration and validation effort.  However, 
since information about detections is not readily reported in available references for all 
international plants, only plants for which publicly available cracking data are reported 
(i.e., Belgian, Japanese, and Swedish) are utilized.  Furthermore, since information about non-
detections was not readily reported in available references for this subset of international plants 
and therefore could lead to selection bias, the international data set is not used in model 
development and instead are used for model validation. 

The probabilistic component of the xLPR CI models is included by treating the coefficients A (Eqn. 
2-1) and B (Eqn. 2-4) in the Direct Model 1 and Direct Model 2 initiation models respectively as 
random variables.  For the Weibull Model the distribution parameters β and θ (Eqn. 2-10) are 
determined as part of the calibration process.  The regression techniques used to establish the 
distribution parameters incorporate several important characteristics of the field data including 
suspended data, detection versus initiation, and multiple flaw initiation.   

Incorporation of suspended data is most important as it includes all locations inspected with no 
defects identified and therefore adds considerable information to the estimation of distribution 
parameters.  There are several critical distinctions between detection (the mode of failure 
exhibited in the available data set) and initiation of an engineering scale flaw (the mode of failure 
of primary interest): 

• The detection time only gives an upper bound on the time of initiation. The actual 
initiation time is necessarily before the detection time. 

• The size of a flaw at the time of detection varies within the data set and is often greater 
than the reference size defined for a flaw of engineering scale. As such, detection 
times are not on a common basis. 

• There is a non-negligible probability of non-detection associated with an initiated flaw. 
As such, some components treated as suspended items may actually have been failed 
items. 

To address these issues both interval censoring and crack growth estimates are incorporated into 
the parameter fitting process.  The method of maximum likelihood is well suited for including 
suspended data and is employed to determine the distribution parameters for the random 
variables of the initiation models.  Advantages of the method of maximum likelihood are; 
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• This method includes the use of interval censored data to include uncertainty in 
initiation times.   

• The number of data points included in the regression process is expanded to include 
multiple initiation sites and differences in wetted areas by discretizing each component 
into N subunits. 

• Details of this process for including the field data including the application of the stress 
threshold, zinc addition, surface stress improvement, assignment of suspended data 
and the treatment of data uncertainty are described in the calibration report [4]. 

While the PWSCC field detection data set is a critical input to the PWSCC initiation failure time 
model parameter regression, numerous other inputs are required. Physical inputs that reflect 
typical operating parameters and material characteristics are included.  Effects model parameters 
specific to the initiation models and used in the regression for the base case results are listed in 
Table 3.   

Different options used for the regression analysis to define the base case are described here. 

• Number of subunits: 19. 

• Orientation: Both axial and circumferential orientations. 

• Component type: All component types and locations (e.g., pressurizer nozzles and hot 
leg nozzles).   

• Component geometry: Small and large diameter piping. 

• Foreign plant data filter: Foreign plant data are excluded to produce base case results. 

• Interval-censoring options: Interval-censoring for failed items is nominally included. 

• Sample options: For base cases, both input and parameter estimation uncertainties 
are incorporated.  

• Number of realizations: The statistical framework for treating data uncertainty was run 
with 500 realizations to develop results presented here.   

• Near-surface stress override: Base case results are developed using best-estimate 
near-surface stress prediction. 

Many of these selected options are varied to perform sensitivity studies that evaluate the relative 
importance of each variable to the regression results.  They are also considered in Section 3.3 to 
support PWSCC CI module validation.  
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Table 3 Effects Model Parameters for Base Cases 

Description Units Distribution 
Parameter 

Value for Base 
Case 

Activation energy kJ/mol deterministic 185.0 

Stress exponent for Direct 
Model 1 and Weibull model Nondim deterministic 5.0 

Reference temperature 
parameter for Weibull model K deterministic 588.7 

Reference stress parameter 
for Weibull model MPa deterministic 325.0 

Stress threshold for Direct 
Model 1 MPa deterministic 0.0 

Direct Model 2 cold work 
parameters Nondim 

z1 0.35 

z2 0.333 

v 0.66 

w 0.5 

q 0.375 

a 0.25 

b -0.75 

c -0.25 

k 8.20 

Zinc factor of improvement Nondim 

type Shifted Log-normal 

log-μ -0.29 

log-σ 0.93 

shift 1.00 
 

3.2.2 PWSCC Direct Model 1 Inputs 

The recommended default inputs for the Direct Model 1 PWSCC CI model for Alloys 182/82/132 
are given in Table 4. These values represent a set of inputs that should only be modified 
concurrently and considered in the context of the conclusions drawn in [4]. 

The generalized initiation model for Direct Model 1 is given in Eqn. [3-2]. 

 

( )
( )/

, ; ,σ

σ −

= Λ ⋅

= Q RT n

t g T Q n

g e  [Eqn. 3-2] 
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where 

 ( )

1

~ log - ,A A

A
A μ σ

Λ =

N   

 

Table 4 Direct Model 1 Parameter Recommendations 

Description Units Characterization 
of Uncertainty 

Distribution 
Parameters 

Model 
Parameters 

Number of subunits - deterministic best-estimate 19 

Thermal activation 
energy kJ/mol deterministic best-estimate 185.0 

Inverse proportionality 
constant, A  

(component-to-
component) 

- distributed 
(epistemic) 

type Log-Normal 

log-norm µ 0.00 

log-norm σ 2.89 

Inverse proportionality 
constant, A  

(within-component) 

(1/EFPY)
(1/MPa5) 

distributed 
(aleatory) 

type Log-Normal 

log-norm µ -4.40 

log-norm σ 3.66 

Stress threshold MPa deterministic best-estimate 0.01 

Stress exponent - deterministic best-estimate 5.0 

Notes: 

(1) The PWSCC initiation module of xLPR Version 2.0 does not allow the stress threshold input to be less than or 
equal to zero. Therefore, the Direct Model 1 stress threshold input to xLPR should be set to an arbitrarily small 
positive value to emulate this report’s recommendation of 0 MPa.  

3.2.3 PWSCC Direct Model 2 Inputs 

The recommended default inputs for the Direct Model 2 PWSCC CI model for Alloys 182/82/132 
are given in Table 5. These default inputs represent a set of inputs that should only be modified 
concurrently and should be considered in the context of the conclusion drawn in [4]:  
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The generalized initiation model for Direct Model 2 is given in Equation [3-3].   
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 [Eqn. 3-3] 

where 

 ( )~ log - ,B B

B
B μ σ
Λ =

N   

Table 5 Direct Model 2 Parameter Recommendations 

Description Units Characterization 
of Uncertainty 

Distribution 
Parameters 

Model 
Parameters 

Number of subunits - deterministic best-estimate 19 

Thermal activation 
energy kJ/mol deterministic best-estimate 185.0 

Inverse proportionality 
constant, B  

(component-to-
component) 

- distributed 
(epistemic) 

type Log-Normal 

log-norm µ 0.00 

log-norm σ 1.49 

Inverse proportionality 
constant, B  

(within-component) 
EFPY distributed 

(aleatory) 

type Log-Normal 

log-norm µ -28.43 

log-norm σ 1.91 

Cold work parameters - deterministic best-estimate see Table 3 

 

3.2.4 PWSCC Weibull Model Inputs 

Recommendations for default inputs for the Weibull Model for PWSCC initiation on Alloy 
182/82/132 dissimilar metal butt welds, which represent a set of inputs that should only be 
modified concurrently, are given in Table 6.  



xLPR Models Subgroup Report—Crack Initiation  

34 

The generalized initiation model for the Weibull Model is given in Eqn. [3-4].  
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Table 6 Weibull Model Parameter Recommendations 

Description Units Characterization 
of Uncertainty 

Distribution 
Parameters 

Model 
Parameters 

Number of subunits - deterministic best-estimate 19 

Thermal activation 
energy kJ/mol deterministic best-estimate 185.0 

Pivot time1,2 EFPY deterministic best-estimate 10.4 

Percent of components 
with crack at pivot time2 % deterministic best-estimate 10.0 

Vertical intercept error - distributed 
(epistemic) 

type Normal 

mean 0.00 

st dev 0.38 

Weibull slope - distributed 
(epistemic) 

type Normal 

mean 0.45 

st dev 0.08 

Correlation between 
vertical intercept error 

and Weibull slope3 
- deterministic best-estimate -0.800 

Stress exponent - deterministic best-estimate 5.0 

Reference temperature K deterministic best-estimate 588.7 

Reference stress MPa deterministic best-estimate 325.0 

Notes: 
(1) The adjustment in Eq. 3-4 requires that N is the number of independent samples taken (i.e., two times the number of 

subunits when both orientations are simulated).  However, the implementation in xLPR uses the number of subunits, 
resulting in a factor of 21/β bias in the initiation time prediction. This bias is corrected by subtracting ln(2) from the vertical 
intercept derived in Section 7 of [4]. 

(2) The pivot time and the percent of components with a crack at the pivot time are inputs to xLPR Version 2.0.  These 
parameters may be interpreted as follows: given a best-estimate slope of 0.45 and a best-estimate vertical intercept 
of -3.30, the percent of components (10.0%) is expected to experience PWSCC by the pivot time (10.4 EFPY).  They are 
directly related to the best-estimate vertical intercept (C) and slope (β) used throughout this report with a simple algebraic 
equation (e.g., Eq. 3-4).  

(3) Correlation expressed here and elsewhere in this report refers to Pearson’s correlation coefficient for two normal 
distributions. 

3.2.5 Fatigue Model Inputs 

Values of the constants in Eqn. [2-16] for a variety of piping materials for LWR applications are 
from NUREG/CR-6909 [14] with example values summarized in Table 7.  The inputs for the 
environmental functions included in Cenv are S*, O*, T* and ε with Cenv calculated by the expression 
in Table 7.  Suggested within-heat and heat-to-heat variances are included in Table 7.  Figure 9 
is an example of probabilistic strain-life curves generated from the curve fits of Table 7 for low 
alloy steel (LAS).  The median curve is shown, along with the 0.02 and 10-6 curves.  
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The suggested constants in Table 7 are for laboratory conditions, which may not be representative 
of material behavior in operating plants.  The constants can be adjusted if information is available, 
such as calibration with field experience.  It may be desired to adjust the environmental terms in 
the lower portion of Table 7, but it is expected that Eqn. [2-16] will remain the basis of the fatigue 
crack initiation approach.  The generic input format identified in Table 7 permits the use of 
alternative values for the fatigue relationships given by Eqn. [2-16].  
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Table 7 Constants in Fatigue Life Relation in Water1 

  NUREG/CR-6909 [14] 
Generic 

  LAS2 CS2 Austenitic2 Ni-Cr-Fe2 

 1/b 1.808 1.975 1.920 1.920  

Co 

Mean 5.747 5.951 6.157 6.157 

TBD 

h-h Stdev. 0.484 0.488 0.411 0.411 

w-h Stdev. 0.534 0.430 0.368 0.368 

ε ∞  

Mean 0.151 0.113 0.112 0.112 

h-h Stdev. 0.017 0.020 0.019 0.019 

w-h Stdev. 0.019 0.017 0.017 0.017 

 Cenv 0.101S*T*O*ε* T*O*ε* T*O*ε*+0.734 

 

CS & LAS Austenitic Ni-Cr-Fe 
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  (Log Space)  (Log Space) Distribution 

Surface Factor, 
Fsurf 

0.973 0.170 Log-normal 

Surface Factor, 
Fload 

0.438 0.155 Log-normal 

Surface Factor, 
Fcal 

User Defined3 User Defined3 Constant or Log-normal 

 

1. All values in Table 7 calculated using the supporting data for NUREG/CR-6909 as 
described in Attachment A of Reference [20]. 

2. Units are as follows:  Temperatures in degrees Celsius, strains in %, strain rates in 
%/sec, oxygen concentration in parts per million (ppm), and sulfur content in wt. %. 

3. Default to constant Fcal = 1.0, assuming subunits are approximately 2 inches in length. 
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Figure 9. Strain-Life Curves at Various Probability Levels for Low Alloy Steel [15] 

3.3 Module Verification and Validation 

The verification of the proper functionality of the PWSCC and fatigue CI modules is detailed in 
the respective Software Test Plans (STP) [32] and [33]. The test plans define a set of test cases 
chosen to verify the module correctly implements all of the functional requirements enumerated 
in the respective SRDs [10] and [20]. Each test case includes required inputs, a description of the 
test case goal, specification of the testing procedure, and requirements for validating the results 
of the test case.  The scope of the testing includes only the functionality of the CI modules 
(PWSCC & fatigue). The scope does not include those requirements included in the SRDs 
applicable to the wrapper code and GoldSim Framework (i.e., interfacing requirements). These 
requirements are to be tested during integration testing defined in a separate test plan. 

The STPs make a distinction between “static” and “dynamic” test cases. Static tests are performed 
by examining the source code, comparing it to the governing SRD and SDD, and annotating the 
code as necessary. Dynamic tests are executed by running the Crack Initiation modules with a 
predetermined set of inputs. The results of a dynamic test are validated by comparing the outputs 
of the module to the expected values. 

Full listings of all test cases executed for the PWSCC and fatigue modules are included in the 
STPs respectively. The listings identify specific requirements for inputs, testing approach, 
documentation, and verification of results for each test case. In general, the inputs for the test 
cases are defined and included in each test plan. General guidelines for determining the expected 
output for each test case are provided in the STPs. 

Test anomalies are logged as issues in JIRA with reference to the unique test number associated 
with the anomalous test.  If the anomaly is caused by an error in the SRD, SDD, or source code, 
these documents and/or code were revised to address the error and the anomalous test re-
executed. If the anomaly is due to an error in the test case, the test case was revised and then 
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re-executed.  All test cases that are revised during the course of testing are noted in the Software 
Test Results Report (STRR) prepared for the PWSCC [34] and fatigue modules [35] and the 
respective STPs revised to incorporate the changes. 

The STRRs document the manual inspection (e.g. static testing) and dynamic unit testing 
performed on the CI SCC module in the Fortran file "ci_pwscc_v2.5.for" [36] and the CI fatigue 
module in the Fortran file "ci_fatigue_v1.2.for" [37].  The dynamic tests are intended to verify if 
the requirements described in the SRDs, and coded according to the design elements in the 
SDDs, meet the acceptance criteria listed in the SRDs.  The static testing or manual inspection 
of the source code only verifies the tests associated with the CI Fortran subroutines.  
Requirements that involve the Framework or DLL (as indicated by an * in the SRDs) are verified 
upon module integration into the Framework.  These requirements, design elements, applicable 
test case numbers, and acceptance criteria are documented in the xLPR RTM [28]. 

In addition to the verification work described above and documented in the STRR’s for PWSCC 
and fatigue CI, separate validation testing is performed for each module.  The module validation 
report (MVR) for CI-SCC [22] and the xLPR PWSCC Calibration Report [4] document the 
validation activities that confirm the predictive capability of the CI-SCC modules.  Validation of 
PWSCC initiation model parameters includes analysis of different subsets of the data (Section 
3.3.1) as well as sensitivity analyses (Section 3.3.2) to verify the robustness of the base case 
results reported in Section 3.2.  Results from these analyses justify use of the base case 
parameters.  Goodness-of-fit tests (Section 3.3.3) are performed to verify the fitted distributions 
are aligned with the data.  Validation with the international field experience and the laboratory 
data is also performed (Sections 3.3.4 and 3.3.5 respectively).  Validation of the Fatigue CI Model 
is addressed in Section 3.3.6. 

3.3.1 Validation of PWSCC Crack Initiation Models – Subset Analyses 

Subset analysis is performed to determine whether alternative failure time model parameters 
should be recommended for different types of analyses.  The different subset analysis types 
considered are flaw-orientation-specific analysis (axial vs. circumferential), component specific 
analysis (pressurizer locations versus hot/cold leg locations) and geometry-specific locations 
(small versus large diameter components).  For each of these cases, model parameter estimates 
are defined using Direct Model 1 for each of the corresponding subsets.  Results show that 
alternative failure time models of the subsets are not statistically different from the parameters 
determined from the full data set for each of the three cases considered.  This conclusion was 
generalized to, and thus not repeated, for the Direct Model 2 and Weibull models. 

For example, consider the orientation-specific case.  Direct Model 1 parameters were defined for 
axial flaws only and circumferential flaws only, with the results compared to the base parameters 
that considered all flaw orientations combined.  In all three cases the best estimate parameters 
for the subsets are different, however, there is excessive parameter uncertainty associated with 
the subset cases.  This component-specific and geometry-specific uncertainty is large enough 
that the use of subset parameters is not recommended and parameters based on the full data set 
should be used.  Parameter uncertainty is evaluated by performing a t-test for equality for each 
case.  Results of the t-tests reinforced the conclusion reached above that only 1 distribution need 
be used for both the axial and circumferential flaws. This conclusion is supported graphically by 
plotting the three distributions (2 subsets and the base case) and comparing the results.  The plot 
for the orientation-specific case is shown in Figure 10. 
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Figure 10. Orientation-Specific Analysis: Time to First Flaw Statistics (19 Subunits), Reference Conditions are 

318°C and 200 MPa. 

3.3.2 Validation of PWSCC Crack Initiation Models – Sensitivity Analyses 

The sensitivity analyses performed a number of tests to investigate the sensitivity of base case 
results to selected input and modeling assumptions.  The most important conclusion from this 
analysis is that the conventions used to determine near-surface stress are critically important to 
the resulting model parameters.  The conventions used in this report to predict near-surface stress 
as a function of key component parameters, and to include near-surface stress uncertainty, are 
believed to be superior to neglecting such stress effects altogether or assuming a fixed near-
surface stress during regression. 

Other input and modeling conventions used for the base case were varied and demonstrated to 
have only limited influence on model predictions.  These conventions include a) neglecting 
parameter uncertainty in simulation of the Direct Models, b) the use of inverse crack growth 
simulation to develop a lower bound for initiation times, c) the assumption of a 6% probability of 
non-detection for flaws of 6 mm or more, and d) the use of the precise effects model parameters 
developed from laboratory data (see Section 3.2). 

To understand the influence of the near-surface stress conventions, the models were re-calibrated 
under different assumptions for near-surface stress.  Specifically, cases were run with near-
surface stress (including both WRS and operational stress) fixed to a single value for all 
components, all locations within each component, and both orientations. That is, these cases do 
not attempt to treat differences that are believed to influence component stresses (and therefore 
all components are treated the same). The models were re-calibrated assuming near-surface 
stresses of 100 MPa, 200 MPa, or 300 MPa. Given that example results are presented at a 
reference condition of 200 MPa, the intermediate case is tantamount to ignoring the stress effect 
altogether.   

Figure 11 demonstrates the resulting time to first flaw statistics. When the model is calibrated 
assuming all field experience has been attained with components subject to a uniform near-
surface stress of 100 MPa, then the likelihood of cracking associated with the reference condition 
(200 MPa) is extremely high by the end of the plant lifetime; whereas, when the model is calibrated 
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assuming field experience has been attained with components subject to a uniform near-surface 
stress of 300 MPa, the likelihood of cracking associated with the reference condition is less than 
2% at the end plant lifetime, much lower than the base case. There is a natural tendency to 
associate conservatism with assuming greater tensile stress when making predictions of crack 
initiation and crack growth. However, biasing the stresses in the compressive direction when 
assessing plant data to fit a predictive model tends to result in a higher calculated probability of 
crack initiation for a given assumed stress level. 

 
Figure 11. Near-Surface Stress Sensitivity Cases: Initiation Time Distributions (19 Subunits), Reference 

Condition is 318°C 

This analysis confirms the sensitivity of results to assumptions of near-surface stress.  Given this 
sensitivity, the base case results are believed to be more accurate than analyses that make naïve 
assumptions about stress or that ignore its effect altogether. Furthermore, the base case 
incorporates uncertainties in near-surface stress.  The resulting predictions give central tendency 
or best estimates in the presence of this uncertainty. 

3.3.3 Validation of PWSCC Crack Initiation Models – Goodness-of-Fit Statistics 

Statistical analyses were performed to verify the goodness-of-fit of the failure time models against 
the U.S. plant PWSCC detection data from which they are developed.  These analyses included 
goodness-of-fit statistics for all three models and a Weibull Plot confirmation for the Weibull 
Models.   

Goodness-of-fit statistics are computed using both the Kaplan-Meier and Kolmogorov-Smirnov 
(K-S) test.  The Kaplan-Meier survival function is a non-parametric empirical estimate for the 
survival function of (possibly censored) failure time data.  The Kaplan-Meier derived survival 
function is compared graphically to the analytical survival function defined by the calibrated 
parameters.  Results are obtained for all three initiation models (Direct Model 1, Direct Model 2 
and the Weibull Model) with separate realizations fit to the multiple flaw data for each model.  
Similar comparisons are made for the time to first flaw data.  In all cases agreement is good out 
to 100 years at the reference condition (315°C and 325 MPa). 
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Quantitative results are obtained using the Kolmogorov-Smirnov (K-S) test to calculate the 
maximum deviation between two distribution functions—in this case, the Kaplan-Meier survivor 
function and the failure time model.  The K-S test is a nonparametric test of equality for cumulative 
distribution functions (or, likewise, survival functions).   

 
( ) ( )( )ˆsup Λ= −D n S t S t

 [Eqn. 3-5] 
where  

n  = total number of data points.   

The results of this analysis indicate the model is acceptably representative of the data for times 
less than 100 years at the reference condition.  For times exceeding 1000 years at the reference 
condition, the statistical significance of the model diminishes.  Since the practical relevance of the 
models is confined to initiation prediction at early times (e.g., <80 years), these results are 
considered acceptable.  High fidelity reproduction of the data over longer time spans is not a 
priority for xLPR. 

For the Weibull model, goodness-of-fit can be evaluated graphically by plotting the best-estimate 
Weibull model with the data used to define the model as shown in Figure 12.  In Figure 12 the 
data is obtained using simulation to include the effects of input uncertainty.  The plot includes the 
5th and 95th percentiles of the Weibull model for reference.  The model predicts a roughly 8% 
likelihood of initiation in a component after one year at the reference condition (315ºC and 325 
MPa), while the data suggest a roughly 5% likelihood of initiation.  Given the conservative nature 
of this bias, it is considered acceptable. 
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Figure 12. Weibull Plot Validation 

3.3.4 Validation of PWSCC Crack Initiation Models – International Data 

Validation of model parameters is also evaluated with an independent data set composed of 
international field experience.  This validation is completed by comparing time to first flaw 
predictions of the base case models against initiation time data for the international experience.  
The international initiation time data is plotted using the Kaplan-Meier statistic to demonstrate the 
cumulative distribution function for time to initiation within a component while accounting for 
suspended items. 

Figure 13 provides a comparison between the base case Direct Model 1 prediction and 
independent international data for PWSCC initiation.  The y-axis is transformed such that a log-
normal failure time distribution appears linear; 

( ) ( )( )1y t F t−
Λ= Φ      [Eqn. 3-6] 

where 

 Φ-1 =  inverse standard normal cumulative distribution function 

Data and predictions have been adjusted to a condition of 325 MPa near-surface stress and 
315ºC.  Four realizations are shown for the international data to demonstrate variability due to 
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input uncertainty (i.e., the normalization of the data depends on near-surface stress and 
temperature, which are uncertain).  Similar plots and comparisons are made in the PWSCC 
Calibration Report [4] for the Direct Model 2 and Weibull models. 

 

Figure 13. Validation for Direct Model 1 (N=19): Comparing Time-to-First Flaw 
Prediction against Kaplan-Meier Statistic for Independent International 
Field Experience 

For all three models, the base case predictions for initiation likelihood generally exceed the 
international experience.  For the Direct Model 1 there is some evidence to suggest that the slope 
of the international data (i.e., the rate at which initiation rate increases or decreases in time) is 
higher than the base case models, resulting in higher initiation likelihoods at long times or 
aggressive conditions. 

Because component-specific near-surface stress estimates are available for less than 5% of the 
international data, these results are contingent on the generic conventions established for near-
surface stress. To the extent that the generic conventions are biased for the international plant 
components, the normalized data is also biased.  However, in the absence of additional data, it 
is considered appropriate to apply the generic conventions to the international data just as it was 
applied to the U.S. data to develop the base case models. 



xLPR Models Subgroup Report—Crack Initiation  

46 

3.3.5 Validation of PWSCC Crack Initiation Models – Laboratory Data 

A final validation activity for PWSCC is investigated using the laboratory data.  Time to first flaw 
predictions of the base case models are compared against initiation time data for laboratory 
PWSCC initiation testing in a similar fashion to that used for the international data.  The laboratory 
initiation time data is plotted using the Kaplan-Meier statistic to demonstrate the CDF for time to 
initiation within a specimen while accounting for suspended items (i.e., specimens for which 
PWSCC was not detected).   

Figure 14 provides a comparison between independent laboratory data for PWSCC initiation and 
Direct Model 1 predictions.  The y-axis is transformed such that models appear linear (see Eq. 3-
6). Similar plots and comparisons are made in the PWSCC Calibration Report [4] for the Direct 
Model 2 and Weibull models.  The agreement between the models developed from field 
experience and the laboratory initiation time data is generally poor.  This poor agreement could 
be attributed to the agreement of the laboratory data with the log-normal model form evidenced 
by the more linear fit in the log-normal transformed probability plots.   

 

Figure 14. Direct Model 1 (N=19): Comparing Time-to-First Flaw Prediction against 
Kaplan-Meier Statistic for Independent Laboratory Experience 

However, agreement between field and laboratory data is not expected.  Based on analysis of the 
laboratory data in the calibration report [4], the disparity between laboratory and plant experience 
for PWSCC initiation is not explained by attempting to normalize for differences in temperature, 
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near-surface stress, or mechanical properties of the bulk material. Explanations for the disparity 
between laboratory and plant experience can be attributed to differences in detection capabilities 
and the use of cold worked test specimens in the laboratory. 

3.3.6 Validation of Fatigue Crack Initiation Models 

The MVR for CIF [21] documents the validation activities that confirm the predictive capability of 
the CI Fatigue module over a prescribed range of applicability, relative to laboratory data.  The 
validation efforts documented in the MVR are taken directly from NUREG/CR-6909 [38] since that 
work is the latest published data and is the most comprehensive available data for use in the 
xLPR project.  NUREG/CR-6909 reviews existing fatigue ε-N data for carbon steels, low-alloy 
steels, austenitic stainless steels, and Ni-Cr-Fe alloys in both air and LWR environments.  The 
effects of LWR environments on the fatigue lives of these materials is reviewed and incorporated 
into the model definitions.  The key LWR parameters affecting fatigue life are T, S, DO,ε  and 
strain amplitude (ε).   

The validation of the fatigue life models for low alloy steels, carbon steels, wrought and cast 
austenitic stainless steels, and Ni-Cr-Fe alloys in LWR environments include the environmental 
effects estimated by the Cenv term, but do not include the effects of the user-defined FSurf, FLoad, 
and FCal terms.  However, recent experimental work has been performed to assess the 
conservatism of these factors [39].  While it is difficult to draw general conclusions due to the 
limited nature of the test data, this work indicates that the recommended FSurf and FLoad factors 
bound the actual behavior of roughened austenitic stainless steel specimens subjected to 
complex load histories in a PWR environment and could potentially be reduced to remove 
conservatism. 

Separate fatigue life models for estimating the fatigue lives of carbon, low-alloy, stainless and 
NiCrFe steels in LWR environments based on the fatigue ε-N data are described in the MVR for 
CIF and NUREG/CR-6909.  These models are defined by the relationship in Equation [2-16] with 
the corresponding material parameters given in Table 7.  For validation of these models 
NUREG/CR-6909 provides plots of the experimental data (e.g., observed lifetimes) against the 
predicted lifetimes given by Equation [2-16].  These comparisons do not include the Fsurf, Fload, 
and Fcal factors since those factors are intended to address uncertainties for actual plant operation 
not included in the ANL models.  The plot from NUREG/CR-6909 for carbon steel is repeated in 
this report in Figure 15.  The predicted lives show good agreement with the experimental values 
that differ by as much as a factor of 3, but with more than 95% of the data within a factor of 2.  
Corresponding plots for low alloy, stainless and NiCrFe steels in NUREG/CR-6909 show similar 
levels agreement between the test data and model predictions. 
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Figure 15. Experimentally observed and predicted fatigue lives of carbon steels in LWR environments without 
any adjustments for actual plant operation [14] 

 

3.4 Flow Diagram  

A summary of the basic process structure of the CI_PWSCC and CI_F subroutines are shown in 
the activity diagrams in Figures 16 and 17 respectively. The constituent actions in the activity 
diagram are described in further detail in the respective SDDs. 
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Figure 16. Activity Diagram of CI_PWSCC Subroutine Process Flow 
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Figure 17. Activity Diagram of CI_F Subroutine Process Flow 
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4. RECOMMENDATIONS FOR XLPR VERSION 3 MODIFICATIONS  

Modeling of PWSCC initiation is challenging because of the process complexity, lack of a clearly 
understood mechanism, and some of the key factors are not usually known for the applicable 
weld or component being evaluated.  Therefore, to best predict PWSCC initiation, applying plant 
operating experience and statistical approaches are necessary.  The fatigue model on the other 
hand is a fairly mature model and it has been incorporated into the xLPR Version 2 program 
without modification.  While every effort has been made to implement the best computational 
methods and modeling practices available during xLPR Version 2 development, several areas of 
improvement have been identified and they are discussed in this section. 

4.1 Fatigue Model 

The relative importance of fatigue initiation on xLPR leakage and pipe rupture probabilities should 
be investigated.  The fatigue initiation model is included in the xLPR version 2 development since 
fatigue crack growth was being added to the crack growth capabilities of the code.   While fatigue 
crack growth is expected to have a significant contribution to existing cracks (initiated by SCC) 
the role of fatigue crack initiation on xLPR failure probabilities is unknown.  The uncertainty in an 
incubation period for CI is itself a contributor to pipe lifetimes and it is believed that SCC is the 
dominant initiation mechanism.  For this reason it was decided not to include mean stress effects 
and improve the distribution parameters of the Fsurf and Fload distributions during the development 
of the CI fatigue model.   

It is recommended that when the xLPR version 2 Framework is released sensitivity studies be 
completed to verify that fatigue initiation has only minimal influence in xLPR results.  Should that 
be the case no further development of the fatigue life model is required.  Alternatively, should the 
sensitivity studies show that fatigue initiation is an important variable, then additional model 
development in a future (Version 3.0) release of the code may be warranted.  This additional 
model development should consider model revisions to accommodate full-scale component test 
results as such data may become available.  Such information is currently very limited, although 
continued research to obtain such data is in the planning stages.  When available, such data 
would allow for adjustment of the CI model and or further calibration and refinement of the FSurf, 
FLoad, and FCal factors. 

4.2 Weibull Model for PWSCC 

In general statistical literature (e.g., Reference [7]), the two parameter Weibull distribution is 
defined as a function of two parameters: the Weibull slope, β and the characteristic time, or scale 
factor, θ. As shown in Equations [2-11] and [2-12]) the Weibull distribution can be defined as a 
function of β and the vertical intercept of the log-transformed Weibull cumulative distribution 
function, c, in conjunction with a pivot point and failure percentage. In the xLPR Version 2 model 
forms, uncertainty in the Weibull parameters is accounted for by assigning uncertainty to β and c, 
and (via the Framework) considering covariance between these parameters. However, the effects 
of temperature, stress, and subunit size are accounted for by adjusting the characteristic time, θ, 
in Equation [2-13] using deterministic inputs such as the activation energy and stress exponent.  
The uncertainty of β and c accounts for uncertainty in these deterministic inputs.  Thus, the 
connection between uncertainty in c, and the uncertainty in deterministic terms to adjust θ is 
potentially confusing.   
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Based on the above, it is recommended that xLPR Version 3.0 consider the use of a Weibull 
model form based on β and θ, with uncertainty defined for β and θ.  This would provide 
consistency with terminology in general statistical literature, reduce the number of defined 
parameters by eliminating Eqs [2-11] and [2-12], and demonstrate a clearer connection between 
uncertainty in Weibull model parameters and deterministic effect parameters.  Additionally, it may 
be desirable to include Weibull model parameter correlation (i.e., β and c or θ) in the crack 
initiation module, (as opposed to in the Framework) such that the entire crack initiation calculation 
is contained within the PWSCC CI module. 

4.3 Direct Model 2 for PWSCC 

Direct Model 2 is unique among the three PWSCC initiation models available within xLPR Version 
2.0 in that it includes an upper stress threshold, above which initiation is predicted to occur 
immediately.  The difficulty of applying Direct Model 2 in the xLPR Version 2.0 framework arises 
from the combination of the upper stress threshold and the discretization convention used for 
multiple flaw formation (whereby the component ID surface is divided into a user-defined number 
of circumferential subunits and initiation is simulated independently within each).  An example 
would be a component with an axisymmetric hoop stress profile.  If the hoop stress happens to 
exceed the upper stress threshold for a given realization, flaws will initiate in all circumferential 
subunits and the number of flaws becomes related to the number of subunits. If coefficients z1 
and z2 are properly selected (see Eqn. 2-2), it may be reasonable to expect multiple flaw formation 
in this scenario, but the artificial determination of the number of flaws is considered an unintended 
consequence 

When using xLPR the responsibility is with the user to monitor the frequency (i.e., per realization) 
with which the upper stress threshold is exceeded.  If this condition occurs at a frequency 
exceeding the user’s desired lower level of risk prediction precision, the user should a) use Direct 
Model 1 or the Weibull model instead or b) verify the validity of the utilized upper stress threshold 
relationship and then run sensitivity cases varying the number of subunits. 

To avoid this issue and its potential unintended consequences, future xLPR development can 
modify the existing Direct Model 2 to minimize this occurrence.  Alternatively, xLPR may consider 
implementing an upper threshold for crack initiation for all 3 CI models. 

4.4 Expert Panel Feedback 

Given the significant role of initiation within xLPR and the technical scrutiny expected, an Expert 
Panel approach was utilized by the PWSCC Crack Initiation Subtask Group of the xLPR Code 
team to identify the best model or models for prediction of PWSCC initiation.  An initial Expert 
Panel was convened by EPRI in late 2011 with a conference call to consider whether the modeling 
selections made were reasonable for xLPR and seek any potentially advantageous modeling 
alternatives.  A second Expert Panel was then convened in-person for a day and a half in early 
2013 to reconsider this question in greater depth.  Additionally, the initiation modeling selections 
were subsequently presented to the U.S. NRC ACRS in June 2013.  In all three instances, 
important input was obtained regarding alternative perspectives, approaches, and initiation 
modeling details, but no fundamental changes in direction were identified from these independent 
reviews.   

A summary of the Expert Panel conclusions and recommendations is provided below: 
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• The Expert Panels members were unaware of any better approach to modeling 
PWSCC initiation than that incorporated into xLPR Version 1.0 and at the time was 
recommended for Version 2.0, and noted that the only way to improve things is to 
develop proper distributions on the variables and to use a Bayesian approach to 
reducing uncertainties, which essentially means to incorporate operating experience 
and update the parameters as necessary over time 

• The Expert Panel consensus decision was to continue with Direct Model 1, Direct 
Model 2, and the Weibull Model for Version 2.0 

• The Expert Panel concluded that including a material factor (Im) in Direct Model 1 and 
the Weibull Model should be done for Version 2.0; Direct Model 2 seems to already 
have such a factor imbedded within its parameters.  In the case of PWSCC of Alloy 
600 wrought material, it has been practical in some cases to develop material index 
statistical distributions addressing differences in material susceptibility (including the 
effect of microstructure) between different subsets of components; however, in the 
case of Alloy 82/182 piping dissimilar metal butt welds (DMBWs), it is not practical to 
treat microstructural properties as an explanatory variable for differences in PWSCC 
susceptibility. 

• The Expert Panel indicated that the Weibull Model should be less certain than the two 
Direct Models.  The recalibration of the PWSCC Models indicates that it is [4]. 

• The Expert Panel indicated that the PWSCC Models should include a surface stress 
threshold (correlated against hardness, cold-work, and yield strength evaluations, and 
that such a value appears to be on the order of 350 MPa.  The recalibration of the 
PWSCC Models justifies a threshold of zero and with sensitivity studies shows that this 
parameter has little influence on initiation times [4]. 

• The Expert Panel had a number of ideas for evaluation as Version 3.0 of the xLPR 
code is developed; some of which are noted below: 

o The Expert Panel feels that multiple initiations/unit area is better than a single 
initiation in a subunit, which would be difficult to implement into Version 2.0, but 
should be included in Version 3.0 

o It was noted that crack size vs. subunit length vs. database sample size should 
also be investigated for Version 3.0 

o It was mentioned that considerations might be given for choosing a mechanism for 
PWSCC and when a parameter can’t be determined, to adjust the model by using 
a semi-empirical approach 

4.5 Future Model Parameter Refinement for the PWSCC Models 

The following recommendations highlight key areas for model parameter refinement: 

• Expanding weld-specific data in historical and future records: The PWSCC model 
development described in this report is influenced significantly by the near-surface 
stresses associated with components in the underlying data set. Difficulties calibrating 
CI model parameters is exacerbated by the general lack of available information 
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related to WRS and therefore requires the use of generic conventions to estimate 
near-surface stress to account for the effect of weld repairs, weld configurations, 
component geometry, and flaw orientation.   

Future PWSCC model calibration efforts can be improved by a) efforts to work with 
vendors and utilities to expand on the near-surface stress information compiled for this 
report and b) a more committed effort within the industry to quantify and publicize 
near-surface stress estimates on a component-specific basis. 

• Refining generic conventions for WRS: To address the general lack of component-
specific near-surface information, this report puts forth generic conventions for 
estimating near-surface stress as a function of component type, repair history, and 
orientation.  These conventions are developed from a combination of work performed 
by the xLPR WRS Models Subgroup, previous EPRI studies quantifying WRS in mock-
ups, and previous EPRI studies quantifying WRS with finite element analysis (FEA), as 
well as a number of engineering assumptions.  

Despite best efforts, the generic conventions of this report are imperfect.  Given the 
findings stated above, this report advocates for continued refinement of the generic 
conventions or validation of the existing generic conventions and the development of 
surface stress measurement techniques suitable to validate FEA estimates of near-
surface WRS for DMBWs. 

• Improving the technical basis for near-surface stress threshold: Direct Model 1 and the 
Weibull model accept as input a near-surface stress threshold, below which PWSCC 
initiation cannot occur.  This threshold is incorporated into the model parameter 
development of this report and has a pronounced effect on resulting models.  The 
value of near-surface stress threshold used to develop base cases in this report (150 
MPa) is not precisely consistent with the near-surface stress threshold associated with 
any one perspective (what is used in engineering practice, what laboratory studies 
suggest, what Direct Model 2 suggests, or the conventions recommended for xLPR), 
but is roughly an average of these different perspectives.  Moving forward, this report 
advocates for a near-surface stress threshold that is consistent with one of the 
perspectives, including a stronger technical basis for this decision. 

• Normalizing for the size effect: The framework described in this report discretizes all 
components in the field data set based on a user-specified number of subunits. The 
framework does not have the built-in capability to perform discretization based on a 
user-specified wetted surface area per subunit.  The latter approach would effectively 
normalize for size effects—the premise that larger areas are expected to have higher 
rates of initiation in comparison to smaller areas, all other factors held constant. 

• Improving verified range for effects models: Direct Model 1 and the Weibull model rely 
on a stress effects model (initiation time is proportional to stress-5) that is primarily 
based on laboratory tests with applied stress exceeding the yield strength.  There is 
insufficient evidence to confirm that this effects model is applicable to applied stress 
below the yield strength, i.e., the stress range used to normalize the field data set in 
the base case analysis.  This report advocates for testing to help resolve the near-
surface stress dependency below yield strength. 
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Likewise, laboratory testing resulting in PWSCC initiation is generally conducted at 
relatively high temperatures and may not extend down to cold leg operating 
temperatures.  This report advocates for testing to confirm the Arrhenius model 
dependency holds for PWSCC initiation across the full range of temperatures 
encountered in the primary system.  
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5. SUMMARY 

This Model subgroup report is intended to describe the overall development of the PWSCC and 
fatigue CI modules for xLPR version 2.  An overview of the PWSCC and fatigue CI model 
requirements, selection and development, and uncertainties are presented in Section 2.  These 
models were then developed into modules for integration into the xLPR Framework.  An overview 
of the development of the modules was presented in Section 3, including descriptions of:  design 
requirements, inputs, recommended default input values, the verification and validation efforts, 
and algorithmic flow of the modules.  Section 4 provides recommendations for modifications to 
the PWSCC and fatigue CI modules in future versions of xLPR.  More detailed descriptions of the 
models selected and the module development are found in the PWSCC and fatigue CI SRDs 
[10,20], SDDs [23,24], STPs [32,33], STRRs [34,35], and MVRs [21,22]. 
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PIB Vertical Slice Review 

PWSCC Initiation 

 

May 28, 2014 

 

The xLPR Project Integration Board (PIB) has requested an overview of the treatment and 
documentation of input, model parameter, and modeling uncertainties and the classification and 
quantification of these uncertainties for each of the models developed for the xLPR project.  This 
document is the response of the Crack Initiation (CI) Subgroup to that request for the primary 
water stress corrosion cracking (PWSCC) CI model. 

This document will address both the PWSCC initiation time and initial location predictions 
performed by the PWSCC CI module, as well as the establishment of other initial properties (e.g., 
initial depth) performed by the Computational Framework.  Unless otherwise noted, the discussion 
is targeted toward PWSCC CI prediction on the ID surface of Alloy 182/82 DM butt welds of thick-
walled components. 

The information in this document is provided by consensus of the Initiation Subgroup and 
generally reflects collaboration between Initiation Subgroup members.  Instances of specific 
collaboration with other Groups/Subgroups are discussed as applicable in later sections of this 
document. 

Finally, the organization of this document is as follows: 

• Description/justification of deterministic inputs 

• Description of physical parameter uncertainties and how these are considered during 
model parameter estimation 

• Description of model parameter uncertainties 

• Discussion of correlation 

• Discussion of documentation and validation 

While the organizational structure of the original PIB questionnaire is not directly reflected in this 
response, it has been confirmed that most if not all points of inquiry have been addressed.  The 
CI Subgroup will be available for follow-up requests.  The main points of contact for these requests 
are Kyle Schmitt and Cliff Lange. 

Deterministic Inputs: 

This section establishes and explains all inputs recommended for deterministic treatment in 
PWSCC CI modeling, at this stage.  Deterministic inputs can be varied from run to run to 
investigate different possibilities, but are treated as fixed from trial to trial during a single run.  It 
is noted that nothing prevents the Computational Group from giving the option of distributed inputs 
for those parameters specified below as “user input”. 
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Number of subunits (user input): To accommodate multiple cracks on a single 
component/weldment, the xLPR program allows each component/weldment to be discretized into 
multiple circumferential “subunits”.  Initiation within each subunit is simulated by the xLPR 
program.   The number of subunits is inversely related to the circumferential distance presumed 
to separate independent instances of physical initiation (i.e., development of local precursor 
conditions, development of oxide penetrations, dislocation formation and interaction, formation 
and coalescence of micro-cracks, growth to K-controlled cracks).  The number of subunits is 
recommended as a deterministic input because it simplifies estimation.  This has little or no impact 
on the flexibility that can be achieved by the initiation prediction so long as the number of subunits 
is set considerably larger than the number of independent initiations expected in practice.  The 
number of subunits is ordinarily set to a value larger than the number of independent initiations 
expected and the initiation model parameters are fine-tuned to yield initiation predictions in 
agreement with field or laboratory experience.   

Current subunit number (derived by Computational Framework): This input is simply used to 
determine the arc length over which a flaw can be initially located.  For instance, a flaw in subunit 
number 1 must initiate within ±2π/N of top dead center.  This is a deterministic modeling 
convention that essentially establishes independent initial cracks. 

Number of time intervals in operating history (derived by Computational Framework): A time 
interval is defined as the number of changes in operating conditions that are modeled to affect 
PWSCC initiation (e.g., temperature, surface stress, and zinc concentration) over the simulated 
operating period.  It is assumed that a) the scheduling of mitigation or power uprates that impact 
initiation behavior is known or b) can be varied from run to run to assess different options. 

Initiation time model flag (user input): This input informs the PWSCC CI module to use one of 
three unique initiation model forms.  The use of a single model form for a run is considered 
appropriate. 

Material flag (derived by Computational Framework): This input informs the PWSCC CI module 
whether or not the simulated material is Alloy 600/182/82.  This is a deterministic input by 
definition. 

Zinc concentration threshold (user input): A factor of improvement is applied to the predicted 
initiation time if zinc concentration is above the zinc concentration threshold.  A deterministic 
threshold is sufficient to separate plants with no or trace zinc from plants with a zinc program, 
which is the primary objective of the modeled threshold. 

Universal gas constant (probably hardwired in Computational Framework): A deterministic 
universal gas constant probably speaks for itself, but it is also noted that any analysis to establish 
initiation model parameters from data will consistently treat the universal gas constant as 
deterministic. 

PWSCC initiation activation energy (user input): After deliberation, the decision was made to 
recommend deterministic initiation activation energy.  This corresponds with typical analysis, for 
which a deterministic activation energy is established and then model parameter estimation 
proceeds assuming this value such that uncertainty in data is reflected by other parameters.  The 
variability in initiation time at a fixed temperature is substantially larger than the deviation from the 
temperature trend predicted with a best-estimate Arrhenius model, such that it is not essential to 
model variability in activation energy. 
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Direct Model 1 stress exponent (user input): The stress exponent in Direct Model 1 is 
recommended as a deterministic input.  Similar to activation energy discussed above, this reflects 
common model parameter estimation techniques.  Also, the variability in initiation time at a fixed 
surface stress is believed to be more dominant than the deviation from a deterministic initiation 
time versus surface stress relationship.  In any case, any uncertainty due to deviation from the 
deterministic initiation time versus surface stress relationship is incorporated in other modeled 
uncertainties discussed later in this document. 

Direct Model 2 cold-work parameters (user input): Direct Model 2 includes nine parameters that 
together predict how PWSCC initiation time varies with respect to estimated material cold work at 
the component surface.  The estimation of these parameters is based on regression to 
experimental data, as presented in EPRI 1019032 [1].  EPRI 1019032 does not compile 
regression statistics.  For reasons analogous to activation energy and Direct Model 1 stress 
exponent, as stated above, it is recommended that Direct Model 2 cold-work parameters be 
treated as deterministic. 

Best-fit Weibull slope (derived by Computational Framework): The Weibull-based initiation model 
requires an input that reflects the best fit or central tendency for the Weibull slope parameter 
(which is a separate input to the model that is treated with uncertainty).  The best-fit Weibull slope 
is required to be the statistical median of the Weibull slope distributed input, and is therefore 
deterministic by definition. 

Pivot time and failure fraction at pivot time (user-defined): A pivot point (a time and fraction through 
which the Weibull model is constrained to pass) is used to improve the fidelity of the Weibull model 
at early instances of failure [2].  This is a useful technique for cases in which the observed failure 
fraction in the simulated population is still small, such as PWSCC initiation in thick-walled DM butt 
welds in the PWR field.  Uncertainty in the pivot point is incorporated through the vertical intercept 
error term, discussed later, and so it is appropriate to use deterministic inputs for the nominal 
pivot time and the failure fraction at the pivot time—this is similar to using deterministic values for 
statistical distribution parameters, as must be done at some level in the treatment of uncertainty. 

Weibull model stress exponent (user-defined): The discussion of the Direct Model 1 stress 
exponent also applies for this input. 

Reference temperature and stress (user-defined): The use of reference terms creates a point 
value for which the associated modeling term is unity, which helps put modeling terms on a 
normalized basis and generally reduces the magnitude between modeling parameters.  These 
reference terms do not require uncertainty as they are a modeling or mathematical convenience.  
Uncertainty is captured in other parameters discussed later in this document. 

Non-Deterministic Physical Inputs: 

The PWSCC CI module accepts several inputs that represent uncertainty in physical plant 
conditions, such as temperature and pressure, but also including weld geometry and loading or 
stress.  This uncertainty may reflect component-to-component variability, temporal variability, 
spatial variability, randomness, or a combination of these sources.  Generally, the uncertainty in 
these parameters is not specified by the Initiation Subgroup, but is intimately connected to the 
considerations that must be made for parameter estimation.  In other words, measures should be 
taken to reduce the redundancy between uncertainty captured by simulated physical inputs and 
uncertainty captured by modeling parameters.  Such measures are discussed below. 
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Duration of time interval: The duration of each time interval (defined earlier in this document) is 
an input derived by the Computational Framework.  The duration of time intervals in effective full-
power years (EFPY) can be considered well-known for simulation of historical periods.  However, 
simulation of future operating periods may include some uncertainty in the time interval EFPYs 
due to unscheduled outages or power reductions (for maintenance, etc.).  To the extent that 
effective time at full-power was not well quantified for historical plant operation, uncertainty in 
duration of time interval may be double-counted in the xLPR framework; however, this is believed 
to be a small uncertainty overall. 

Zinc concentration: Zinc concentration versus time is a user-defined input. In the xLPR framework, 
a different zinc concentration may be specified for three different operational periods, termed “time 
intervals”.  These time intervals may be used to separate systematically different zinc targets 
(e.g., with and without a zinc mitigation program).  Therefore, the zinc concentration input is 
interpreted as the time-averaged zinc concentration during a time interval. 

For simulation of historical periods, zinc concentration may include uncertainties due to spatial 
variation or poor measurement of zinc injection; simulation of future operating periods may include 
these same uncertainties as well as uncertainties due to the influence of unforeseen zinc 
concentration transients and non-zero zinc injection control tolerances.  

Parameter uncertainty for PWSCC initiation models are generally developed without 
consideration for zinc addition. Therefore, uncertainty in modeled initiation times may include 
some variability due to a zinc effect (which could lead to model bias or redundant uncertainty).  
However, most operational experience from which initiation time models are developed does not 
include significant zinc addition and therefore the lack of explicit treatment for zinc concentration 
during model development is not believed to have a negative effect on model fidelity.   

Operating temperature: Operating temperature versus time interval is a user-defined input. In the 
xLPR framework, a different temperature may be specified for three different operational periods, 
termed “time intervals”.  These time intervals may be used to separate systematically different 
operating temperatures (e.g., before and after an uprate).  Therefore, the temperature input is 
interpreted as the time-averaged temperature during a time interval.  Uncertainty in operating 
temperature may include lack of knowledge about historical plant operation, measurement 
uncertainty, the influence of transients, or spatial variation (e.g., thermal stratification).   

The initiation time models are developed to predict initiation time in effective degradation years 
(EDY), which allows normalization for operating temperature.  For field welds included in model 
development, any temperature uncertainty or deviation from the best-fit Arrhenius relationship 
(used to derive EDY) may lead to unintended parameter uncertainty. An effort is always made to 
apply the most appropriate and accurate temperature to field welds and so this redundancy is 
believed to be minor, especially in comparison to other intended uncertainties, e.g., weld-to-weld 
variation. 

Surface stress for subunit:  Operational (or non-transient) surface stress versus time interval for 
each subunit is derived by the Computational Framework.  Surface stress predictions in the 
framework combine many uncertainties including uncertainties in the component loads versus 
time and uncertainties in the equations used to convert loads to stresses.  Surface stress 
uncertainty is also significant in the field data sets that underlie PWSCC CI model parameter 
estimation.  While all available information is considered to refine estimates for surface stresses 
in field components prior to parameter estimation, there is no way to entirely remove this 
uncertainty altogether.  Therefore, surface stress uncertainty may be double-counted within the 
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xLPR framework (leading to more variation in the initiation time prediction than could be achieved 
under more ideal circumstances).2   

To improve model parameter estimates, an effort is underway to incorporate laboratory data, for 
which surface stress estimates may be more precisely known.  This work is to be documented or 
referenced in the Crack Initiation Models Subgroup Report in 2014. 

Finally, it is noted that benchmarking of the initiation time predictions of the framework to field 
data (e.g., V.C. Summers experience) will serve to validate the established model parameters; 
for instance, to demonstrate that model uncertainty is not excessive.  

Mechanical properties: Direct Model 2 requires estimates for the yield stress, ultimate tensile 
strength, and elastic modulus of the component.  These are user-defined inputs that are fed to 
other modules as well (e.g., for structural calculations).  These inputs are expected to include 
uncertainty due to heat-to-heat variation, within-heat variation, and randomness.  Mechanical 
property uncertainty is also significant in the field data sets that underlie PWSCC CI model 
parameter estimation.  While all available information is considered to refine estimates for 
mechanical properties in field components prior to parameter estimation, there is no way to 
entirely remove these uncertainties altogether.  Therefore, like surface stresses, mechanical 
property uncertainty may be double-counted within the xLPR framework, but this is believed to be 
generally conservative (see footnote above).   

Similar to surface stress above, laboratory data analysis and benchmarking studies will be useful 
to refine parameter estimates and validate the prediction fidelity despite the complications 
discussed above.  This work is to be documented or referenced in the Crack Initiation Models 
Subgroup Report in 2014. 

Model Parameter Input Uncertainty: 

This section discusses the uncertainty in PWSCC CI model parameters that is established and 
recommended by the Initiation Subgroup.  An attempt is made to address all related PIB inquiries 
including: a) a description of the uncertainty, b) how uncertainty quantification was performed, c) 
the actual quantification of uncertainty, d) the classification of aleatory versus epistemic, and e) 
the rationale for any truncation or limited support.  Correlation and validation/documentation are 
discussed in later sections. 

The PWSCC CI model parameters include uncertainty that is intended to account for uncertainty 
not captured in other inputs to the module.  This may account for error due to unmodeled effects 
with respect to observable variables, error due to inappropriate model forms, unmodeled effects 
with respect to latent variables, or randomness (the latter two being dominant for the PWSCC 
initiation process). 

Initiation location random variable: 

                                                 
2 However, it is believed that the surface stresses applied in the xLPR framework and the surface 

stresses assumed for model development are consistent with those in field components (in a median 
sense), such that double-counted uncertainty does not bias the median prediction, but disperses non-
median percentile predictions.  For DM welds, where the median time to PWSCC initiation is believed to 
be longer than a component lifetime (e.g., 60 years), double-counted uncertainty is expected to lead to 
conservatively earlier initiation times. 
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a) The initiation location random variable captures the uncertainty in the location of the 
crack center within the subunit at initiation time.   

b) The number of subunits is selected such that the circumferential variation in surface 
stress (and any other modeled properties) within a given subunit is small.  Therefore, 
there is no spatial preference within a subunit. 

c) The maximum entropy distribution gives no spatial preference, but a support3 limited to 
be within the subunit, is uniform.  The initiation location random variable is sampled from 
a standard uniform distribution. 

d) For a material surface with uniform temperature, surface stress, and mechanical 
properties (such is the case in a given subunit), the exact location of the PWSCC 
initiation site cannot be improved.  Therefore, this random variable is classified as 
aleatory. 

e) The standard uniform distribution, which cannot be less than zero or greater than one, 
prevents the initiation of two independent initiations in subunits designated as 
independent initiation sites. 

Zinc factor of improvement in Alloy 600/182/82: 

a) The zinc factor of improvement accounts for the uncertainty in the mitigative ability of 
zinc to delay PWSCC initiation time.  This uncertainty is largely due to limited data for 
quantifying the benefit. 

b) MRP-307 [3] developed a zinc initiation factor of improvement from Alloy 600MA steam 
generator tubing inspection data.  This uncertainty is assumed to generalize to thick-
walled components and Alloy 182/82 DM butt welds. 

c) This distribution is a shifted log-normal with fitted parameters log-μ = -0.29, log-σ = 
0.934, and a shift parameter of unity (i.e., the factor of improvement is always greater 
than or equal to unity).   

d) This uncertainty is considered epistemic because of the generalization of SG tube data 
and the limited data set used in development.  An alternative approach would be to 
apply epistemic uncertainty to the log-normal distribution parameters and sample 
aleatory uncertainty from the resulting distribution to represent randomness in the zinc 
mitigation process, but such rigorous analysis was not performed in MRP-307.  
Additional data may enable this approach in the future.  

e) No truncation is recommended.  The natural lower bound of one reflects the fact that 
zinc should not ever speed initiation on average. Conservatively, an upper truncation 
could be used to not credit higher z-scores not confirmed by the underlying data set. 

                                                 
3 The “support” of a distribution is defined as the set of points where the probability distribution function for 

the distribution is non-zero. 
4 These parameters refer to the mean and standard deviation of the natural logarithm of the log-normal 

distribution random variable (or likewise the sample mean and sample standard deviation of the data 
set transformed by the natural logarithm operator). 
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Direct Model 1 stress threshold: 

a) Direct Model 1 requires an input describing the surface stress under which no initiation 
will occur.  Uncertainty in this parameter is largely due to limited data for quantifying the 
threshold. 

b) The Direct Model 1 stress threshold uncertainty is based on the analogous quantity that 
is derived by Direct Model 2 from mechanical properties [1].   

c) For typical yield and ultimate stresses for as-deposited Alloy 82/182 at operating 
temperature [4], the Direct Model 2 equation suggests a stress threshold between 
approximately 125 and 175 MPa.  Absent of other information, a uniform distribution 
informed by this approximate range is recommended.   

d) This uncertainty is considered epistemic because the estimation is based on Direct 
Model 2, which is not necessarily applicable.  It is believed that targeted studies, 
perhaps at high temperatures, could improve the estimation of a stress threshold (or 
may dispute the idea of a threshold entirely).   

e) An alternative approach would be to apply epistemic uncertainty to distribution 
parameters and sample aleatory uncertainty from the resulting distribution to represent 
randomness in early stages of the initiation process, but such rigorous analysis has not 
yet been performed. 

f) No truncation or limited support distribution is recommended. 

Direct Model 1 and 2 proportionality constants: 

a) The Direct Model proportionality constants scale the model predictions for each subunit.  
This uncertainty largely reflects scatter in data after accounting for trends versus 
observable variables. 

b) The recommended Direct Model proportionality constant uncertainties are currently 
based on calibration studies performed shortly after the xLPR Pilot Study program was 
released [5].  These calibration studies aimed to meet several benchmarking targets by 
varying the number of subunits and the proportionality constant distributions.  The reader 
is directed to reference [5] for further details. 

c) An effort is underway to update the parameter estimations and will include i) renewed 
compilation of field initiation data, ii) compilation of laboratory initiation data, iii) rigorous 
statistical estimation procedures applied to these data sets, and iv) validation of the 
resulting parameter estimates.  This work is to be documented or referenced in the 
Crack Initiation Models Subgroup Report in 2014, including any updated 
recommendations that may supersede those given in this document. 

d) Conditioned on having 19 subunits, the recommended Direct Model 1 proportionality 
constant distribution is log-normal with a log-μ = 7.12, a weld-to-weld log-σ = 1.16 and a 
within-weld log σ = 1.07. 
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e) As stated above, the recommended number of subunits or proportionality constant 
distribution may be updated and reported in the Crack Initiation Models Subgroup Report 
in 2014. 

f) It is recommended that the within-weld variation be attributed to aleatory uncertainty to 
reflect the scatter in initiation data at identical or very similar conditions.  There is 
consensus within the Initiation Subgroup that this uncertainty cannot be resolved due 
primarily to microscopic effects and natural randomness.  The weld-to-weld uncertainty 
may also include a majority of aleatory or irresolvable uncertainty.  Since this has not 
been confirmed or refuted by data, weld-to-weld uncertainty is recommended as 
epistemic at this point. 

g) The natural lower support of the log-normal distribution reflects the impossibility of 
negative initiation time.  No truncation of the log-normal distribution is recommended as 
truncation was not applied for calibration work used to develop the recommended 
parameters given in item c) above. 

Weibull model slope and vertical intercept error: 

a) The uncertainty in the Weibull model slope and vertical intercept constitute uncertainty in 
the slope and shape parameters of the Weibull distribution from which initiation time is 
sampled.  These are uncertainties in the statistical estimation of the Weibull distribution 
parameters. 

b) These uncertainties are developed based on ordinary least-squares regression of a log-
log transformed Weibull CDF to the empirical cumulative distribution function formed by 
field data [2]. 

c) It is recommended that the Weibull slope be sampled from a normal distribution with an 
average of 1.419 and a standard deviation of 0.082 and the vertical intercept error be 
sampled from a normal distribution with an average of zero and a standard deviation of 
0.304. 

d) It is recommended that the Weibull parameter uncertainties be classified as epistemic, 
as additional data would be expected to reduce uncertainties (i.e., with an infinite data 
set, best-fit Weibull parameters could be estimated, e.g., with ordinary least-squares, 
with negligible error). 

e) No truncation is recommended.  The confidence intervals of the Weibull model 
parameters prescribed in item c), without truncation, give adequate agreement versus 
data (as will be depicted in the PWSCC CI Module Validation Report to be developed 
later in 2014).  As explained earlier in this document, additional unbiased uncertainty in 
the initiation model is expected to give conservatively earlier initiation time predictions for 
DM welds. 

Weibull initiation time random variable: 

a) The Weibull initiation time random variable largely reflects scatter in data after 
accounting for trends versus observable variables. 
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b) The Weibull initiation time random variable is used via inverse CDF random sampling to 
develop a deviate from the Weibull distribution with parameters established as discussed 
above.   

c) By definition of inverse CDF random sampling, the Weibull initiation time random 
variable is sampled from a uniform standard distribution. 

d) It is recommended that the scatter in initiation time simulated by sampling from a Weibull 
distribution be classified as aleatory.  There is consensus within the Initiation Subgroup 
that this uncertainty cannot be resolved due primarily to microscopic effects and natural 
randomness.   

e) By definition of inverse CDF random sampling, the Weibull initiation time random 
variable is sampled from a uniform standard distribution (i.e., no truncation). 

Other Initiation-Related Parameter Uncertainties 

Initial depth and length are sampled outside of the PWSCC CI module, but are considered the 
jurisdiction of the PWSCC CI Subgroup and are therefore discussed here with respect to the same 
items as in the previous section. 

Initial Crack Depth: 

a) Because the initiation time models are estimated and validated based upon field and 
laboratory data where very small cracks are not typically detected5, the initial crack depth 
used within the xLPR Computational Framework should be consistent with the depth of 
larger, singly dominating cracks of engineering significance.  Uncertainty in initial depth 
should reflect the uncertainty in the flaw size at the time of detection in data sets that 
underlie model parameter estimation. 

b) The recommendation for initial crack depth is based on industry detection data, practical 
considerations with regard to other modules within the xLPR framework (i.e., the K-
calculation and growth rate modules become inaccurate at very low crack depths), and 
consistency with other similar modeling attempts. 

c) As part of updated parameter estimation and validation discussed earlier in this 
document, the initial crack depth distribution may be refined.  The results of this 
refinement are not available at this point but will be documented or referenced in the 
Crack Initiation Models Subgroup Report in 2014. 

                                                 
5 For instance, Reference [1] describes a range of 0.4-2 mm for initial crack detection in a laboratory 

setting.  Similarly, cracks less than approximately 1-3 mm are not reliably detected on field components 
with ultrasonic testing technologies, as evidenced by vendor qualification on weld mock-ups. 
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d) The distribution for initial depth is recommended: a log-normal distribution with a median 
of 1.5 mm — a log-μ of -6.50 — a log-σ of 0.35, and a lower truncation limit of 0.5 mm.  
This distribution has the following desirable qualities: 

o PWSCC initiation models are anticipated to be estimated from industry detection 
data.  Appropriately, this distribution reflects depths of flaws that could reasonably 
be detected in common thick-walled components.  

o Many downstream models (e.g., K-solution, PWSCC growth) become unreliable for 
very small crack depths.  The lower truncation limit helps prevent troublesomely 
small crack depths.  Such small cracks are not expected to be singly dominating; 
that is they are expected to be accompanied by other similarly sized, tightly spaced 
cracks, requiring micro-coalescence models to properly predict. 

o Distributions with positive skewness (e.g., mass concentration at low values, long-
tail extending to high values) like the log-normal distribution have been found to be 
appropriate for modeling initial depths measured in practice. 

o This distribution is in rough agreement with the 0.4 - 2.0 mm. range defined for 
initial cracks for Direct Model 2 in Reference [6]. 

e) The uncertainty in initial crack depth could be reduced with more frequent inspection of 
field components or with a laboratory test program with tighter control on crack depth at 
the time of initiation detection.  However, such approaches may be extremely expensive; 
laboratory studies may require impractical test durations (e.g., years or decades) to be 
representative of field initiation.   

f) It is considered most appropriate to say that there exists a single value for initial crack 
depth that would be most appropriate in the context of defining an initial condition for a 
flaw of engineering significance; therefore, uncertainty in the initial depth term is 
recommended as an epistemic uncertainty in the absence of more rigorous testing and 
analysis. 

g) The lower end truncation is largely consistent with detectability limits, but also prevents 
depths for which growth cannot be accurately predicted with available models.  The only 
upper truncation is at 100% through-wall, which reflects the non-negligible possibility of 
large flaws. 

Initial Crack Half-Length: 

a) The uncertainty in initial crack length reflects the variability in crack length at the time of 
detectability. 

b) The uncertainty in initial crack length is developed by fitting a distribution to sizing data 
collected for PWSCC cracks detected on DM welds [7]. 

c) The recommended distribution for initial PWSCC flaw length is a log-normal distribution 
with a median of 4.8 mm — a log-μ of -5.34 — and a log-σ of 0.8.   
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d) For UT examination, depth is considered a stronger indicator of detectability than 
length.  Initial length is therefore recommended as an aleatory uncertainty reflecting the 
variability in crack length at the time when the crack depth makes the crack detectable. 

e) The natural lower support of the log-normal distribution reflects the impossibility of a 
negative flaw length.  No upper bound is recommended; it is noted that the distribution 
rarely yields instances of cracks with initial lengths exceeding the anticipated subunit 
length of two inches. 

Correlation and Inter-Dependence 

For each of the three initiation time models, no correlation of model parameters has been 
estimated.  Accordingly, each sampled PWSCC CI model parameter for a given subunit is 
sampled independently.  Correlation of model parameters may be concluded and documented or 
referenced in the Crack Initiation Models Subgroup Report after more rigorous estimation of 
model parameters via efforts discussed earlier in this document.  Namely, there is some evidence 
that the Weibull parameter uncertainties should be negatively correlated to prevent excessive 
variability in the Weibull distribution used to sample initiation time.6 

Separate from statistical correlation, the inter-dependence of model parameters is emphasized.  
This refers to the fact that revisions to certain parameters may require changes to other 
parameters to maintain consistency with data or expectations.  In particular, the following 
parameters should always be considered in tandem: initiation time model parameters, the number 
of subunits, and initial depth. 

Model parameters are held fixed for all time intervals for a given subunit so that the initiation times 
for a given subunit under fixed sets of conditions are perfectly related (i.e., if two time intervals 
have identical conditions, they will both yield the same initiation time for a given subunit).   This 
reflects a belief that the uncertainty in initiation susceptibility that remains after accounting for 
modeled variables is related to microstructural characteristics that do not change substantially 
over time. 

PWSCC initiation times for different subunits are implicitly related by the shared properties of the 
component (e.g., temperature or weld-to-weld variation terms) or the chemical environment. No 
other correlation between PWSCC initiation times for multiple flaws is recommended given the 
lack of any data to confirm such correlation. 

PWSCC and fatigue initiation times for a given subunit are implicitly related by shared properties 
relevant to both degradation mechanisms (e.g., temperature). No other correlation between 
PWSCC initiation time and fatigue initiation time model parameters is recommended given the 
lack of any data to confirm such correlation. 

There is some motivation for relating initiation time and growth rate beyond the shared properties 
relevant to both processes (e.g., operating and residual stress or temperature).  For analogous 
initiation and growth mechanisms (e.g., PWSCC in Alloy 182 and fatigue in Alloy 182), the 
sampled within-weld variation parameters should have the ability to be correlated.  The same is 

                                                 
6 That is, if sampled from least-squares distributions, a larger vertical offset in the Weibull model should 

be accompanied by a lesser Weibull slope; a lesser vertical offset should be accompanied by a larger 
Weibull slope, i.e., a negative correlation in the off-diagonal values of the covariance matrix.  Without 
this tendency built in, the uncertainty in the Weibull model exceeds that of available data. 
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true of weld-to-weld variation parameters.  This correlation allows the ability to simulate the 
expectation that material that has relatively high susceptibility to initiation also is susceptible to 
relatively high crack growth rates [8].  In general, material conditions and microstructures that 
tend to increase the crack growth rate are also expected to increase the susceptibility to crack 
initiation.  For example, a heat of CRDM nozzle material known to have an especially high 
incidence of PWSCC in the field displayed in laboratory testing crack growth rates near the upper 
end of expected behavior for thick-wall Alloy 600 material [9].  However, such cases in which 
relative material susceptibility to both initiation and growth are available are rare, and thus it is not 
practical to develop a quantitative correlation relating these two material susceptibilities. 

It may be useful to allow correlation between initial depth and initial length, given the inherent 
relationship between the two, i.e., larger depths at the time of detection may also be associated 
with larger lengths at the time of detection.  (In other studies, this has been done by scaling initial 
depth by a sampled aspect ratio to attain initial length, but this was not done here.)  In the limited 
data available, there is not strong evidence for this correlation, so zero correlation is 
recommended as a default at this time. 

Validation and Documentation 

Nearly all of the discussion above, including recommendations for treatment of uncertainty is 
captured by the PWSCC CI SRD [10] or the literature it references.  The results of updated 
parameter estimation will be documented or referenced in the Crack Initiation Models Subgroup 
Report. 

Rigorous independent validation of the initiation models has only been performed in limited 
capacity.  However, ultimately, rigorous independent model validation will be documented in the 
Module Validation Report (MVR) for the PWSCC CI module. 
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PIB Vertical Slice Review 

Fatigue Crack Initiation 

 

October 24, 2014 

 

The xLPR Project Integration Board (PIB) has requested an overview of the treatment and 
documentation of input, model parameter and modeling uncertainties and the classification of 
these uncertainties as either aleatory or epistemic for each of the models developed for the xLPR 
project.  This document is the response of the Crack Initiation (CI) Subgroup to that request for 
the fatigue crack initiation model. 

This request by the PIB encompasses uncertainties for model parameters that are common with 
another group (or groups) as well as those that are unique to a specific subgroup.  For Crack 
Initiation Fatigue (CIF) all parameter uncertainty is unique to CIF and only those parameters are 
discussed.  Additionally the request addresses how model uncertainty is addressed, how the 
characterizations of uncertainties are assigned and how the values for uncertainties are assigned.  
Each of these areas is addressed in responses to seven specific questions posed by the PIB.  An 
additional 3 questions relating to how uncertainty is included in the models are also addressed. 

CIF Model Overview: 

Equation (1) is used to describe the cycles to initiation and growth of a surface connected crack 
to a depth of 3 mm.  Details of the uncertainty and statistical modeling of initial crack sizes (both 
depth and length) used in xLPR for fatigue initiation are described in NUREG/CR-6674 [1]. 

 ln( ) = + − ln( − ) − ln − ln( ) − ln ( ) (1) 

 

The following variables are random and are the subject of this document: 

C0 

ε∞ 

Fsurf 

Fload 

Fcal 

Cenv and b are treated as constants and , the applied strain range, is an input variable.  Cenv is 
a (deterministic) environmental term that is a function of the temperature, sulfur content of the 
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material (for ferritic steels), oxygen content of the coolant and loading rate.  Recommended values 
for use in xLPR are provided for the following materials: 

• carbon steel 
• low-alloy steel 
• austenitic stainless steel 
• Ni-Cr-Fe alloy. 

NUREG/CR-6909 [2] details the methodology used to develop Equation 1 and the definition of 
the parameters assigned to each of the random variables.  An independent review of the 
development in [2] and verification of the recommended parameter values is performed by the 
xLPR CI Subgroup in [3].  Fundamentally, the probabilistic treatment of fatigue initiaion as 
developed in NUREG/CR-6909 has been adopted by the CI Subgroup for integration into the CIF 
models for xLPR.  This document addresses specific questions posed by the PIB for each random 
variable (RV) defined.  The treatment of C0 and ε∞ are addressed first as they are related and 
represent essential elements of the model.  The RV’s Fsurf , Fload and Fcal are then reviewed. 

1. PIB Question # 1:  What is the basis of and process used to assign uncertainties 
associated with input variables or model parameters unique to the CIF Subgroup.  
These responses are included in the seven “sub-questions (i through vii)” listed 
below. 

Random Variables C0 and ε∞: 

i. How are the uncertainties identified, evaluated, and documented? 

The form of Equation 1 is based on LWR environment equations provided in NUREG/CR-6909, 
Rev. 0 [2].  Inherent material variability is accounted for by treating C0 and ε∞ as RV’s with Cenv 
and b constant.  Figure B-1 shows schematically how this uncertainty is included in the model.   
Other models are available however, modeling constant amplitude fatigue life data on log-log 
scale axis with all variability included in the coefficient “C” and maintaining the slope of the line b 
constant, is an acceptable choice that is used in other industries [4].  Evaluation of the 
uncertainties is performed in [2, 3] and documented in the xLPR SRD for CIF [5].  
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Figure B-1. Distributions of C0 and ε∞ showing the 10% and 90% probability levels. 

ii. List uncertain quantities, the associated distribution developed for each variable and 
the basis for the type of distribution and its associated parameter values, including 
appropriate background references and equations. 

The primary uncertain quantities in Equation 1 are C0 and ε∞ and are addressed here.  The 
remaining uncertain quantities Fsurf, Fload and Fcal provide adjustments to fatigue life “N” for the 
effects of surface finish, load sequence and calibration factor are addressed later.  The variances 
of C0 and ε∞ are taken to have heat-to-heat (weld-to-weld) and within-heat (within-weld) 
contributions.  The distributions and parameter values themselves are included in References 1 
and 2 with a summary of their development presented in Table B-1.  Table B-1 identifies the 
specific Equations in [2] that document the parameter values.  Following Reference 5, C0 and ε∞ 
are taken to be normally distributed.  Note that this results in N being lognormal.  Table B-2 lists 
the values of the parameters documented in [5]. 

Table B-1 Summary of Development of Values of Distribution Parameters 

 Carbon Steel (CS) Low-Alloy Steel 
(LAS) 

Stainless steel (SS) Ni-Cr-Fe 

C0 

Mean Taken directly from NUREG/CR-6909, Equations 20, 21 & 34 for 
CS, LAS & SS respectively [2,3] 

Assumed same as 
stainless steel as 
recommended by 
NUREG-6909. 

Variance 
(heat-to-heat)  

Calculated from heat specific data provided by G. Stevens.   
Heat-to-heat variance calculated using the mean C0 values for 
each heat provided in [3]. 

Variance 
(within-heat) 

Calculated from heat specific data provided by G. Stevens.   
Within-heat variance calculated as the average of all individual 
heat variances in [3]. 

ε∞ 
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Mean Taken directly from NUREG/CR-6909, Equations 20, 21 & 34 for 
CS, LAS & SS respectively [2,3] 

Assumed same as 
stainless steel as 
recommended by 
NUREG-6909. 

Variance  
(heat-to-heat)  

Total variance taken from NUREG/CR-6335 [6].  Due to 
insufficient data for ε∞, the heat-to-heat and within-heat 

variances are proportioned to be same as relative proportion 
defined for C0 for the CS, LAS & SS materials Variance 

(within-heat) 
 

Table B-2 Constants in Fatigue Life Relation in Water 

  NUREG/CR-6909 [3] 

  LAS CS Austenitic Ni-Cr-Fe 

 1/b 1.808 1.975 1.920 1.920 

Co 

Mean 5.747 5.951 6.157 6.157 

h-h Stdev. 0.484 0.488 0.411 0.411 

w-h Stdev. 0.534 0.430 0.368 0.368 

ε ∞  

Mean 0.151 0.113 0.112 0.112 

h-h Stdev. 0.017 0.020 0.019 0.019 

w-h Stdev. 0.019 0.017 0.017 0.017 
 

iii. Describe the assignment and basis of correlation between variable uncertainties. 

The RV’s C0 and ε∞ are assumed to be completely correlated in that they are both drawn from the 
same probability level in a given realization.  This assumption is consistent with the treatment 
used in [1 ,7] and is based on the observation that materials with better low cycle fatigue 
resistance tend to also exhibit better high cycle resistance [2].  Figure B-1 graphically shows this 
assumption. 

iv. How was the aleatory and epistemic classification of the uncertainty evaluated and 
documented to be appropriate? 

Fatigue behavior of materials is widely considered to be an inherently random process and the 
uncertainty with it is classified as aleatory.  There is little debate on this and the aleatory 
uncertainty is included as the (lognormal) probability distributions for C0 and ε∞ shown in Figure B-
1.  The parameters of the distributions for C0 and ε∞ (e.g. μ_C0, σ_C0 (h-h), σ_C0 (w-h), μ_ε∞, σ_ε∞ (h-h) 
and σ_ε∞ (w-h)) all have epistemic uncertainty as their values are based on data that yield improved 
estimates with increasing amounts of available data.  However, xLPR models these parameters 
as constants and their uncertainty in not included following the treatment in [2]. 

v. How were uncertainties portioned among input and parameter uncertainties to avoid 
accounting for similar uncertainties in more than one place? 
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As stated in the response to question (i), modeling constant amplitude fatigue life data as a 
straight line plotted on log-log scale axis with all variability included in the coefficient “C” and 
maintaining the slope of the line, b, constant makes an effective probabilistic model.  Alternatively, 
attempts to include this variability solely in the slope of the straight line fit “b”, results in varying 
probability levels for different strain level inputs.  Including uncertainty in both parameters C0 and 
b, requires correlation (between C0 and b) that complicates parameter definition.  This possibility 
is avoided by assigning all uncertainty to the C0 parameter keeping the slope parameter, b, 
constant.   

This question is discussed further in the treatment of the Fsurf, Fload and Fcal RV’s. 

vi. Describe the methods for uncertainty propagation and any sensitivity analysis that 
were used. 

There is no uncertainty propagation within the CI module calculations. 

vii. Describe the physical basis for truncation of distributions with infinite tails (e.g. normal) 
or of the bounds for limited distributions (e.g. uniform). 

There are no truncated distributions in the CI module. 

Random Variables Fsurf , Fload and Fcal: 

The development of RV models for C0 and ε∞ described previously is based on data collected 
using smooth polished specimens of a standard size and subjected to uniform cyclic loads.  For 
application to field issues that do not have polished surfaces, are of many different sizes and are 
subject to irregular loadings appropriate adjustments must be made in the fatigue life predictions.  
These adjustments are made using the uncertainty factors Fsurf, Fload and Fcal. 

i. How were the uncertainties identified, evaluated, and documented? 

As with the RV’s C0 and ε∞ the uncertainties associated with factors Fsurf, Fload and Fcal.are identified 
and evaluated in [2, 3].  Documentation for the xLPR project is contained in [4]. 

ii. List uncertain quantities, the associated distribution developed for each variable and 
the basis for the type of distribution and its associated parameter values, including 
appropriate background references and equations. 

The treatment of the Fsurf and Fload variables is developed in NUREG/CR-6909 [2] and [3].  For 
these variables there is limited data available to base a rigorous quantitative evaluation of 
uncertainty.  For surface finish, Fsurf, NUREG/CR-6909 recommends a factor of 2.0 to 3.5 be used 
for fatigue life calculations.  For load sequence, Fload, effects the NUREG recommends factors 
between 1.2 and 2.0 be used.  In both cases these values, which are based on empirical 
observations of limited data, are assumed to represent the 5th and 95th percentiles respectively 
(see [2] Sections 7.3, 7.4 & 7.6) of a lognormal distribution.  The resulting input values for xLPR 
(e.g. μ’s& σ’s) are evaluated in [3], documented in [4] and listed here in Table B-3.   

Table B-3 Fsurf, Fload and Fcal Factors 

 μ (Log Space) σ (Log Space) Distribution 
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Surface Factor, Fsurf 0.973 0.170 Log-normal 

Load Factor, Fload 0.438 0.155 Log-normal 

Calibration Factor, Fcal User Defined1 User Defined1 Constant or Log-normal 

5. Default to constant Fcal = 1.0, assuming subunits are approximately 2 inches in length. 
 

The factor Fcal is used to address size effects and it enables users to calibrate models to match 
experimental data or any other user defined requirement.  Of primary interest in xLPR is the 
application of Fcal to calibrate results when subunit sizes other than 2 inches are used in the model.  
A more detailed explanation of this variable and its application in xLPR can be found in [3].   

iii. Describe the assignment and basis of correlation between variable uncertainties. 

There is no correlation between the Fsurf, Fload and Fcal RV’s. 

iv. How is the aleatory and epistemic classification of the uncertainty evaluated and 
documented to be appropriate? 

The influence of surface finish and load sequence on the fatigue behavior of materials can be 
considered to have aleatory or epistemic uncertainty (or both).  This assumption is due in large 
part to the nature of data collection required to assign values to any assumed distribution.  To be 
specific, data collection to evaluate uncertainty in surface finish and load sequence effects 
requires fatigue testing which is known to have significant (aleatory) uncertainty.  As the data 
collected to date to evaluate Fsurf and Fload  is limited, it is not possible to separate out the 
uncertainty associated with the fatigue testing and no conclusions are made on the nature of Fsurf 
and Fload  uncertainty. 

v. How are uncertainties portioned among input and parameter uncertainties to avoid 
accounting for similar uncertainties in more than one place? 

The treatment of uncertainty in the strain-life relationship of Equation 1 was discussed previously 
where it was shown that assigning all uncertainty to the C0 parameter excludes (or minimizes) the 
possibility of accounting for similar uncertainties in more than once.  For the Fsurf and Fload  
parameters, separate testing is performed using test specimens that do not have polished 
surfaces and are subject to irregular loadings.  Results from these tests are compared to the 
results of data for the smooth polished specimens and subjected to uniform cyclical load patterns 
so that appropriate factors for Fsurf and Fload  can be defined.  As discussed in the response to 
question “1.iv”, the fatigue testing used in both sets of data has significant (aleatory) uncertainty 
and due to the limited nature of available data it is not possible to separate the uncertainty 
associated with C0 (and ε∞) from the uncertainty with Fsurf and Fload .  The calculated distribution 
parameters reported in Table B-3 for Fsurf and Fload are estimates based on limited data and there 
is a potential for double counting of uncertainty.  However this potential is assumed to be small 
and the uncertainty assigned to Fsurf and Fload is likely to overshadow any potential double counting 
of uncertainty that may be contributing to sampled values of “N” via Equation 1.  

An additional concern with load sequence, Fload, effects is the summation of all variable amplitude 
load contributions to damage via Miner’s Rule.  Separate studies have shown that testing to failure 
of variable amplitude loading results in Miner’s damage summations that are different than 1.0 
suggesting there is variability in Miner’s rule that needs included in probabilistic evaluations.  
However, in the CIF model for xLPR no uncertainty in Miner’s Rule is utilized [5].  This is based 
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on the belief that the uncertainty reflected Miner’s rule with separate testing of variable amplitude 
loading is caused by the underlying uncertainty in the constant amplitude fatigue testing itself and 
as a result no double counting of uncertainty will be introduced. 

vi. Describe the methods for uncertainty propagation and any sensitivity analysis that 
were used. 

There is no uncertainty propagation within the CI module calculations. 

vii. Describe the physical basis for truncation of distributions with infinite tails (e.g. normal) 
or of the bounds for limited distributions (e.g. uniform). 

There are no truncated distributions in the CI module. 

2. PIB Question # 2:  Were model uncertainties (both aleatory and epistemic), as 
opposed to model parameter uncertainties questioned previously, associated with the 
computational models developed by your subgroup assessed and documented? 

Model uncertainties, as opposed to model parameter uncertainties were not specifically 
addressed by the subgroup and documented.  To be clear, the model employed for CIF, 
developed and documented in NUREG/CR-6909 [2], is a straight line fit to test data plotted on a 
log-log scale with a lower (strain range) threshold for initiation as shown in Figure B-1.  An 
alternative model would be a nonlinear (power law) fit to the data, with or without a threshold.  
There may be other potential models either parametric or based entirely on data.  These other 
possibilities were not pursued by the CI subgroup as the work of NUREG/CR-6909 [2] that defined 
the model employed represents a fairly recent (2007) and comprehensive treatment of the subject 
and it was decided (by CI Subgroup members) there was no substantial benefit to re-evaluating 
the results of this recent work. 

3. PIB Question # 3:  How has the basis (e.g. through sensitivity analyses) been 
developed to determine if the uncertainties utilized (input, parameter, and model) 
provide a conservative on non-conservative output and how is that documented? 

The uncertainties utilized in the modeling CIF are associated with the distribution parameters of 
the random variables (RV); C0, ε∞, Fsurf, Fload and Fcal.  The variances assigned to each of these 
RV’s are based on statistical analysis of available data.  NUREG/CR-6909 compares predicted 
life to observed life for the data used to develop the mean values of C0 and ε∞ and the Cenv constant 
for the carbon, low alloy and stainless steel data.  These comparisons that do not include the Fsurf 
and Fload  effects show good agreement with differences between predicted and experimental 
values less than a factor of 3.  These exercises show that the fatigue life models developed in 
NUREG/CR-6909 and employed in xLPR for CIF provide good estimates of mean behavior that 
is neither conservative nor non-conservative. 

Simulation studies in [2] that include the effects of Fsurf and Fload  show that component lifetimes in 
air environments are reduced by a factor of 11.0 to 12.6 for the 3 materials considered.  These 
results show that fatigue lifetimes for components are significantly less than test coupon data and 
reflect the expected trend displayed by the underlying data.   Without full scale pipe CIF tests to 
serve as a suitable benchmarks or field data with sufficient detail (e.g. load histories, as built 
dimensions and surface finish) improved comparisons are not possible.  For application in xLPR, 
the resulting CIF model parameters discussed here are considered neither conservative nor non-
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conservative and are believed to be the best representative model available for the materials 
characterized. 

4. PIB Question # 4:  If no uncertainty was assigned to an input or model parameter, 
then what was the basis for the decision that it is a constant value and how is that 
documented? 

Inspection of Equation (1) shows that only the fatigue exponent “1/b” and the environmental factor, 
Cenv, are constants.  This selection was made in [2] and discussed in the response to questions 
“1.i” and “1.v”. 

  



xLPR Models Subgroup Report—Crack Initiation  

B-10 

References: 

1. M. A. Khaleel, et al., “Fatigue Analysis of Components for 60-Year Life”, NUREG/CR-6674, 
June 2000. 

2. O.K. Chopra and W. J. Shack, Effect of LWR Coolant Environments on the Fatigue Life of 
Reactor Materials, NUREG/CR-6909, February 2007. 

3. Technical Basis for xLPR 2.0 Fatigue Crack Initiation Inputs, March 16, 2013 (located in 
xLPR Subversion tags directory in folder: Controlled Documents/Reference Documents). 

4. Lange, C.; “Probabilistic Fatigue Methodology and Wind Turbine Reliability;” Sandia Report 
SAND96-1246, May 1996. 

5. xLPR-SRD-CIF, xLPR Software Requirements Description for xLPR Crack Initiation Fatigue, 
Version 3.1, 2014. 

6. J. Keisler, O.K. Chopra and W.J. Shack, Fatigue Strain-Life Behavior of Carbon and Low-
Alloy Steels, Austenitic Stainless Steels, and Alloy 600 in LWR Environments, NUREG/CR-
6335, August 1995 

7. Materials Reliability Program:  Re-Evaluation of Results in NUREG/CR-6674 for Carbon and 
Low-Alloy Steel Components (MRP-74)”, EPRI Report 1003667, November 2002. 

 
 


