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EXECUTIVE SUMMARY

This report provides guidance in the use of the NASGRO® fracture mechanics and fatigue crack
growth analysis software to perform fitness-for-service (FFS) assessments of crack-like flaws in
typical pressure system components in accordance with procedures outlined in Part 9 of the 2021
edition of API 579-1/ASME FFS-1. While multiple sections of this report provide necessary
background on the use of the various analytical modules of NASGRO, this report is not intended
as a substitute for the NASGRO reference manual, nor is it intended as a substitute for API 579.
Familiarity with both is required to understand and effectively apply the guidance provided in this
document.

NASGRO has been enhanced to perform fitness-for-service analyses of safety-critical ground-
based steel pressure vessels and other non-flight structures using approaches contained in the API
and ASME standards. The guidelines for performing FFS assessment procedures for crack-like
flaws outlined in this report are based on the well-known Failure Assessment Diagram (FAD). The
objective of this report was to provide guidance in the use of NASGRO and the FAD to perform
FFS assessments and fatigue crack growth analyses. Key features and recent enhancements to
NASGRO that enable analyses to be performed aligned with API 579 approaches are reviewed.
In some cases, there may be slight differences in formulations between NASGRO and API 579
and these are documented.

Four representative example analyses were presented in Section 13.0 and were intended to
illustrate the use of NASGRO for different FFS analyses of “real-world” pressure vessel
applications. While these examples considered typical pressure vessel geometries and materials,
they should only be treated as “notional” demonstrations of the NASGRO software capabilities
and features.

A key aspect of the examples presented herein is the use of different choices for material properties
such as the fatigue crack growth relationship and the fracture toughness. In general, it was shown
that the API 579 material property choices produce results that are conservative relative to the
NASGRO database materials. It is recommended that analysts be aware of these differences when
setting up an analysis.

Comparisons between results obtained with NASGRO and the INSPECT software were made for
two of the examples. These benchmark comparisons produced reasonably good agreement
between the SIFs and final crack sizes; however key differences were noted between the value of
L: used in the FAD. These differences are most likely due to the difference between a local and
global failure computation used by the two programs. It is recommended that future NASGRO
enhancements include the output of the reference stress and L; values for both the local and global
failure conditions, with an option for the analyst to choose which one to use for the FAD.

Lastly, additional benchmark analyses are recommended between NASGRO and other FFS
software programs to identify and understand differences such as those noted above.
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ACRONYMS AND SYMBOLS

Organizations
API American Petroleum Institute
ASME American Society of Mechanical Engineers
NASA National Aeronautics and Space Administration
OSMA NASA Office of Safety and Mission Assurance
SwRI Southwest Research Institute
Technical Abbreviations
FAD Failure Assessment Diagram
FAL Failure Assessment Line
FCG Fatigue Crack Growth
FEA/FEM Finite Element Analysis/Finite Element Model
FFS Fitness For Service
GUI Graphical User Interface
LPV Layered Pressure Vessel
SIF Stress Intensity Factor
WF Weight Function
WRS Weld Residual Stress
Mathematical Symbols
a crack depth
c crack length
X distance
t thickness
W width
da/dN fatigue crack growth rate
C,n,p,q NASGRO equation parameters
R stress ratio
S stress
AS stress range
K stress intensity factor
AK stress intensity factor range
Kie, Ke, Kie fracture toughness
Oys yield stress
K FAD toughness ratio
L; FAD load ratio
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1 INTRODUCTION AND OBJECTIVES

The objective of this document is to provide guidance in the use of the NASGRO® fracture
mechanics and fatigue crack growth analysis software [1]! to perform fitness-for-service (FFS)
assessments of crack-like flaws in typical pressure system components in accordance with
procedures outlined in Part 9 of the 2021 edition of API 579-1/ASME FFS-1, hereinafter simply
referred to as API 579 [2]. While multiple sections of this report provide necessary background
on the use of the various analytical modules of NASGRO, this report is not intended as a substitute
for the NASGRO reference manual, nor is it intended as a substitute for API 579. Familiarity with
both is required to understand and effectively apply the guidance provided in this document.

The NASGRO fracture mechanics and fatigue crack growth analysis software is a general-purpose
suite of analysis modules that are used to perform structural integrity analyses and lifetime
predictions for a wide range of structures and mechanical components in many industries around
the world. Initial development of the NASGRO software began at NASA Johnson Space Center
in the 1980s for fracture control of the Space Shuttle and subsequently grew into a specialized
engineering software package that was being used for the analysis of aging aircraft structural
integrity in the 1990s. Beginning in 2000, Southwest Research Institute® (SWRI®) took over
industrial distribution and support of NASGRO and established the NASGRO Consortium
comprised of primarily aerospace industry companies. Since 2000, SwRI has had the
responsibility as manager of the NASGRO Consortium under the terms of a Space Act Agreement
first signed between the NASA Johnson Space Center and SwRI in 2000 and renewed in
subsequent years.

While the underlying fracture mechanics and fatigue crack growth analysis technology contained
in NASGRO is generally applicable for the analysis of cracks in any metallic structure, the
historical focus of the feature developments in the NASGRO software had been on aerospace
structural applications. More recently, NASGRO has been enhanced to perform fitness-for-service
analyses of safety-critical ground-based steel pressure vessels and other non-flight structures using
approaches contained in the API and ASME standards. These efforts facilitate the broader use of
NASGRO for the analysis and sustainment of ground-based pressure systems. They were funded
incrementally over the last ten years by the NASA Office of Safety and Mission Assurance
(OSMA) Pressure Systems program and expand the application of NASGRO to industries beyond
its initial aerospace focus.

The guidelines for performing fitness-for-service assessment procedures for crack-like flaws
outlined in this report are based on the well-known Failure Assessment Diagram (FAD) as covered
in Part 9 of API 579 [2] and Appendix X of the NASGRO Reference Manual [1]. In NASGRO,
the FAD is considered an alternative (advanced) failure criterion that combines the failure criteria
for crack instability (unstable fracture) with the plastic limit load, including their interaction. The
FAD approach is capable of assessing the acceptability of a component containing a crack-like
flaw as well as being used as a failure criterion for a propagating crack under cyclic loading in a
remaining life analysis.

1 Numbers in square brackets [ ] refer to references listed in Section 15.0.
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Therefore, the objective of this report is to provide guidance in the use of NASGRO and the FAD
to perform FFS assessments and fatigue crack growth analyses. Key features and recent
enhancements to NASGRO that enable analyses to be performed more consistent with API 579
approaches are reviewed. In some cases, there may be slight differences in formulations between
NASGRO and API 579 and these are documented. Lastly, examples for a number of key
geometries are provided.

1.1 Organization of Report

An overview of the fitness-for-service approach is first presented in Section 2 of this report, briefly
summarizing the analysis approach outlined in API 579 and providing background on key concepts
and the use of the Failure Assessment Diagram for fracture assessment and as a failure criterion
for fatigue crack growth analysis and remaining life assessment. Section 3 of the report provides
an overview of the NASGRO software and its modules that are relevant to FFS analysis
applications. Specific NASGRO stress intensity factor solutions that are frequently used in FFS
assessments are presented in Section 4 along with discussions and comments about their defaults
and use relative to similar solutions listed in API 579. Section 5 summarizes the key material
properties that are needed to perform a FFS analysis while Section 6 describes the NASGRO
material database and how to access the different material models and data that are available.

While Sections 2 through 6 can be considered essential background information, the following
three sections (7 through 9) provide specific details of NASGRO capabilities for FAD assessments.
Section 7 outlines the approach NASGRO uses to model fracture toughness as well as an option
to use API 579 fracture toughness values. Section 8 provides guidance on how NASGRO modules
can include the effect of residual stress distributions in tabular or polynomial form and, in
particular, describes how to access the library of API 579 Annex D weld residual stress polynomial
equations. The implementation of the FAD capability in NASGRO is presented in Section 9.

The next three sections of the report (10, 11 and 12) provide guidance on using the three key
modules of NASFLA for integrity assessments: NASCCS to compute critical crack size;
NASFAD to perform a FAD assessment and compute critical crack size using the FAD; and
NASFLA to compute remaining life. Each of these sections include details of providing the
required input data and a discussion of how NASGRO presents the calculated results. Lastly,
Section 13, presents a number of example problems that illustrate the application of NASGRO for
FFS analyses, followed by a final section providing a summary and recommendations.

1.2 Use of this Report

This report has been prepared for the use and benefit of NASA; however, the information contained
herein is applicable to many industries and clients outside of NASA. Neither SWRI nor anyone
acting on its behalf makes any warranty or representation, express or implied, of merchantability
or fitness for a particular purpose nor assumes any liability (direct, indirect, foreseeable or
consequential) with respect to NASA’s or anyone else’s use of the report or use of the NASGRO
software. SWRI disclaims all liability for any loss or damage that may arise as a result of NASA’s
or anyone else’s use of the report, the information provided herein, or the use of the NASGRO
software.
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2 OVERVIEW OF FITNESS-FOR-SERVICE ANALYSES
2.1 Definition of Crack-Like Flaws

A “flaw” is defined as a discontinuity, defect or irregularity that is detected by inspection (or
assumed to exist) in a metallic component. A “crack-like” flaw considers such flaws to be
represented by a planar crack for the purpose of analysis. A crack-like flaw is therefore
characterized by a crack length and depth and a sharp root radius (i.e., a crack tip). These crack-
like flaws may be through-wall cracks, surface cracks, corner cracks or embedded cracks. In the
remainder of this report the term “crack” will be used for simplicity.

2.1.1 Flaw Characterization

API 579 provides guidelines for the characterization of existing or postulated cracks for the
purposes of performing fracture mechanics analyses. These idealizations are discussed in Section
9.3.6 of API 579 and guidelines are provided in API 579 Figures 9.1 to 9.8 for idealization of
single cracks as well as co-planar and non-planar flaws. These guidelines provide “rules” to
combine individual flaws that are in close proximity to each other into a larger virtual flaw for the
purpose of performing a fracture assessment and/or a fatigue crack growth analysis. This is because
multiple flaws in close proximity to each other may interact and be more severe than single flaws
considered to act alone.

The NASGRO software does not contain the capability to assess multiple cracks and their
proximity to one another and combine them into a single crack based on any interaction criteria.
When confronted with cracks in close proximity to each other, the analyst needs to make a
determination as to whether they should be combined using the API 579 interaction criteria prior
to performing a fracture assessment with NASGRO. The combined virtual crack size and shape
would then be input to a NASGRO stress intensity factor model.

2.2 API 579 Assessment Procedures

It is not the intent of this document to replicate the contents of API 579, however, some discussion
is provided as background to aid the reader in connecting API 579 methods to the capabilities of
the NASGRO software. Part 9 of API 579 (including the Annexes) provides extensive detail of
the API 579 assessment procedures. References to relevant sections of API 579 are made herein
as appropriate.

2.2.1 API 579 Assessment Levels

Three levels of assessment procedures are specified by API 579 for evaluation of components
containing cracks. Levels 1 and 2 are intended for components that are not anticipated to
experience service load conditions resulting in crack growth. A Level 3 assessment is required
when Levels 1 and 2 cannot be applied, yield overly conservative results, or when advanced stress
analyses are needed. The focus of using NASGRO for FFS analyses is to perform Level 2 and 3
assessments using the Failure Assessment Diagram (FAD).

NASA/CR-20250011200 3



An overview of the Level 2 assessment procedure for non-growing cracks using the FAD is
provided in API 579 Figure 9.11, reproduced here as Figure 2.2.1-1. An overview of the Level 3
assessment procedure for growing cracks using the FAD is provided in API 579 Figure 9.21,
reproduced here as Figure 2.2.1-2. The analytical aspects of these two procedures can be
accomplished using the NASGRO software with the NASGRO crack growth analysis following
the methodology shown in API 579 Figure 9.22, reproduced here as Figure 2.2.1-3.
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Figure 2.2.1-1. API 579 Level 2 Assessment Procedure for a Non-Growing
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[Ref. API 579 Figure 9.11, used with permission]|
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2.3 Stress Intensity Factors

The stress intensity factor (SIF) is a measure of the severity of a crack in an elastic solid and is
closely related to the stress field in the vicinity of the crack tip. There is a direct relationship
between the SIF and the energy release rate that governs the criticality of a crack. Since the range
of SIF (AK) during a fatigue loading cycle governs the crack growth rate, knowledge of the SIF
for a given crack geometry is essential in any fatigue crack growth computation.

2.4 Limit Loads

The plastic limit load of the cracked structure must be calculated and compared to the total applied
load as part of the FAD assessment procedure. Solutions for plastic limit loads for common
geometries are available in the literature and documented in the NASGRO, FITNET and API 579
references [1-3].

2.5 Failure Assessment Diagram

An in-depth discussion on the theory and background of the FAD approach is outside the scope of
this report; however, a brief review is presented herein for reference. Detailed documentation of
the FAD approach can be found in References [1 through 5].

The Failure Assessment Diagram (FAD) is a graph of the failure envelope of a cracked structure,
expressed in terms of the two parameters K, (the toughness ratio) and L, (the load ratio) defined as
follows:

K, = Kapp/Kmat = ratio of the applied stress intensity factor to the appropriate material
fracture toughness value (such as K. or Ky.)

L, = P/Pr = ratio of the total applied load contributing to the primary stresses to the
plastic limit load of the cracked structure

The failure envelope is called the Failure Assessment Line (FAL). For the approaches currently
included in NASGRO, the FAL is dependent only on the tensile properties of the material through
the relationship K- =f(L,). The FAL incorporates a cut-off at L, = L, max, Which defines the plastic
collapse limit of the structure.
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To use the FAD approach, assessment points with coordinates (K, L) calculated based on the
applicable loads, crack type and crack size(s), and material properties are compared with the FAL.
A schematic example is shown in Figure 2.5-1. Assessment points that lie inside the envelope
defined by the FAL indicate non-failure, while assessment points that lie outside the FAL indicate
failure. For many fatigue crack growth analyses, the assessment points will initially be far inside
the FAL envelope and will gradually grow towards the FAL envelope as the crack grows sub-
critically (e.g., from point A to point B in Figure 2.5-1). Since point B is on the FAL, the analysis
would terminate when first reaching this unacceptable condition.

Failure
Assessment C

1.0

A= Acceptable Condition
B= Limiting Condition

: C= Unacceptable Condition
Kr k

1
1
1
1
1
1
]
L

1

0 Lr= F/Fy 1.0 Lr ™o

Figure 2.5-1. Schematic Representation of Failure Assessment Diagram

2.6 Fracture Assessment

A fracture assessment can be performed according to the API 579 Level 1 and Level 2 procedures
to assess fracture stability of a crack under loading conditions that are not anticipated to cause the
crack to grow in service, i.e., static load conditions. These analyses can be performed in NASGRO
in a number of ways using NASSIF, NASCCS, or NASFAD. NASSIF can compute the SIF
directly and the user can manually compare the calculated SIF to a known fracture toughness value.
NASCCS can be used to compute a critical crack size for a specific loading and material properties
and that result can be compared to an existing crack size. However, NASFAD is the module used
to perform a fracture assessment using the FAD criterion. NASFAD computes the assessment
point with coordinates (K, L;) based on the applicable loads, crack type, crack size, and material
properties and compares (plots) the result relative to the FAL as shown in Figure 2.5-1. If the
assessment point resides inside the FAL, the crack is stable. NASFAD can also be used to compute
the critical crack size using the FAD criterion.

2.7 Fatigue Crack Growth Analysis
If a cracked component with a known crack size is determined to be acceptable using the FAD

criteria, and it will experience cyclic loadings in subsequent continued use, it is necessary to
perform a fatigue crack growth analysis to compute the remaining life of the cracked component.
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The remaining life can then be used to establish inspection intervals and plan for monitoring and/or
eventual replacement of the component. Alternatively, a fatigue crack growth analysis can be
performed in a damage tolerant design process to estimate the life of a component assuming an
initial crack size that may exist in the material, for example as a weld defect or some other material
discontinuity or damage. The NASFLA module in NASGRO is used to perform fatigue crack
growth analyses. NASFLA will propagate an initial crack subject to a specified cyclic loading
(stress spectrum) until the critical crack size is reached and failure occurs. Failure in NASFLA
can occur by a number of criteria: failure by fracture, failure by net section yielding, or failure by
the FAD criterion.
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3 OVERVIEW OF NASGRO ANALYSIS MODULES

NASGRO is a suite of computer programs comprised of eight analysis modules designed to
perform fracture mechanics and fatigue crack growth analyses. Five of these modules are relevant
for performing fitness-for-service analyses and their function is briefly summarized below.
Extensive detail on the operation of each NASGRO module is provided in the NASGRO Reference
Manual [1].

The NASGRO software module includes a large library of component geometries, crack shapes,
and applied stress fields, as well as a large library of material properties for fatigue crack growth
and fracture. Each of the NASGRO modules access these libraries in different ways depending on
their function via a graphical user interface (GUI) specifically designed for each module. The
individual modules are accessed from the opening screen via buttons as shown in Figure 3.0-1.

S5GRO® v11.00 surte of programs for fracture and fatigue analysis =

Bl Weicome to the NA S =
-11.0‘

NASGRO® v11.00 has been developed and distributed under a Space Act Agreement
between NASA Johnson Space Center and Southwest Reseanch Institute®, with additional
support from the NASGRO Industrial Consortium, the Federal Aviation Administration, and
the European Space Agency.

Addional information and technical support is available on the NASGRO website
at www .nasgro.com.
22024 SwRI®. All rights reserved.

Release Notes NASGROteam | NASGRO website | NASGRO training

Crack Propagation and Fracture Mechanics Analysis Modules

NASFLA | Fatigue Crack Growth

NASSIF Stress-intensity Factor Solutions

NASCCS |Crl.|c:aICrad-cSm
NASFAD |Fai.re.ﬂssewmﬂiagm'n

NASGLS | Sustained Stress Crack Growth [e.g. for glass]
NASMAT | Material Data Processing: Crack Growth Parameter Evaluation
NASBEM | Boundary Bement Analysis. Stress and/or SIF Solution

NASFORM | Fatigue Crack Formation Analysis

L]
@' Mirate User Data | Manual Disclaimer Ext

SOUTHWEST RESEARCH INSTITUTE

Figure 3.0-1. NASGRO Opening Screen
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To perform an analysis, the user selects the desired NASGRO module. From the opening (home)
screen in NASGRO the desired module is selected by clicking on its button as shown in
Figure 3.0-1. This activates the NASFLA Geometry GUI as shown in Figure 3.0-2 for most of the
analysis modules (except NASMAT, NASFORM and NASBEM). Clicking on the Show crack
case library button activates a menu of crack categories (or cracked body types) as shown in Figure
3.0-2. Note that the menu of crack cases can be scrolled through to visually display the list of
different SIF model geometries available in NASGRO. Then, clicking on the Select button loads
the model into the GUI enabling the analyst to enter the geometry parameters for the selected crack
case. Depending on the complexity of the fracture mechanics model selected, the GUI screen offers
different options and choices to enter geometry, loadings, etc.

-ﬁ. IIH! ten _."_E.'-H --;._-."'- rm—
| File Options ¥iew Tools Help
ERiows | Coomamee | e | o |
h—mmwl L ﬁ
Gk Coetay
Show crack case selections by
& Crack type ™ Crackedbodytype New orack cases only

Select 8 crack category

Through Cracio
Cowrwer Cracis
Sudace Cracks
Embedded Cracics
| Figtred Cracics
Dats Tabies
K [Streas intonady Factor) Tables
‘ Polynomial Senes

Standard Specmens
Superseded Sclutons

Figure 3.0-2. NASGRO Crack Case Geometry Selection Screen
3.1 NASSIF

NASSIF is used to compute and tabulate values of the stress intensity factor (SIF) in standard (K)
or normalized non-dimensional forms (commonly referred to as geometry or correction factors).
Values are computed and tabulated (or plotted) for each crack tip of the crack case being analyzed.
This module can also be used to compute the net section stresses, which is a measure commonly
used with failure criteria in NASFLA and NASCCS.

3.2 NASCCS

NASCCS determines the critical crack size associated with specified “failure” criteria for a given
geometry, loading and material properties. These criteria include failure by fracture, failure by net
section yield, or exceedance of the threshold SIF range for fatigue crack growth (below which no
growth will occur). The dual criteria of failure by fracture and by net section yielding is the default.
This module does not consider the failure assessment diagram as a failure criterion.
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3.3 NASFAD

NASFAD provides the capability to use the Failure Assessment Diagram (FAD) to assess the
criticality of crack-like flaws. The NASFAD module in NASGRO is used to perform a Level 2
fracture assessment using the FAD failure criterion given a crack size, material properties and
applied stresses. The principal result of the analysis is a determination of whether or not the crack
is in the “safe” area of the FAD (Point A) or in the “unsafe” area (Point B) as shown in Figure 2.5-
1. The NASFAD analysis provides a plot of the FAD showing the assessment point (K, L,). There
is no crack growth performed by the NASFAD module. However, NASFAD contains options to
compute a critical crack size and a failure stress using the FAD criterion.

3.4 NASFLA

The NASFLA module in NASGRO is used to compute fatigue crack growth as a function of
cyclically applied stresses. The principal result of the analysis is a crack growth curve plotting
crack size (depth and length) as a function of applied stress cycles until reaching a critical crack
size (failure). When choosing to invoke a FAD failure criterion, the NASFLA analysis also
provides a plot of the FAD showing the locus of the assessment points (K, L) calculated as the
crack grows to the limiting condition (point B) on the FAL, reaching a critical crack size
determined by the FAD criterion. NASFLA can be used to perform a Level 3 assessment.

3.5 NASMAT

NASMAT is a material data processing program containing a large library of fatigue crack growth
rate (da/dN vs AK) and fracture toughness (K.) data. Users can select, view, edit, and curve fit the
library data or enter and save their own data into the NASMAT user database. Options exist to
curve fit data to the NASGRO equation and the Walker Equation. NASMAT also provides the
capability to determine the parameters (Ax and Bx) of the relationship between fracture toughness
and thickness that is used in NASGRO. The resulting material properties and fit parameters are
suitable for direct entry into NASCCS, NASFAD and the NASGRO modules.
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4 NASGRO STRESS INTENSITY FACTOR (SIF) SOLUTIONS
4.1 General

The general form of the stress intensity factor solutions in NASGRO is given by the following
equation

K = (SoFp + S1F1 + S2F> + S3F3) Vma

where the S; represent stress quantities such as tension (Sp), bending (S:, S2), or bearing (S3)
stresses. The F; are the geometry (correction) factors associated with each stress component and
a is the crack depth or crack length ¢, depending on the solution being used. Additionally, for the
NASGRO weight function models, the Sy, S;, S> and S3 stresses can be used to individually
represent any type of nonlinear stress gradient specified in tabular form as a function of normalized
distance over the cross-section of the model. Important elements of the SIF solutions such as the
finite width correction factor and the factors accounting for the crack shape (aspect ratio, a/c) are
automatically included in the NASGRO SIF solutions and do not need to be calculated separately.
The NASSIF module in NASGRO is used to compute stress intensity factors. The process requires
the analyst to choose the desired model and specify the geometry parameters, crack size, and stress
components using the NASSIF graphical user interface (GUI). The NASFLA, NASCCS and
NASFAD modules all use the SIF solutions contained in the NASSIF module with a similar input
GUL

4.2 Overview of Frequently Used NASGRO SIF Solutions for FFS
Assessments

The NASGRO software contains over 110 different SIF solutions. The theoretical background for
each of these solutions is provided in Appendix C of the NASGRO Reference Manual [1]. While
any of these solutions could be employed for general purpose fracture and fatigue crack growth
analyses, only a subset of them is enabled to perform an analysis using the FAD failure criteria.
This “FAD-enabled” set of solutions represents common geometries that arise in the FFS analysis
of pressure systems (as well as other applications).

The following is a list of NASGRO SIF solutions that are available for use with the FAD failure
criteria:

TCO06: Through crack in hollow sphere

TCO07: Through crack (axial) in hollow cylinder

TCO08: Through crack (circumferential) in thin cylinder

TC11: Through crack (offset) in plate — univariant WF

TC12: Through crack at edge of plate — univariant WF

TC15: Through crack at edge of variable thickness plate — univariant WF
CC09: Quarter-elliptical corner crack in plate — bivariant WF

CC11: Quarter-elliptical corner crack in plate — univariant WF
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CC27: Quarter-elliptical corner crack at pressure vessel nozzle — from API 579
CC28: Quarter-elliptical corner crack at pressure vessel nozzle — bivariant WF
SC04: Semi-elliptical surface crack (axial) in hollow cylinder — univariant WF
SCO05: Semi-elliptical surface crack (circumferential) in hollow cylinder

SC06: Constant depth surface crack (circumferential) in hollow cylinder — univariant WF
SC30: Semi-elliptical surface crack (offset) in plate — univariant WF

SC31: Semi-elliptical surface crack (offset) in plate — bivariant WF

SC34: Semi-elliptical surface crack in a hollow cylinder — univariant WF
SC36: Semi-elliptical surface crack in a sphere — univariant WF

EC04: Elliptical embedded crack (offset) in plate — bivariant WF

ECO0S: Elliptical embedded crack (offset) in plate — univariant WF

Note that the majority of these crack cases (except TC06, TC07, TC08, CC27 and SCO05) are
weight function solutions for univariant or bivariant stress gradients on the crack plane.

4.3 NASGRO Limit Load Solutions

Determination of the load ratio, L;, for use in the FAD, requires computing the ratio of the total
applied load contributing to the primary stresses to the plastic limit load of the cracked structure.
The conditions at which failure of a cracked body is imminent due to plastic collapse of the net
section are traditionally denoted as the plastic limit load. Plastic limit load solutions from various
sources have been collected into compendia similar to published volumes of stress intensity factor
solutions [2, 3, 4]. Plastic limit loads are generally expressed in terms of applied uniform tension
and linear bending stresses. Therefore, if the applied loading takes the form of an arbitrary stress
gradient, it is first necessary to determine the equivalent tension and bending stresses that produce
the same net force and net moment. The specific equations for plastic limit load employed in
NASGRO are documented in detail in Appendix X of the NASGRO Reference Manual. The
equations used to calculate the global and local plastic limit loads in NASGRO are taken from the
FITNET compendium [3], independently derived [1], or from API 579 [2] depending on the crack
geometry.

Established structural integrity procedures generally specify that the plastic limit load should be
calculated based on minimum (not mean) material strength properties (e.g., yield strength). If these
are not available, mean values can be employed, but the result will be less conservative.

Only primary (mechanical) stresses can contribute to plastic collapse. Secondary stresses such as
residual or thermal stresses do not contribute to plastic collapse and hence should not be included
in the plastic limit load check. NASGRO correctly treats residual stresses as secondary stresses for
the purposes of plastic limit load checks. This includes both residual stresses that are explicitly
input as residual stresses via the NASGRO GUIs as well as calculated residual stresses arising
from shakedown analysis.

NASA/CR-20250011200 15



4.4 Cross-Reference to API 579 SIF Solutions

NASGRO and API 579 each have their own nomenclature for SIF solutions and it can be somewhat
problematic to make an apples-to-apples parallel list for the different models. Therefore, a
comparison matrix (table) was developed to cross-reference existing API 579 stress intensity factor
solutions with corresponding NASGRO SIF solutions. This matrix (included here as Tables 4.4-
1 through 4.4-5) was derived from API 579 Table 9B.1 and modified to include a column of notes
and a column containing NASGRO SIF solution names corresponding to API 579 solution names.
In a few cases, additional rows were added for relevant NASGRO SIF solutions that do not have
a corresponding counterpart in the API 579 SIF list. An “X” in the tables indicates that there is
not a direct counterpart between API 579 and NASGRO or vice versa.

The objective of these tables is to provide guidance to users of NASGRO in choosing NASGRO
SIF solutions that correspond to API 579 solutions they may have been accustomed to using. For

example, the table indicates that for a circumferentially oriented surface crack in a cylinder (API
579 solutions KCSCCEI, 2 & 3) the NASGRO SC34 model can be used.
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4.5 Crack Shape Transitions

During a fatigue crack growth analysis, corner and surface cracks may grow to the point where the
crack depth reaches the thickness prior to fracture instability. Embedded cracks may break through
to the surface prior to fracture instability. A frequent example of this type of behavior is a leak-
before-break situation where a surface crack in a pressure vessel grows subcritically and becomes
a through-wall crack without failure, resulting in a leak. NASGRO automatically accounts for
these transitions in crack shape and SIF solution in the NASFLA module. In some cases, more
than one transition is possible, for example, an embedded crack transitioning to a surface crack
and then to a through-wall crack.

4.5.1 NASGRO Defaults

NASGRO provides crack transition capabilities for many crack cases for NASFLA analysis, i.e.
crack propagation from one geometrical configuration to another. During crack transition, the
simulation will switch from the original crack case to a degraded crack case (or a succession of
them). In such cases, appropriate data need to be furnished for the degraded crack case, including
geometrical dimensions, crack sizes and loading. This transfer of data between models occurs
automatically within NASFLA and the output reflects when these transitions occur in terms of
crack size and cycles and plots of the crack growth curves illustrating that a transition has occurred.
Appendix D of the NASGRO reference manual provides details about the crack transitions for
each SIF solution that has transitions available. It is important to note that different NASGRO SIF
models transition at different crack sizes, e.g., a/t.

4.5.2 API 579 Criteria for Surface and Embedded Crack Transitions

The crack transition criteria in NASGRO differ from those contained in the API 579
“recategorization” guidelines. For example, the API 579 guidelines require transition to a through
crack at an a/t of 0.80 whereas the NASGRO weight function surface crack models transition to a
through crack at an a/t of 0.95 (e.g., SC30 & SC31). The API 579 crack transition criteria are
more conservative than the default transition criteria used in NASFLA.

An option within NASGRO to allow the user to choose crack transition criteria based on the API
flaw recategorization guidelines for surface and embedded cracks in Section 9.3.6.6 of API 579
(2021) has been implemented in NASFLA beginning with v11.0. This new transition criteria
option is implemented in NASFLA via a check box on the geometry page for applicable crack
cases. The transition criteria that already exist in NASGRO remain the defaults.

Figure 4.5.2-1 shows a NASFLA crack case geometry screen containing the check box for
selecting the use of the API 579 transition criteria. The default is to use the existing NASGRO
transitions. The API 579 transition criteria are only available for the following surface crack and
embedded crack cases: SC01, SC02, SC03, SC04, SC05, SC30, SC31, EC04 and ECO05.
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Figure 4.5.2-1. NASGRO GUI Screen for SC30 Showing Check Box

to Activate API 579 Transition Criteria

Note that the user must specify the use of the API 579 transition criteria for each individual crack
case on the Geometry page. Also note that these new criteria apply only to the list of surface and
embedded crack cases provided above. The API 579 transition criteria do not apply to any other
NASGRO crack cases, e.g., corner cracks. When the API 579 transition criteria option is selected,

a statement in the output file is printed to that effect.

The crack shape transitions for embedded cracks and surface cracks using the API 579 criteria are
documented with additional detail in Section 9 of Appendix D of the NASGRO reference manual.
This includes a listing of the API 579 transition equations, flaw dimensions before and after
transition, and a table comparing the API 579 transition criteria to the default NASGRO transition

criteria.
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S MATERIAL PROPERTIES FOR FFS ANALYSES

Required material properties for fitness-for-service analyses are specified in Section 9.3.5 of API
579 and include the yield and tensile (ultimate) strength, the fracture toughness and the fatigue
crack growth rate model. Values of these properties and parameters of the fatigue crack growth
rate model, i.e., the NASGRO equation, are contained in the NASGRO material property database.
In addition, the elastic modulus (Young’s modulus) and Poisson’s ratio may also be needed,
however, the NASGRO database does not contain values for these quantities.

In this report, the US (English) system of units is used. That is the default units system in
NASGRO. However, NASGRO does have the ability to accommodate a number of different
variants on metric systems of units.

5.1 Strength

Yield and ultimate tensile strengths are required to account for a number of aspects of a FFS
analysis ranging from a simple net-section yield failure criterion to the computation the plastic
limit load and including the effects of plasticity on the crack driving force. In addition, the yield
stress can be used to estimate residual stress distributions and to account for the effect of thickness
on fracture toughness. In NASGRO, if the FAD criterion is not used, failure is considered to occur
if the net section stress exceeds the flow stress of the specified material, defined as the average of
the yield and ultimate strengths. If the FAD criterion is used, then the yield stress is used to
compute the load ratio, L,.

5.2 Fracture Toughness

The fracture toughness of a material is a measure of its resistance to failure by rapid crack
extension (instability) resulting in fracture. It is a material property that is dependent on
temperature, environment and component thickness. Generally, the fracture toughness is defined
as the plane strain fracture toughness, K, which is considered a lower bound value for high
constraint conditions. For lower constraint conditions, i.e., thinner geometries, the fracture
toughness increases as the thickness decreases and is labeled K.. In NASGRO, crack instability is
usually assumed to occur if K. exceeds the fracture toughness (K. or K.) of a material. If the
FAD failure criterion is used, then K;. or K. are used in computing the toughness ratio, K.

5.3 Fatigue Crack Growth Rate

Remaining life calculations require the use of a relationship that relates crack growth rate (da/dN)
to applied cyclic stress or load spectrum cycles where a stress cycle (AS) results in a SIF cycle
(AK) that causes subcritical crack growth. These relationships (equations) use the applied AK to
compute the fatigue crack growth rate and usually account for dependance on the stress ratio, R,
defined as Smin/Smax for a given cycle. Crack growth rate calculations in NASGRO use a
relationship called the NASGRO equation. Other equations are available in the literature, such as
the Walker equation that is also available in NASGRO. The parameters of the NASGRO equation
for many materials have been obtained from curve fits to experimental fatigue crack growth rate
test results and are included in the NASGRO material property database.
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In addition to the NASGRO equation and Walker equation, the NASGRO software also offers
tabular da/dN approaches to perform crack growth calculations. The NASGRO material database
contains a smaller number of tabular data sets and NASFLA provides the capability to enter user-
defined sets of tabular fatigue crack growth rate data. The tabular da/dN approach utilizes a series
of discrete da/dN vsAK data points for one or more stress ratios. These tables are not made directly
from test data points, but rather from tabular fits of test data. During crack propagation analysis,
the crack growth rate under the applied stress intensity factor and/or stress ratio is calculated by
interpolating within the user-provided da/dN vsAK tables rather than using an equation.
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6 NASGRO MATERIAL PROPERTIES

The NASGRO material database is contained within the NASGRO program and has numerous
sources including government reports and handbooks, contractor reports, and journal articles.
Citations for the reference (source) of all materials in the database can be displayed from within
the program.

6.1 The NASGRO Fatigue Crack Growth (FCG) Database
6.1.1 Material Selection

From the opening NASGRO screen (Figure 3.0-1), clicking on the NASFLA button will provide
access to the Materials tab in the main NASFLA menu. Then, selecting the Materials tab provides
access to the NASGRO materials files, where properties are accessed from the NASFLA database
files automatically. Detailed information on interaction models in NASFLA is provided in Section
2.1.7 of the NASGRO Reference Manual.

The Materials tab provides a list of five crack growth interaction models that are available in
NASFLA, however, the default is non-interaction. A non-interaction model is deemed appropriate
for API 579 FFS analyses.

6.1.2 Data Source

The default “Data source” is the NASGRO material file. The other options are to obtain the
material properties either from a user-defined file or to enter new data from scratch. Options are
also available to choose from files for multiple temperatures (NASFLA database or user files) as
shown in Figure 6.1.2-1.

B NASFLA VI

le Options View Tools Help
i Geometry | [ Geamtabies. | | Material ||f\_'\ Load Blocks | [ BisidSehadie | Foutpioptons | £F Computations
Load interaction model Material parameters

€ Oterns Wikerbor Show materials kst |  Show frequently used matedals st | Search N NASGRO matesial file
" Strp Yield e | User matesial file
Show parameter imis ] Show ide Mew data

User matenal file: multiple temperatures

: i Data source: [NASGRO matena fie ~—>| - Material parameters
onstant Closune Data format: (yasspo ant: -
= e | B SN Pararks =] Data source: | MASGRO material file ;j

| NASGRO matenal file: muktiple temperatures

Figure 6.1.2-1. NASFLA GUI Menu for Material Data Source Selection

6.1.3 Data Format

Next, the “Data format” is selected from one of the following: NASGRO equation, Walker
equation, 1-D table, or a 2-D table. Two additional 1-D and 2-D table options are available to
choose tabular Paris equation representations for materials specified by API 579 and the ASME
Boiler and Pressure Vessel Code. See Figure 6.1.3-1.
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Matenal parameters
Data source: | NASGRO material file |
Data format [NASGHD equation constants EI

Sho j NASGRO equation constants
W M3tEq \Wialker equation constants
|1-D table: da/dN vs dK
Get e4eM3 5.0 table: da/dN vs di and R
1-D table: APl 579 Tabular Pans
2-D Table: ASME Tabular Paris

Figure 6.1.3-1. NASFLA GUI Menu for Material Data Format Selection

Once the Data source and Data format are chosen, the “Show materials list” button can be used to
display the materials in the database via a series of down-select menu choices.

6.1.4 NASGRO Equation

Crack growth rate calculations in NASGRO use a relationship called the NASGRO equation given
by:

dic{(u)“}"ﬂ

dN 1-R ( Kmaqu
K

where N is the number of applied fatigue cycles, a is the crack length, R is the stress ratio, AK is
the stress intensity factor range, and C, n, p, and ¢ are empirically derived constants. The
NASGRO equation is a “full-range” crack growth model in that it can represent all three crack
growth regions (near threshold, linear, and instability) as well as account for the dependence of
FCG rate on the stress ratio, R. Closure is modeled using the Newman crack opening function, f.
For background and theory supporting the NASGRO equation, the reader is referred to the
NASGRO reference manual (Sections 2.1.1 to 2.1.3) [1].

When choosing a material from the NASGRO material database for use in a NASFLA fatigue
crack growth analysis the material GUI screen is displayed showing all the material constants and
parameters for that material choice. Figure 6.1.4-1 is an example of the NASGRO equation data
display for A285 Gr C steel. A plot of the NASGRO equation fit to the test data can be displayed
by clicking on the “View Basic Fit” button.
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Figure 6.1.4-1. Example NASFLA Material Screen Showing
NASGRO Equation Data for A285 Gr C Steel

6.1.5  Walker Equation
As shown in Figure 6.1.3-1, the Walker equation is also available in NASFLA and is given by:
da AK
= C 1-m
dN (1-R)

where C, n, and m are empirically derived constants. The Walker equation is a crack growth model
that is best used to represent the linear or Paris region of FCG rate data and it includes the influence
of the stress ratio, R. However, in the NASGRO material database, much fewer materials are fit
to the Walker equation than the NAGRO equation.

6.1.6 Tabular FCG Data

As shown in Figure 6.1.3-1, NASGRO also provides four kinds of tabular da/dN approaches:

1) 1-D table of da/dN vs. AK;

2) 1-D table of da/dN vs. AKeff;

3) 2-D table of da/dN vs. AK & R.

4) 1-D and 2-D tabular Paris data from API 579 & ASME Section VIII, Div3
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The choice of which type of tabular data to use will depend on the availability of the material data
in the database (in tabular form) and the anticipated cyclic loading (single R or multiple R values
in the stress history). Appendix G of the NASGRO Reference Manual lists all the materials in the
NASGRO database that are available in tabular form. Relevant examples of choices for select
pressure vessel materials are presented below.

6.1.7 1-D Tabular FCG Data Example

An example of a 1-D tabular data set is shown in Figure 6.1.7-1 obtained by selecting the data
source as the NASGRO material file and then the data format to be 1-D table da/dN vs. AK. The
material chosen is A106 Gr B steel. A plot of the FCG data in the table can be made by clicking
on the plot button in the GUL

Material parameters
Data source: |y ASGRO material file =l
Data format: [1.D table: da/dMN vs dK -]

Show materidslist |  Show frequently-used materiais st ] Search matenials database |
Add to frequently used materials it |
Reload data from file | Start over |

[~ da/dN multiplier?

Material properties: ID B1BB16ABD1. C-R LA 75F R=0.1
uTs Yield Kle Kle Ak Bk
[7z0 460  [3050 [050 |0 [o

Crack growth parameters - 10 table
dafdN | K

£.2355E-04 -11]0.0'0 i
2.T142E-04 (75.00
S5.6745E-05 |50.00
3.9079E-06 (25.00
1.1374E-07 (10.00
7.8329E-09 |5.00
1.5700E-11 |1.00

Interpolation type Frat |

(+ Linear (" Hermie

Figure 6.1.7-1. Example NASFLA Material Screen Showing
1-D Tabular FCG Data for A106 Gr B Steel

6.1.8 2-D Tabular FCG Data Example
An example of a 2-D tabular data set is shown in Figure 6.1.8-1 obtained by selecting the data

source as the NASGRO material file and then the data format to be 2-D table da/dN vs. AK
and R. The material chosen is AOS 1146a, a wrapper plate steel from the NASA layered
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pressure vessel (LPV) program [6]. A plot of the FCG data in the table can be made by
clicking on the plot button in the GUI using the default linear-linear interpolation option.

— Material parameters
Data source: | NASGRO material file =
Data format: |2—D table: da/dN vs dK and R |

Show materials list | Show frequenthy-used materals list | Search materals databasel

Add to frequenthyused materials list |

Reload data from file | Start over |
[T da‘/dN muttiplier?

Material properties: 1D EZFD12AB01, AOS 1146a Wrapper Plate: T-L
UTs Yield Kle Klc Ak Bk

|134 |1u1 |Eﬁ.55 |EE.55 |1} |ﬂ

—Crack growth parameters - 20 table
da/dH data type
’VF Diiff daddM zet for each B = Same dasdM et for &ll B
R - .1 R - .7 R
da/dh dk. da/dh dk. da/dh dk.
0.000877712 60,5222 0.0005%795938 25,2115
0.0004115867 59.0577 0.00017258581 24.4653
0.0001535827 56.58271 0.000044430 22,7422
0.000100454 50,9855 0.000015248 21.0093
Interpolation type for R Interpolation type fordK—  5et aptions and plot
’VF Linear ~ Cubic spline  Walker logic ’VF linear (" Hemie

Figure 6.1.8-1. Example NASFLA Material Screen Showing
2-D Tabular FCG Data for AOS 1146a LPV Wrapper Steel

6.1.9 API 579 and ASME Tabular Data (Paris Equations)

The Paris fatigue crack growth rate equations described in API 579 and ASME Section VIII,
Div. 3 [7] are included in the NASGRO material files and stored in a format consistent with
current NASGRO 1-D and 2-D table formats through conversion. The inclusion of these
material categories facilitates the application of the NASGRO program to be in line with the
selection of materials and their fatigue crack growth properties in boiler and pressure vessel
industry. A total of ten (10) material IDs were added to the NASGRO tabular material property
database. They can be chosen by selecting the NASGRO material file as the “Data source”
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and using the “Data format” pull-down menu to select either the 1-D API 579 tabular Paris
option or the 2-D ASME tabular option as shown in Figure 6.1.3-1.

Complete details of these materials and how the Paris equations have been converted to tabular
form, including threshold behavior where applicable, are provided in Section 5 of Appendix A
in the NASGRO Reference Manual. Table 6.1.9-1 provides a list of the materials that are
contained in the NASGRO database using a tabular representation of the Paris equation.

Table 6.1.9-1. Materials with 1-D & 2-D Tabular Paris Equation Data from API 579 (2021)
and ASME Section VIII, Div. 3 (2023) Contained in the NASGRO Database

Table

Materials; Conditions; Environment Code
format

[B] API 579 Barsom; steel

Ferritic-pearlite; Table 9F.4, C = 3.60E-10, n = 3.00 B1FPAPI2

Martensitic; Table 9F.4, C = 6.60E-09, n =2.25 BIMAAPI1
1D Austenitic; Table 9F.4; C = 3.00E-10, n = 3.25 B1SSAPI3

[W] API 579 Welded Joint; steel

Mean weld; Table 9F.5, C = 7.40E-10, n =2.75 WIMNAPIS

Upper bound weld; Table 9F.5, C = 1.33E-09, n =2.75 WI1UPAPI4

[A] ASME Section VIIL, Div 3

High strength low alloy steel; Table KD-430, C = 1.95E-10, n = 3.26 A1THSASME2
) Carbon and low alloy steel; Table KD-430, C = 2.00E-10, n = 3.07 A1LAASMEI1

-D Martensitic precipitation hardened steel; Table KD-430; C = 2.38E-10,n=3.15 A1PHASME3
Austenitic stainless steel; Table KD-430, C = 1.10E-10, n = 3.30 A1SSASME4
Aluminum alloys; Table KD-430, C = 7.01E-10,n =3.26 A2ALASMES

Figures 6.1.9-1 and 6.1.9-2 show examples of the material selection screens for the 1-D
Barsom Paris equation materials and the 2-D ASME Section VIII Paris equation materials,
respectively. It is important to note that the GUI cells for strength and toughness are empty
and need to be filled in by the user. Neither API 579 or ASME Section VIII, Div 3 list strengths
or toughness values corresponding to these Paris FCG rate equations. See Section 7 of this
report for discussion of toughness properties in NASGRO.
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Matenals List { Data source: NASGRO matenal file, Data format: 1-D table: APl 579 Tabular Paris, matenial file: ParisTBC.XML)

i~ Sort order for 3l material selections —
= by code ™ by description

ial category [1D table]: Select allo : Select and heat treatment: Select product form/orientation/envimonment:
[B] API 579 Barsom AFI2] Table 9F 4. C = 3.60E-10, n = 3.00
[W] AP| 579 Welded Jaint [MA] Mastenstic
[SS] Austenitic Stainless Steel

Material parameters
Data source: [NASGRO material fie =~
Data fomat: [1.0 table: API 579 Tablar Pars =~

Show materials st |  Show frequently-used materials st | Search materials database |
Add to frequently-used materials list |

Reload data from file | Start over |
™ da/dN multipher?
Material propetties: ID BIFPAPI2. API2  Table 9F.4. C = 3.60E-10.n = 3.00
UTS  Yied Kle  Kle A Bk
I ———
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Figure 6.1.9-1. Example NASFLA Material Screen Showing 1-D Tabular FCG Data
for the API 579 Barsom Paris Equation for Ferritic-Pearlite Steel
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ratenal file, Data format: 2-D table: ASME Tabular Pans, material file: PansTBCXML

== product form /orentation/envionment:-
A] ASME Section VI, Div 3 ASME1] Table KD-430, C = 2 D0E-10,n = 307
[2] Aluminum
-~ Material parameters -
Data source: [ ASGRO matenal file ~|
Dataformat: (5.0 tahle: ASME Tabular Paris -

Show materils st |  Show frequentlyused materials it | Search materisls database |
Add to frequently used matenals lst |

Reload data from fie | Start over |
[ da/dN mutipher?
Material properies: D AILAASME1, ASME1 Table KD-430, C = 2.006-10.n = 3.07
UTS  Yeld Kle Kl A Bk
[ l | | oo fooo
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~da/dN data type
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da/dN oK. da/d o da/dN oK. |
0.10000E-02 0.16729E+04 0. 10000E-02/0.45624E+03 0. 10000E-02 0. 304 16E+03
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0.51086E-04 0.63492E403 0.99316E-04/0.21503E+03 0.12221E-03 0.15337E+03
0.11546E-04 0.39115E403 0.31295E-04/0.14TE2E+03 0.42724E-04 0. 10881E+03

- Intemolation type for R = "ﬂmwfﬂfdx Set options and plot [:
|ﬁ'L‘near " Cubscspine € Walker logic | (* Llinear  Hemile 5

Figure 6.1.9-2. Example NASFLA Material Screen Showing 2-D Tabular FCG Data
for the ASME Section VIII, Div3 Paris Equation for a Carbon and Low Alloy Steel
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7 FRACTURE TOUGHNESS OPTIONS IN NASGRO
7.1 NASGRO Toughness Properties and Dependance on Thickness

Fracture toughness properties of a material are essential for reliable fitness-for-service assessments
and fatigue crack growth analyses. These include plane strain fracture toughness (K;.) values, part-
through fracture toughness (K) values, and any other available fracture toughness (K.) values as
a function of thickness. Kj. values are especially important because flaws in real structures are
often part-through (surface or corner) cracks. The main reason that fracture toughness depends on
thickness is that differences in constraint produce changes in the stress state in the material. Thin
structures, where the constraint is small, experience a plane stress condition with a higher
toughness, whereas thicker structures that are in plane strain have more constraint and a lower
toughness.

The following relationship has been adopted in NASGRO, for through crack problems, to describe
the K. vs. thickness behavior for various materials:

Ko/Kie =1+ Bre™ W12
where: to = 2.5 (K1c/oys)?

and ¢ is the thickness of the component being analyzed. These equations are used by NASGRO to
calculate a K. value to substitute into the NASGRO equation for through cracks. Values of the
material properties K and a5 and the parameters A, and By are contained in the material property
database. For part-through crack geometries, K. in the NASGRO equation is set equal to a constant
value of K, again contained in the NASGRO material properties files. Section 2.1.4 of the
NASGRO reference manual provides additional details on how fracture toughness is modeled in
NASGRO.

The toughness and strength material properties and the fit parameters 4 and By displayed in the
NASFLA material GUI are used in analyses by default, however these values may be edited and
changed by the user if desired. For many applications, it is desired (or required) to use the lower
bound plane strain fracture toughness, K., to be conservative, or because of uncertainty in the
thickness dependance relationship. In this case, the user can set B equal to zero which results in
K. = Kj.. Also, K. can be manually set to K.

7.2 Default Toughness Values and Option to Choose Toughness by Crack Tip

In NASFLA, NASCCS and NASFAD, the default K. values are set tip-by-tip according to the
following NASGRO rules:

* Through cracks: K.(%).

* Corner cracks: 1.1 x Ky, for all crack tips.

* Surface cracks: 1.1 x K. for surface crack tips, and Kj. for interior crack tips.

* Embedded cracks: K. for all crack tips.

* Circumferential cracks: K.
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The default K. values for each of the crack cases based on the above NASGRO rules are listed in
Appendix U of the NASGRO reference manual. However, NASGRO also provides the capability
to allow a user to define their own K. values, which overwrite the default K. values set by the
NASGRO rules listed above in fatigue life analysis.

NASGRO offers three options for a user to define their own K. values. There are four kinds of
crack tip classes in NASGRO crack models: interior crack tip, surface crack tip, through crack tip,
and circumferential crack tip. Figure 7.2-1 shows the GUI tool that appears on the material screen
in NASFLA. The default is to use the toughness rules listed above and the other three check boxes
allow the user to define a constant K. for all crack tips or define toughness by tip class or location.
Section 3 of Appendix U of the NASGRO reference manual provides details on each of these three
options.

K values at tips used in analysis
v Defaults [~ Userdefined by tip class
[~ Constart Ke [~ Userdefined by tip location

Intesior tip Surface Tip Through tip Circumferential tip
[K1e [L1Kle [Ket)  [Kic

I~ API 579 fracture toughness

Figure 7.2-1. NASFLA Material Screen GUI Tool for User-Defined K. by Tip Class

7.3 Option to Use API 579 and ASME Toughness Values

NASGRO v11.0 provides the capability for a user to calculate fracture toughness (K;.) values using
the methodology listed in the 2021 edition of API 579 [2] and the ASME B&PV Code [6, 8]. This
new feature was implemented as an option on the NASGRO material screens for NASFLA and
NASFAD. To activate this capability, a check box is provided on the material screen of the GUI,
just below the user-defined toughness box, as shown in Figure 7.3-1.

Use of this feature presumes that the analyst is familiar with the relevant sections of API 579 and
the ASME code in order to make appropriate choices in the GUI as described in the following.
Checking the box to activate this feature displays a number of options for computing a fracture
toughness as shown in Figure 7.3-1.

The user first needs to specify the ASME Exemption Curve designation (A, B, C, or D) according
to Table 3.2 and Figure 3.5 of API 579 using the pull-down menu. Next, the Minimum Specified
Yield Strength (MYS), and the operating temperature need to be specified.

Once this choice and these values are specified, there are two options available for computing a
lower bound fracture toughness. The first option is to use the ASME B&PV Code, Section VIII,
Div 1 & 2 fracture toughness approach listed as Equation 9F.43 in API 579. The second (default)
option is the approach from Section XI of the ASME B&PV Code [8] that applies to ferritic
materials and uses the reference temperature, Equation 9F.45 in API 579. The reference
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temperature is determined using API 579 Table 9.2, the exemption curve designation, and the
MYS. Note that use of this latter approach is restricted to two generic types of steels and a material
cut-off of the toughness curve can be chosen.

¥ API 575 fracture toughness
AP| 579 fracture toughness

Select ASME exemption curve: ]A -
Specified minimum yield strength (SMYS): |

Operating temperature :F}:I
API 5739 fracture toughness definition:
[~ Section 9F.2.5, Section Vil fracture toughness
[¥ Section 9F 4.2, lower bound fracture toughness:
Materal type for reference temperature in Level 1 assessment:
v Carbon steels
[~ Low alloy steels
Materal type for cutoff in K1c curve:
W Low sulfur cabon steels
[~ Unknown chemistry or high sulfur carbon steels

Kic (computed):

Figure 7.3-1. API 579 Fracture Toughness Checkbox in Material GUI (Default)

Once the above choices are completed, the fracture toughness is computed and displayed in the
GUI. This toughness value will then be used as the critical fracture toughness to determine the
critical crack size in NASFLA as well as in determining the toughness ratio when using the FAD
failure criteria in NASFLA and NASFAD.
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8 RESIDUAL STRESS INPUT FOR NASGRO
8.1 General Capabilities

An option to superimpose a user-supplied static residual stress is available for many of the
univariant and all the bivariant weight function SIF solutions in NASGRO. A detailed discussion
of NASGRO residual stress capability is provided in Section 11.6 of Appendix C of the NASGRO
reference manual.

Residual stresses can only be included in SIF solutions that utilize weight functions. In FFS
assessments of pressure vessels, residual stresses are usually considered to exist in welds; however,
residual stresses may also result from other manufacturing processes such as shot peening, laser
shock peening, cold expansion of holes, forging, or machining processes. The static residual stress
distribution must be defined by the user and is applied at each step in the stress history and is not
affected by the spectrum scale factors. The user must obtain (by measurement or calculation) the
residual stress fields outside of NASGRO and then input the results into NASGRO as an additional
stress gradient.

Residual stress input follows the same general protocols as regular stress gradient input, although
fewer options are available. Residual stress input can be provided in tabular or polynomial series
form. For univariant stress intensity factor solutions, residual stresses can be entered directly from
the keyboard into the GUI, entered from a file, or entered by specifying the coefficients of a sixth
order polynomial as shown in Figure 8.1-1. For direct keyboard entry, the residual stress table has
a blue-grey background to remind the user that this is the entry point for the static residual stress
gradient, not the regular stress gradient, Figure 8.1-1(a). For file entry, the standard NASGRO file
format for univariant stress gradients is applicable, Figure 8.1-1(b).
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" Tensionbend (" Polynomial & Tabularinput

# of stress distibutions Shakedown choice
F1C20C30C 4|6 None " Automatic

00 7 include residual sireas table
¥ Include residual stress pobynomial
™ Input stresses from file [ [nout full stress ber
Plot stresses
[~ Tens/Comp stress gradients
= RS | [T t1A2 siress gradients

o

Display stress quantity:
CSC5 05205

| Coet D | Coel1 | Coef2 | Coef3 | Cosi4 | CoelS | Cosls
RS |
(¢) Keyboard Entry of Coefficients for Sixth Order Polynomial
Univariant Residual Stress Equation

Figure 8.1-1. Residual Stress Input Options for Univariant Weight Function SIF Models
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8.2 Input of Polynomial Residual Stress Distributions

Residual stress gradients are commonly characterized in the form of a polynomial function of
normalized thickness (X = x/¢, ranging from 0.0 to 1.0). Both API 579 and BS 7910 contain
polynomial functions for through-thickness residual stress gradients for common weld geometries.
In NASGRO, input of a univariant residual stress gradient (Figure 8.1-1(c)) in the form of a
polynomial series requires specification of the coefficients of the following sixth order polynomial:

o(X)=Co+Ci1 X +Co X2+ C3 X+ Ca X+ Cs X3+ Co X

Any of the coefficients Ci may be set equal to zero. For the univariant polynomial series residual
stress input format, the ability to apply a scale factor to the entire polynomial is provided on the
load blocks page, with the default scale factor equal to 1.0. A similar procedure is available for
bivariant residual stress distributions and is described in Section 11.6 of Appendix C of the
NASGRO reference manual.

8.3 Choosing API 579 Weld Residual Stress (WRS) Polynomial Inputs

To enable easier use of the commonly used API 579 equations for weld residual stresses, NASGRO
has a new capability to simplify this process by providing the user the capability to choose from a
menu of API 579 WRS equations (from Annex 9D) and not have to manually enter polynomial
coefficients into the GUI.

The API 579 WRS polynomial equations are univariant and this option can only be used for
NASGRO univariant WF solutions. An example of the GUI screen was given above in Figure
8.1-1(c) for a univariant WF case showing the checked box for including RS input in the form of
a sixth order polynomial. Beginning with NASGRO v11.0, a new feature provides a button below
the input grid for the polynomial coefficients for activating the option to select the API 579 WRS
polynomial equations as shown in Figure 8.3-1.

This new option provides a button below the input grid for the polynomial coefficients for
activating the option to select the API 579 WRS polynomial equations. This option is applicable
to the cases when the crack plane stress is defined from remote (tension/bend) stresses or from
tabular input. It is available in both the NASFLA and NASFAD modules of NASGRO.
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Crack plane stress defintion from
* Tension, bend f"Pcﬂ'_.-rund' f-'Td:lJH'l'le

Shakedown choice
T + C 4| & MNone " Automatic

~ [T Include residual stress table
W Include residual stress polynomial
[T Input stresses from file

F‘btmmsl

| Coef0  Coefl | Coef2 Coef3  Coefd | Coef5 | Coefb
RS

Selact WRS API 579 polynomial equation | [not selected)

Figure 8.3-1. GUI Layout for User to Specify Polynomial Coefficients with Button to
Optionally Select API 579 WRS Polynomial Equation

Clicking on the button to select the API 579 WRS polynomial equations activates a menu for the
user to choose the desired equation. Figure 8.3-2 lists the section numbers, equation numbers and
figure numbers from API 579 Annex 9D (2021 edition) along with specific details about the weld,
crack location, heat input and material. The user must be familiar with Annex 9D to be able to
choose the appropriate WRS equation for their application. Note that these WRS equations pertain
only to ferritic steel and austenitic stainless steel welds. The equation selection is made by clicking
on the row in the table and the row is then turned blue as shown. Only one equation is allowed to
be selected.

Once the desired equation has been selected, the user needs to click on the “Use selected WRS
equation” button at the bottom of the table. The GUI then returns to the NASFLA geometry screen
as shown in Figure 11.6.4, displaying the polynomial coefficients and a description of the equation
that has been selected as shown in Figure 8.3-3. A plot of the chosen WRS distribution can then
be made using the Plot Stresses button. A scale factor can then be applied to the RS polynomial
curve on the Load Blocks page. This scaling factor is frequently the yield stress.
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API 579 WRS Equations Menu X
Post weld heat treatment:
API 579 section | API 579 eqn num | API 579 fig num | Weld info | Crack location [ Weld heat input | Materals |
90.4.1 803 none PWHT Pempendicular to weld
9041 904 none PWHT Parallel to weld
Cylindrical shells:

AP| 579 section | APl 579 egn num | API 579 fig num | Weld info Crack location Weld heat i Materials
051

sircumferential

perpendicular to weld | High Femitic and auste stainless steel welds

5. Full pen circ ial flaw. WRS dicularto weld  Medum Fenttic steel welds
9D.51 5035 5D Full pen circumferential  Circumferential flaw, WRS perpendicularto weld  Low Femitic and medium/low heat austenitic stainless steel welds
952 9118 D1 Full pen cicumferential
90.6.1 9D.22 9D.1 Full pen longitudinal Longitudinal flaw, WRS perpendicular to weld
9062 49D.25 D1 [Full pen longitudinal Longitudinal flaw, WRS parallel to weld
Spheres and heads:
API 579 section | API 579 eqn num | API 579 fig num | Weld info | Crack location | Weld heati Materals |
$D.7.1 80.7 SD.6 Full pen circumferential - Circurnf flaw. WRS dicularto weld  High Femitic and austenitic stainless steel welds
8071 %08 SD6 Full pen circumferential  Circumferential flaw, WRS perpendicularto weld  Medium Femitic steel welds
90.71 909 SD.6 [Full pen circurrferential - Circurnferential flaw, WRS paralled to weld Low [Femtic and medium.low heat austenttic stainless steel welds
972  9D1618 96 Fulpencicumferential Meridional flaw, WRS pependiculartoweld
9081 5022 SD6 [Full pen mendional Meridional flaw, WRS perpendicular to weld
90.8.2 9D.25 D6 Full pen mesnidional Gircumferential flaw, WRS parallel to weid
(Comer joints (nozzles):
API 579 section | AP 579 eqn num | API 579 fig num | Weld info [ Crack location | Weld heat Materials |
8D.101 9D.28 SD.7.8 Full pen 'WRS perpendicular to weld
9D.102 9D.36 D78 Full pen WRS parallel to weld
Piping branch connections:
API 579 section | API 579 eqn num | API 579 fig num | Weld info | Crack location [ Weld heat input | Materials |
9D.10.4.1 9D.45 none Full pen WRS perpendicular to weld Fentic steel welds
501041 9D.46 naone Full pen 'WRS perpendicular to weld Austentic stainless steel welds
9D.104.2 9D.47 none Full pen WRS parallel to weld Fenitic steel welds
90.104.2 5D.48 none Full pen WRS parallel to weld Austenitic stainless steel welds
(Note: Green highbghting indicates thickness-d d hynomial tions.)
Clear equation selection Use selected WRS equation | Cancel

Figure 8.3-2. GUI Display of API 579 WRS Polynomial Equation Menu
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Figure 8.3-3. Residual Stress Polynomial Input Screen Showing Selection of an API 579
WRS Equation and the Polynomial Coefficients

When selecting an API 579 WRS equation, the default is to have the gradient oriented in the
direction (forward) such that the crack is at x/¢ equal to zero in the model. The “forward/reverse
gradient” button is provided for the user to flip the gradient in case the defect is on the back side
of the plate, or to align the defect initiation site with the gradient direction. The original “forward”
coefficients are recalculated when changing to “reverse” and displayed in the cells and the reversed

Crack plane stréss defintion from
* Tension bend  Polynomial " Tabular input

: Shakedown choice
CI1E2C3C 4| None  © Mutomatic

F ™ inchude resiceyl stress table
¥ Include residual siress polynomial
[T Input stresses from file

F‘l‘-uunmu]

| Cosf0 Cosl1 | Cosi2 Coef3 | Cosld Coel5 | Cosfb
RS1.00 022 306 188 000

Select WRS AP| 579 polynomial equation | (selected)

Section (30.5.1) Full penetration croumferential welds in cylindrical shells

Equation (90.7) Croumferential flaw: WRS pampendicular to weld
High weid heat input Fentic and austentic stainkess steal welds

Clear selected WRS API 573 polynomial equation |
Polynomial grackent drection:  Forward |i:h:hlur.hmgni

gradient can also be plotted.
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9 BACKGROUND ON THE FAILURE ASSESSMENT DIAGRAM (FAD)
CAPABILITY IN NASGRO

The NASFAD module in NASGRO is used to perform a fracture assessment using the FAD failure
criteria given a crack size, material properties and applied stresses. The principal result of the
analysis is a determination of whether or not the crack is in the “safe” area of the FAD (Point A)
or in the “unsafe” area (Point B) as shown in Figure 2.5-1. The NASFAD analysis provides a plot
of the FAD showing the assessment point (K, L).

The NASFLA module in NASGRO is used to compute fatigue crack growth as a function of
cyclically applied stresses using a FAD failure criterion. The NASFLA analysis provides a plot
of the FAD showing the locus of the assessment points (K, L) calculated as the crack grows to
the limiting condition (point B) on the FAL, reaching a critical crack size determined by the FAD
criterion.

9.1 Comparison of Basic FAD Approaches Used by NASGRO and API 579

The FAD approach has been developed and used by numerous organizations over the last few
decades. In 2008, the European FITNET project [4] developed and published a specific
implementation of the FAD approach which largely harmonizes various methods previously in
use. The NASGRO implementation of FAD originally followed the FITNET approach, although
not all FITNET FAD options were implemented in NASGRO. Beginning with NASGRO v8.2, the
ASME FFS/API-579 failure assessment diagram methods were incorporated into NASGRO. The
failure assessment diagram methods in NASGRO have been updated for the 2021 version of
ASME FFS/API-579 [2]. Each of these approaches is described in the sections that follow,
including a brief summary of their differences in the context of describing the ASME/API
approach.

Table 9.1-1 provides a comparison of the differences between the FITNET-based and API 579
based FFS approaches that are contained in NASGRO. Extensive detail on both approaches is
provided in Appendix X of the NASGRO reference manual and a number of key aspects of each
are discussed here.
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Table 9.1-1. Differences Between FITNET-Based NASGRO FFS and API 579 ASME FFS

FITNET-based NASGRO FFS API/ASME FFS
kP K} g KL oK
= — 4 — T
Ky KC+Kc+p K. K.
where p is the plasticity correction given by p = where .CD is the plgsticity iI.lteraction factor
- ( KS /K, — 1) The stress intensity determined through interpolation and depends
I I‘p . _ .. .
Equation | factors in the equations are defined as on the API 579 edition. The SIFs in the
for K, equations are given by
ratios | KP: SIF with primary load KP: SIF with primary load
Kp: SIF With secondary load ) K;S"?: SIF with secondary load and residual
K,S_p: plastically-corrected SIF with secondary stress
load K?R: plastically-corrected SIF with secondary
load and residual st
and Y and ¢ are interpolated values from tables. Oac and Tesiqual Stess
f(Ly) = (1 —0.1412) - (0.3 + 0.7 ~065L%)
16
FAL 0.3 +0.7e7#7 Lo<1 for L, < L7***. The extent of L7*** axis depends
used lfy 1+ 05 12 T on the material. It’s governed by the following.
f (Lr) = N—1
EH;NE]; f(1)- L2V 1=L, Sml;’é‘a" a. LM% =1 for materials with yield point
p 1(:1n 0 L, =Ly plateau (strain hardening exponent > 15)
A;IIIVIE b. L™ =1.25 for ASTM A508
Level 3 | Where p=min(0.001E/0,,0.6), N=0.3-|¢ Ly® =125 for C-Mn steels
Method A (1 — Uy/Uu) and L9 = (.5 - (1 + Ju/ay) d. L7'** = 1.80 for austenitic stainless steels
with g, is the ultimate strength. e. L™ =o0:/0,=05"(1+0,/0y) for
other materials where oy is the flow stress.
f.  L'* =1 for unknown materials
—05
3 \—05
Ee, L?- max {( Ee + LTUY) L. < [max
f(Lr) — 0‘_r+ 05 % LT‘ S LT f(Lr) _ L‘ro-y ZESr r — *r
FALs (o8 0 L, > LTax
used by 0 L, > L7 1 L, =0
FITNET
Option 3 | Where g, and &, are true stress and strain and | where L7"®* is material-specific (see FAL for
and L"* =05-(1+0,/0y). The relationship ASME Levgl 3 Method A). The true stress z_md
ASME | between g, and &, are governed by a Ramberg- | Strain curve is Flerlved frpm discrete engineering
Level 3 | Osgood type of equation with constants gy, | Sess and str.aln data pairs accurately.deﬁned at
Method B | ¢, = g, /E, , and f8 being defined. very fine ratios of apph.ed str'ess to yleld'stress.
In the ASME FFS specifications, the ratios are
e o, o \P in terms of 0.1 intervals with more refinement
g=0—0+a<0—0> near o, /0y, = 1.
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9.1.1 Definition of Kr

Examination of the specifications of both FFS approaches shows that although both approaches
are quite similar, there exist some subtle differences on the way failure assessment lines (FALSs)
are constructed and also on how the interaction between primary and secondary loads is defined.
The latter is used to provide the plasticity correction in the definition of K, ratios. The first row
of Table 9.1-1 lists the definitions used in computing K, for illustrating the differences of each
approach. As evident in the side-by-side comparison the major difference comes from the
definition of K, ratios. Both FITNET and API 579 require the determination of a plasticity
interaction or correction factor. Additional details (not included in the table) are the various
definitions of quantities relating to plasticity interaction provided in Appendix X of the NASGRO
reference manual.

9.1.2 Definition of Lr

In NASGRO, the computation of the load ratio, Lr, is essentially the same between the FITNET
approach and the API 579 approach. It is the ratio of the total applied load that contributes to the
primary stresses to the plastic limit load of the cracked structure. Or, alternatively, computed as
the ratio of the reference stress to the yield stress. Only primary stresses are considered in
computing the load ratio. Plastic limit load equations for each FAD-enabled SIF model in
NASGRO are provided in Section 5 of Appendix of the NASGRO reference manual.

9.1.3 Computation of Failure Assessment Lines (FALs) Used in NASGRO

The FITNET and API 579 approaches in NASGRO each include two analysis methods that are
used to define the FAL that incorporate progressively more detailed representations of material
behavior. As shown in Table 9.1-1, the current NASGRO implementation incorporates FITNET
Option 1 and Option 3 while the API 579 approach incorporates ASME Level 3 (Method A) and
ASME Level 3 (Method B). These two options differ primarily in the definition of the FAL. For
the approaches currently included in NASGRO, the FAL is dependent only on the tensile
properties of the material through the relationship K: = f(L:). In each approach, the FAL

incorporates a cut-off at L, = L™, which defines the plastic collapse limit of the structure.
However, the definition of L;™ varies between approaches as shown in Table 9.1-1.

The simpler approaches shown in the second row of the table FITNET Option 1 and ASME Level
3 (Method A) only require the yield strength (and the modulus of elasticity for FITNET). Note
that the API 579 ASME approach provide cut-offs for L;™** as a function of different material
types. The default value for L,"* in NASGRO is 1.0.

The third row of Table 9.1-1 outlines the approaches in each case that use a more detailed
representation of material behavior, specifically the true stress, true strain curve that models the
elastic-plastic constitutive behavior of the material. In NASGRO, the Ramberg-Osgood equation
is used to represent the true stress true strain curve. However, the NASGRO materials database
does not contain parameters of the Ramberg-Osgood equation and the user needs to manually be
entered the parameters on the NASFLA material page. An analysis tool to curve-fit tabular true
stress-strain data to the Ramberg-Osgood equation is available in NASGRO and its operation is
described in Section 6 of Appendix X of the NASGRO reference manual.
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10 NASCCS INPUT SETUP

NASCCS is a relatively easy-to-use module for determining critical crack size. After NASCCS is
launched, the geometric parameters are input in the geometry menu. For weight function cases, the
load distributions are also input in the geometry menu. The mechanical properties such as the
critical stress intensity and the critical stress, as well as stress scale factors, are specified in the
CCS Options menu as shown in Figure 10.0-1. Also, the criterion for calculating critical crack size
is specified in this menu.

== T i =TTTTETE FTETTTETETT T W T TR T TR = = =TT

L
qu ||:I-‘|:u~_,-.7w-- r;mmw |||;‘: Maderial 1A, Lowd Blocks |§m |
Bams for caloulatng crtcal crack mre Matenal property data [T API ST fracture toughness
= Max K and NSY € Mol kgt
" M K only # Use NASGRO materals database
" Kol atip only
" Kat ctip only
" Katclép only
" HSY only

™ Fatigue crack growth theeshold

Crtscal material propertes Apphed stresses
Fracture toughness Yol for flow) stress

0 5
[ [ 0 0

Figure 10.0-1. NASCCS Input Options Screen

In prior versions of NASGRO, the material property information in NASCCS required manual
input and there was not any link to the NASGRO material database. Beginning with NASGRO
v11.1, NASCCS now includes the capability to access the NASGRO (NASFLA) material database
as an option. The manual input of material properties (from v11.0 and earlier) is the default and
remains unchanged. In NASCCS for v11.1, the previously existing tab named “Output Options”
has been removed and renamed “CCS Options” as shown in Figure 10-1. Clicking on the “Use
NASGRO Material Database” provides access to a new Material tab and the material ID chooser
similar to what exists in NASFLA. A checkbox is also provided to allow the use of API 579
fracture toughness values as was described in Section 7.3 for NASFLA and NASFAD.

Depending on the crack case, and the number of crack tips, a number of different options for
calculating the critical crack size can be selected as the basis for determination from the list of
radio buttons shown in the GUI. Additional detail describing these options is provided in Section
3.4 of the main NASGRO reference manual. Note that NASCCS does not use the failure
assessment diagram as a criterion to determine critical crack size; that capability is provided in the
NASFAD module discussed below.
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11 NASFAD INPUT SETUP

The NASFAD module enables the NASGRO user to employ the Failure Assessment Diagram
(FAD) approach for assessment of crack-like flaws. This module is somewhat analogous to the
existing NASSIF and NASCCS modules in NASGRO, but in “FAD space.” No fatigue crack
growth analysis is performed in the NASFAD module. (NASFLA has the capability to perform
fatigue crack growth analyses and utilize the FAD as a failure criterion.)

The features of the NASFAD module share many of the capabilities contained in other NASGRO
modules. These include geometry selection and definition, material selection, stress intensity
factor and limit load calculation, and FAD plotting and output.

11.1 Objective

The primary objective of the NASFAD module is to provide the capability to compute and plot
assessment points (L,, K;) for known (detected or assumed) crack sizes and graphically compare
them to the FAD failure assessment line (FAL). Here Kr= Kapp/Kma: = ratio of the applied stress
intensity factor to the appropriate material fracture toughness value (such as K¢ or Kie), and L-= P/PL
= ratio of the total applied load contributing to the primary stresses to the plastic limit load of the
cracked structure.

The NASFAD module provides the following capabilities as options:

e Plot (L, K,) assessment point(s) vs FAD failure assessment line
Compute critical crack size (for a given load and material)
Compute failure stress (for a given crack size and material)
Use API 579 Level 3/Method A or B
Use FITNET Option 1 or 3

11.2 Activation

The NASFAD module is activated from the main NASGRO opening screen (Figure 3-1) by
clicking on the NASFAD button. This, in turn, displays a set of tabs in the GUI similar to other
NASGRO modules for choosing the crack geometry and material (Figure 11.2-1). The key
difference from the other NASGRO modules is the “FAD Options” tab, which initially appears
grayed-out.

File Options View Tools Help
[e0 | FRGeamTaties | 2. "Materisl | | [ FADGptions | | 7 Camputations
Show crack case ibrary |

Figure 11.2-1. Initial NASFAD GUI Analysis Tabs

NASA/CR-20250011200 48



11.3 Crack Case Selection

The crack case selection process for NASFAD is identical to that used in all the other NASGRO
modules. However, the only crack cases that are available are those crack cases that are FAD-
enabled, as listed in Section 4.2. As is true for NASSIF, the crack size (depth, aspect ratio) is not
specified on the geometry screen for NASFAD. Additionally, a number of the FAD-enabled crack
cases (TC11, SC30, SC31, EC04 and ECO05) require specification of the crack center offsets (B, or
Bt and By). For NASFAD, the specification of the offset parameter(s) for these crack cases is not
shown on the geometry screen but occurs on the FAD Analysis Options screen as discussed in
Section 11.5.1.

11.4 Material Selection

NASFAD allows the user to choose a material from the NASGRO material database in a similar
manner as is done in NASFLA. However, since NASFAD does not perform crack growth
calculations, only the material data necessary to perform a FAD assessment are displayed, as
shown in Figure 11.4-1. Similar to the material screen in NASFLA, the FAD failure criteria
options are displayed on the left-hand side of the screen. The options for toughness values at
different crack tips used in the analysis are also available. Also, if desired, the analyst can check
the box to use an API 579 toughness; this option is shown in Figure 11.4-1.

File Options View Tools Help
o Geometry| | [(FCesniiis] |2 Matedal | | FJFAD Options| | §7 Computations |
Materal parameters
Data source: [NASGRO material fie ~]  References
Data format: |NASGRO equation constants ~|
Show materials list I Show frequently-used matenals list Seafchmalerialadatabml
Add to frequently-used materials list

Reload data from file Start over

Material properties: ID B2IB18AB1, A225 Grd B 0.5n Rnd Bar LC & L-R; LA: RT
uTs Yield Kie Kic Ak

[83  [s25  [a024  [1aa6 |10 [os

FAD Option (select one}

Kc values at tips used in analysis

[ Defauts [~ Userdefined by tip class

™ Constant Kc [~ User-defined by tip location

Interior tip Surface Tip Through tip Circumferential tip
[~ FAD:Ftnet Option 1 [ie [lrKie  [ket)  [Kic

1]

API 579fracture
[~ FAD:Ftnet Option 3* e oo

T

Select ASME exemption curve: |A »
I~ FAD:API 579 L3 Method A Speciied minimum yield strength (SMYS): [525

Operating temperature (F):
API 579 fracture toughness definition:
[~ Section 9F.3.5. Section VIl fracture toughness
[¥ Section 9F 4.2, lower bound fracture toughness:
Matenal type for reference temperature in Level 1 assessment:
[¥ Catbon steels
[~ Low alloy steels
Matesial type for cutoff in K1c curve:
[¥ Low sulfur carbon steels

il

[~ FAD:API 579 L3 Method B*

|

[~ Unknown chemistry or high sulfur carbon steels

Kic (computed):

Figure 11.4-1. NASFAD Material Screen
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11.5 NASFAD Options

Once the geometry and material are chosen and defined, the “FAD Options” tab becomes active
and the user can supply crack size information and applied stresses for use in the FAD assessment.
The FAD analysis options box is displayed in the upper right corner of the “FAD Analysis
Options” screen with radio buttons provided to choose between three options; see Figures 11.5-1,
11.5-2 and 11.5-3. The first option allows the user to plot (L, K,) assessment point(s) versus the
FAL; this option is referred to as the “standard” FAD assessment. It allows the user to assess
whether a crack (or a set of cracks) is within the “safe” or “unsafe” side of the FAL. The second
option allows the user to compute a critical crack size using the FAD failure criteria. The third
option computes a failure stress using the FAD criterion for a given crack size and material choice.

The lower portion of the NASFAD options screen provides input tools for the user to enter
(multiple) crack sizes, shapes and offsets for the crack case that has been selected on the Geometry
page. Consequently, what is displayed here is a function of the individual crack case chosen. This
display and its functionality are intended to be nearly identical to the process for specification of
crack sizes used in NASSIF. The notable additions are boxes that require the user to input the
crack center offset locations (B, or Bt and Bw) for crack cases that require this input parameter(s).

File Options View Tools Help
[ Geometry | [Blccontabies | [2 ) Material [ FAD Options ]gcg.mm [

Problem title [optional] FAD Analysis Options //
[ * FAD Assessment
Problem description [optional] " Critical Crack Size

" Failure Stress

Stress scale factor on stress quantity: S0 |1 5

Enter flaw sizes to compute FAD Assessment points (Kr, Lr):
a/c [1perline] Flaw Sizes, a [max = 12 comma- or space-delimited entries in table]
02 s [0.2505 & Mutodil a‘c

0.5 0.33
1.0 1.0 Autofill a

Figure 11.5-1. NASFAD Options Screen (FAD Assessment Option)
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NASFAD v11.10 Failure Assessment Diagram - [FOR EVALUATION PURPOSES ONLY] - O

File Options View Tools Help
(B Geometry ]E&omhﬁss |[¢ Material [1 FAD Options |§m |

Problem e [optional] I
| (" FAD Assessment
Problem description [optional] + Critical Crack Si

Stress scale factor on stress quantity: S0 |15

Enter flaw shape and location data:
a/c [1 perline]

0.2 &  Autodill alc
0.5 4'

10

Figure 11.5-2. NASFAD Options Screen (Critical Crack Size Option)

oOMCEe

NASFAD v11.10 Failure Assessment Diagram - [FOR EVALUATION PURPOSES ONLY] O

File Options View Tools Help
[ ceometry | (Bl cooniabies | 12 Material -4 FAD Options ]g’cm |

Problem title [optional] ~FAD Analysis Options —
[ o : " FAD Assessment
Problem description [optional] " Critical Crack Size

a _r: FﬂueStrus\

Stress scale factor on stress quantity: S0 |15
Enter flaw sizes to compute FAD Assessment points (Kr, Lr):
a/c [1 perline] Flaw Sizes, a [max = 12 comma- or space-delimited entries in table]
0.2 a |02505 & Autofill a/c
0.5 0.33 ]
10 10 Autofil a

Figure 11.5-3. NASFAD Options Screen (Failure Stress Option)
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11.5.1 FAD Assessment Option

Once the flaw sizes and stresses are specified as shown in Figures 11.5-1 to 3, the “Computations”
tab can be clicked to run the FAD analysis. For the standard FAD assessment option, NASFAD
generates an out2 file that contains geometry information for each input crack for the crack case
being considered. Each crack analyzed has a separate line in the out2 file and the number of
columns depends on the crack case being analyzed (i.e., the number of crack tips from one to four).
Each crack analyzed is automatically given a crack number or label by NASFAD for reference
when plotting on the FAD.

Figure 11.5.1-1 provides an example of the NASFAD output screen for the “FAD Assessment”
option. This example shows the printed NASFAD results for two different axial surface cracks on
the inside of a pressurized cylinder (SC04) listing the calculated FAD assessment point values (Lr,
K:) for each crack tip (a and c).

| ==Crack-=|====== Crack Sizes------ | === |===mmmmmae ASME3MA: Lr vs Kr @ Applied---------- |
Humber a c STATUS A:Lr A:Er(a) A:Er(c)

| === | === s | ===—————— | e e e e e e e e ———— I
1 0.2500 1.2500 DONE 0.7655 0.2388 0.1233
2 0.5000 2.5000 DONE 0.9296 0.3542 0.1851

Figure 11.5.1-1. NASFAD Results in the Output Screen for “FAD Assessment” Option

FAD Pletting - Options b

FAD plot options

% Plot assessment points for ALL cracks and crack tips
C . :

™ Plot assessment points for specific crack numbers
" Plot Failure Assessment Line fonly)

| Piot FAD Close |

Figure 11.5.1-2. NASFAD Plotting Options Screen

A plot of the FAD is available from the Computations screen by clicking on the “Plot FAD” button.
(The data to be plotted is obtained from the out?2 file.) This button provides the user a number of
plotting options, as listed in Figure 11.5.1-2. In the list of plotting choices shown in Figure 11.5-
2, an “assessment point” is the pair of calculated values (L: , K;) computed for each crack tip of
each crack. Depending on the crack case being analyzed, there could be from one to four
assessment points available. The first option allows the user to plot the assessment point for all
tips and all cracks. (The second option is planned, but not yet available and is grayed-out.) The
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third option allows the user to select a specific number of cracks for which to plot the assessment
points. The cracks are automatically numbered in the out?2 file as described above. For the first
three options, the FAL is also plotted. The last option allows the user to plot only the FAL for this
geometry and material.

Using the NASFAD plotting options screen, these results can be plotted using the first plotting
option above as shown in Figure 11.5.1-3. Alternatively, the third option can be used to request
results for only these two cracks from a larger group. In this notional example, the second crack
is closer to the FAL and would be considered more severe.

Computed output for "nasfad_SC04.in"

FAD:API ASME 579 3A

— FAL
0s

*  Crack#1

08 a Crack #2

07 r

06 [

0s

03 r

01

Lr

Figure 11.5.1-3. NASFAD Results Plotted from the GUI for the “FAD Assessment” Option

11.5.2 Ciritical Crack Size Option

For the critical crack size calculation option, the main difference on the NASFAD Options screen
is that there is an input for crack shape but not crack size. Compare Figures 11.5-1 and 11.5-2.
Once the flaw shapes and stresses are specified, the “Computations” tab can be clicked to run the
FAD analysis (see Figure 11.5-2). The output can be displayed by the NASFAD GUI output
screen in similar fashion to the FAD Assessment option, and the out! file contains the NASGRO
header information, problem title, an echo of the crack case and loading information, the FAD
method used and material ID and properties information. For the critical crack size FAD
assessment option, the out! file also contains the results of the iteration and convergence to the
critical crack sizes.
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NASFAD generates an out2 file that contains geometry information for each input crack for the
crack case being considered. Each crack analyzed has a separate line in the out2 file and the
number of columns depends on the crack case being analyzed (i.e., the number of crack tips from
one to four). Each crack analyzed is automatically given a crack number or label by NASFAD for
reference when plotting on the FAD.

A plot of the FAD is available from the Computations screen by clicking on the “Plot FAD” button.
(The data to be plotted is obtained from the out?2 file.) This button provides the user a number of
plotting options, as was shown in Figure 11.5.1-2. The functionality is identical to that described
above for the FAD Assessment option.

As an example, Figure 11.5.2-1 shows the NASFAD critical crack size results for three different
axial surface cracks (three different aspect ratios, a/c) on the inside of a pressurized cylinder
(SCO04) listing the calculated FAD assessment point values (L. , K;) for each critical crack tip (a
and c¢). Using the NASFAD plotting options screen, these results can be plotted with the first
plotting option above as shown in Figure 11.5.2-2. Since the calculated FAD assessment point
values (L. , K;) were determined for critical crack sizes, they fall precisely on the FAL.

###Crack case being analyzed: SCB4
| O rachkees | mrammnimsmnand Crack Sizes | a/c | o e | ASME3MA: Lr vs Kr @ Applied~mmmmnn
Number a c a/c A:Lr A:Kr(a) A:Kr(c)
1 @.5791524E+00 ©.2895762E+081 ©.2000000E+00 1.000 @.3894 X
2 0.8230245E+00 ©.1646049E+01  ©.5000000E+00 1.000 @.3682 X
3 ©.1148350E+01 ©.1148350E+01 ©.1000000E+01 1.0e0 0.3101 X

Figure 11.5.2-1. NASFAD Ciritical Crack Size Results Displayed in
the Computations Screen
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Computed output lor “naslsd_ccs_SO04

FAD AP\ ASME 579 14

Fr o FAL
" Crack #1

os r O Cracks?

B Crack 6}

ar r

04

=

(%]

']

Figure 11.5.2-2. NASFAD Results Plotted from the GUI for the
“Critical Crack Size” Option

11.5.3 Failure Stress Option

For the failure stress calculation option, similar to the FAD assessment option, there is an input for
crack shape and crack size as shown in Figure 11.5-3. Note, however, that specific values of
stresses are not specified. Stresses should be input in normalized (tabular) form on the geometry
screen or with unit scale factors on the FAD Options screen.

The option to compute the failure stress for a given crack size/shape and material in NASFAD
computes the assessment point for a given crack size that lies on the FAL and then back-solves for
the stress that would produce this critical point, (Lr , Kr)citical. The (Lr , Kr)eritical point is found by
computing the intersection of the FAL curve with a curve defined by a number of (L, K;) points
in FAD space. These points are computed for a number of different applied stress levels and the
curve must go through (0, 0). The numerical method to compute the intersection of these two
curves was developed and implemented for NASFAD in NASGRO v10.0. Once the (Lr , K;)critical
point is determined, the applied stress corresponding to the critical point can be back-calculated.

Once the flaw shapes and sizes are specified, the “Computations” tab can be clicked to run the
FAD analysis. The output is displayed by the NASFAD GUI output screen and the out!/ file
contains the NASGRO header information, problem title, an echo of the crack case and loading
information, the FAD method used and material ID and properties information. For the FAD
failure stress option, the out! file also contains the results of the iteration and convergence to the
failure stress. NASFAD generates an out? file that contains geometry information for each input
crack for the crack case being considered. Each crack analyzed has a separate line in the out?2 file
and the number of columns depends on the crack case being analyzed (i.e., the number of crack
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tips from one to four). There is no plotting output for the NASFAD failure stress option; the output
is simply the failure stress value (or stress scale factor, SSF) for the specified crack size and shape.

As an example, Figure 11.5.3-1 shows the NASFAD failure stress results for two different axial
surface cracks (two different aspect ratios, a/c) on the inside of a pressurized cylinder (SC04)
listing the calculated FAD assessment point values (L: , Kr) and the corresponding failure load.

a = @.25000E+80@, c = @.25000E+88, a/c = 0.10008E+01
Failure loads: S8 = 8.15852E+82

(Lr,Kr) from ASME L3MA = ( 0.100E+01, ©.193E+00)

[FINAL RESULT]: minimal 5SF gathered from all tips = 8.14889E+82 with tip location = a-tip
a = B.25000E+008, c = 0.50000E+88, a/c = 0.50000E+E0
Failure loads: 58 = ©.14889E+82
(Lr,Kr) from ASME L3MA = ( ©.10@E+01, ©.245E+08)

[FINAL RESULT]: minimal SSF gathered from all tips = @.15852E+82 with tip location = a-tip

Figure 11.5.3-1. NASFAD Failure Stress Results Displayed in the Computations Screen
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12 NASFLA INPUT SETUP

NASFLA is the primary module in NASGRO and is used to perform fatigue crack growth
calculations (remaining life). It is activated by clicking on the NASFLA button on the opening
screen (Figure 3.0-1). Previous sections of this report have described the choices available for
specifying the geometry of the crack case and the material properties. The same process is used
for NASFLA as for NASCCS and NASFAD. NASFLA will propagate an initial crack subject to
a specified cyclic loading (stress spectrum) until the critical crack size is reached and failure
occurs. Therefore, a key input for a NASFLA analysis is the initial flaw size that is specified on
the geometry screen for the crack case being analyzed (crack depth and aspect ratio). Failure in
NASFLA can occur by a number of criteria: failure by fracture, failure by net section yielding, or
failure by the FAD criterion, depending on choices made on the material screen.

In NASFLA, once the geometry and materials screens have been completed, clicking on the Load
Blocks tab lets the analyst specify the cyclic loadings (stresses) for the crack growth analysis as
shown in Figure 12.0-1. For this example, the simple (manual) cycles and stress input is used in
Figure 12.0-1 where the step containing 100 tension cycles from zero to 20.0 ksi will be repeated
over and over until final failure occurs. Note that the scale factors for each stress component
default to zero and must be manually entered by the user (in this case a scale factor of one was
entered for S0). For complicated stress spectra, the use of the NASGRO “long block™ format is
recommended. It facilitates stress history inputs via a data file. A complete description of the
many NASFLA options for specifying stress spectra for crack growth analysis is provided in
Section 2.2.7 of the NASGRO Reference Manual [1].

The Build Schedule tab is then used to specify how many times to repeat the steps (block) shown
in Figure 12.0-2. In this simple example, the block of 100 steps is shown to be repeated 1000
times. Next, the Output Options tab can be used to customize the output (frequency of printing
results). Figure 12.0-3 shows the Output Options screen illustrating the default choices used by
NASFLA. The default is to print the output at the end of every schedule and at the end of every
block. Alternatively, the analyst can request output by a specified crack growth interval. In some
cases, specifying a small crack growth interval for results output can help in understanding the
results of the analyses, particularly when crack shape transitions occur. None of these output
interval settings have any effect on the calculated crack growth rates and lifetimes. However,
recognize that specifying a very small crack growth output interval will produce a larger output
file, but this level of detail may be desired.

Finally, the Computations tab must be clicked and the “Run” button selected to perform the crack
growth calculations as shown in Figure 12.0-4. The default input filename saved for a NASFLA
analysis is nasfla.in and this can be changed by the user since the Run buttion originally appears
as “Save+Run”. A summary of the analysis results is then displayed in the center of the screen.
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I
File Options View Tools Help

[ Geometry ]EEGeomTai:ﬂes |L/_' Material [ Load Blocks “’l\mm |D0WE |‘£;M'S’ )
Visualize cument block (1af 1) | ave s block s | Load a block fieset |

Right-click to set number of distinct blocks — — Block Case Defintion: block 1 of 1
Left-click to select which block to edt/display Enter the number of cycles and values for all stress quantities:

1 [Keaochk?| Cycles | Soatti | soatz | statn | sta | A
S [step1 [T 100 0 20
Set block type 2 I
" Use predefined BLOCKS database 3
& Input cycles and stresses manually 4 I ™
" Select file(s) containing long blocks) 5 | "
" Generate standard long block s T F
" Generate acceptance vibration block — - b

Stress scale factor on stress quantity: son S1|0

< >
|Press F1 for context-sensitive help, F2 for general help |LEFM |US 15:24:28

Figure 12.0-1. Manual Input of Membrane Tension Stress, S0, on the NASFLA
Load Blocks Screen with SO(min) = 0.0 and SO(max) = 20.0 ksi

% NASFLA v11.00 Crack Growth Analysis - [no restrictions] O

File Options View Tools Help
“5 Geometry | | (Genniaties | 2| Material | | W load Blocks  /wBuidSchedue | FjoutputOptions | 7 Comautations |

Show it offrequentlyused schedules | Add schedue to frequentlyused ist |

Assemble Schedule from Distinct Block Cases

Summary of distinct blocks already defined: Distinct block case repetition table: Mm,wﬂﬁ
~ Block lype _ Details | | Blockcase | Times to apply
1 Manual 1o details available ] {10 X 1 | # of times to repeat schedule |1000
2 2
3 [ 3]
4 1 t 4 4
| 5| 15|
6 | 8]
T |
8 | 8]
9 |9
10 10

Figure 12.0-2. Manual Input of Membrane Tension Stress, S0, on the NASFLA
Load Blocks Screen with SO(min) = 0.0 and SO0(max) = 20.0 ksi
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& MASFLA v11.00 Crack Growth Analysis - [no restrictions]

File Options View Teols Help
FH Geametry | | [HGecn s | i¢. | Material | w/Load Blocks | | VwBuildSchedue [ iOutoutOptions |i?0umuium

Problem tithe foptional]
I
Problem description [optional]
v

Frequency of wiiting data to cutput files Intervals

(+ schedule / block / step intervals

" crack growth intervals
I~ Compute cycles to specific crack sizes Schedule interval for end-of-schedule output [0 = final results only]: 1

Note: a non-zero schedule interval gives access to finer contral of output frequency:
Block interval for end-of-block output [0 = no end-of block results]: 1
| Block interval fior prnting output within block [ = no detaled output within blocks]:

=

Figure 12.0-3. NASFLA Output Options Screen Showing Default Choices

B nuasrLe
File Options View Tools Help

[ Geametry | fHlGeananis | | |2 Materinl | [wiLoad Blocks | | [wBukiScheduie | Foutputoptions £ Computations. | A
I™ Do parameter analyses by varying intial geometry and loading?

Input: Geometry A
Input: Material

Input: Spectum

Sched/blk /step #

(Cycle count

Flights or fit hrs

Crack size

Max K

Beta factor, F

Net stress fctr, G v

| [Crack size A
Max K

Beta factor, F

Net stress fctr. G

Residual strength

da/dN

Dikth

DKth/DK

U [=DKe#f/DK]

DKeff v

vi

< >
|Press F1 for context-sensitive help, F2 for general hel LEFM us 110:59:27 A

Figure 12.0-4. NASFLA Computations Screen Showing Run Button
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12.1 NASFLA Output

The summary of the analysis results displayed in the center of the screen is very brief and
primarily lists how the analysis terminated, the number of steps, blocks and cycles to that
point, and the final crack sizes. Messages printed at the end of the calculation may include
any of the following:

e C(iritical crack size has not been reached

e Unstable crack growth, max stress intensity exceeds critical value

e Net-section stress exceeds flow stress

e Computed FAD parameters (only if a FAD failure criterion is used)

e All stress intensities are below the fatigue threshold

The “Select details to show” GUI tool can be used to display text results for quantities listed
in that window. Similarly, the “Select details to plot” GUI tool can be used to plot any of the
quantities listed in that window. If the crack growth analysis was performed using a FAD
failure criterion, then a “Plot FAD” button will appear below the “Select details to show”
window.

In addition to being displayed on the screen, the NASFLA output is saved by default in text
files named nasfla.outl and nasfla.out2. The outl file provides an echo of the input data for
the analysis and the summary of results discussed above, including information on any crack
shape transitions that may have occurred. The out2 can be very large depending on the type
of problem being analyzed and contains a list of all calculated quantities as a function of steps,
cycles and crack size. It can be loaded into a spreadsheet from the GUI.

If a FAD failure criterion is chosen. the computed FAD parameters (K, L) as a function of
crack size and cycles for each crack tip are also listed in the out2 file. The data for the FAL
are output in separate text files with extensions /3ma (for ASME/API 579 Level 3 Method A)
or [3mb (for ASME/API 579 Level 3 Method B).

NASA/CR-20250011200 60



13 REPRESENTATIVE EXAMPLES

Four representative example analyses are presented in this section and are intended to illustrate the
use of NASGRO for different FFS analyses of “real-world” pressure vessel applications. While
these examples considered typical pressure vessel geometries and materials, they should only be
treated as “notional” demonstrations of the NASGRO software capabilities and features. A brief
description of each analysis is presented below, indicating the key NASGRO features that were
used. All of the analyses used the API 579 Level 3, Method A, FAD failure criterion.

Section 13.1, LPV Outer Layer Surface Crack:

NASFLA crack growth analyses
Axially oriented surface crack SIF (SC30)
NASFLA AOS 1146a fatigue crack growth tabular data (E2FD12ABO01)
Two analyses using:
o AOS 1146a material database toughness
o API 579 lower bound toughness

Section 13.2, Nozzle Corner Crack

NASFLA crack growth analyses
Two analyses using:
o Nozzle corner crack SIF (CC27, API 579 KNCC1)
o Nozzle corner crack weight function SIF (CC28)
API 579 Barsom Paris equation for ferritic-pearlite steel
API 579 lower bound toughness

Section 13.3, Internal Circumferential Surface Crack in a Pipe with Weld Residual Stress

Two NASFLA crack growth analyses (SC34)
INSPECT crack growth analysis (KSCCE1)
API 579 weld residual stress polynomial equation 9D.9
Two NASFLA analyses using:
o NASFLA A-106 Gr B steel tabular data (BIBB16ABO1)
o API 579 upper bound welded joint Paris equation
e INSPECT analysis using API 579 upper bound welded joint Paris equation
API 579 lower bound toughness

Section 13.4, FAD Analysis of Embedded Cracks in a Sphere

e FAD assessments for two cracks using:
o NASFAD and weight function SIF EC05
o INSPECT using API 579 SIF KSECCE
e API 579 lower bound toughness
e API 579 weld residual stress polynomial equation 9D7.1

NASA/CR-20250011200 61



13.1 LPV Outer Layer Surface Crack

This example considers an axially oriented shallow surface crack located in the base metal of the
outer layer of a layered pressure vessel (LPV). The crack growth analyses were performed using
the NASGRO surface crack in a plate weight function model SC30. The use of the surface crack
in a plate model is appropriate because of the large diameter of the LPV. The applied membrane
(tension) stress cycled from a minimum of 3.05 ksi to a maximum of 30.5 ksi and was uniform
through the thickness of the plate.

The crack was assumed to be located in the center of a very wide plate (width, W = 50 inches)
having a thickness, t, of 0.269 inches. The initial crack depth was 0.20 inches and an aspect ratio
(a/c) of 0.3 was used, giving an initial half-surface crack length, ¢, of 0.6667 inches. Figure 13.1-
1 shows the NASFLA input screen for this SC30 geometry.

The material model for this analysis was based on test data obtained at MSFC for the AOS 1146a
wrapper steel [6]. In NASFLA, these data are represented by a 2-D table of da/dN vs AK data
with the material ID code E2FD12ABO1. Figure 13.1-2 shows the NASFLA input screen for this
material choice.

Two different crack growth analyses were performed. The first analysis used the fracture
toughness contained in the NASFLA material database for the wrapper steel obtained in testing at
MSFC (66.8 ksiVin). The second analysis used a lower bound toughness value calculated using
the methodology specified by API 579 (see Section 7.3 of this report) at a temperature of 32°F.
The GUI screen for computing the API lower bound toughness is shown in Figure 13.1-3 and
results in a toughness of 40.1 ksiVin. In each analysis, The API 579 Level 3 Method A FAD failure
criterion is used, and the net section stress failure criterion is not used (as shown in Figures 13.1-
2 and 13.1-3).

The crack growth curves and FAD for the analysis using the NASFLA database properties for the
AOS wrapper steel are shown in Figures 13.1-4 and 5, respectively. The surface crack transitions
to a through-thickness crack after 3,540 cycles when the crack depth reaches 95 percent of the
thickness (0.256 inches). Since the SIF after transition is less than the fracture toughness of 66.8
ksiVin, the crack then continues to grow as a through-crack (TC11) for an additional 8,848 cycles
eventually failing by exceeding the FAD criterion at a total life of 12,388 cycles. The final crack
size (2¢) is 2.88 inches. The FAD parameters (L, , K;) at failure were 0.42 and 0.97.

The second analysis was performed using the lower bound API 579 fracture toughness as
computed in Figure 13.1-3. The crack growth curve for this analysis is identical to that for the
first analysis up until the transition to a through crack at 3,450 cycles. However, in this case due
to the much lower toughness (40.1 vs 66.8 ksiVin), the crack fails immediately after transition to a
through crack with a computed K at failure of 45.18 ksiVin. The final crack size (2¢) is 1.40 inches.
The FAD parameters (L: , K;) at failure were 0.41 and 0.97 (Figure 13.1-6).

It is clear that using the API 579 lower bound toughness provides a much more conservative result

when compared to the NASGRO material library toughness value for this wrapper steel material.
This is not a surprising result given the large difference between the two fracture toughness values.
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SC30 hoop stress 30.5 ksi for axal flaw, TC11 transition, MSFC Kc.in

% NASFLA v11.10 Crack Growth Analysis - nasfla LPV Outer Layer SC30 hoop st
File Options View Tools Help
e ceometry | | [(Fjceanisis | 2 Meterial | | [wlLoad Biocks | | BuidScheduls | [jOutputOptions | 7 Computations

Show crack case library ||SC30 - semi-eliptical surface crack (offset) in plate - univariant WF

| Thickness, t 10.269 Initial flaw option
3030 Widh, W [s0 @ Userentry
S, Crack ctr offset, B |25 " NASAstd NDE
Iriial flaw size, & 2
S, =6M/ Wt* Iitial a/c E
- R <095 [ Post4ranstion geometry option
Min(B,|Iw-Bl) @ Straight through crack ( Curved through crack
0= alt <085 [~ API 579 transtion
0=<alc =8 [~ Set crack size limi(s):
[~ SIF Compounding
X=xIt, 0 X =1
Si(X), i=0,1,2,3 LISSPERy ahcadnny ke ois s £AD s
—Crack plane stress defintion from
= Tension,bend ¢ Polynomial (" Tabularinput
- Shakedown choice

CIE203C4||@ None € Automatic

W [ bickile okl o ot
+ I Include residual stress poynomial
B l

Figure 13.1-1. NASFLA Geometry Input Screen for Surface Crack in Plate (SC30)
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% NASFLA v11.10 Crack Growth Analysis - nasfla LPV Outer Layer SC30 hoop stress 30.5 ksi for axial flaw, TC11 transition, MSFC Kc.in

File Options View Tools Help
i Geometry | | b Gean s 2| Material | | Lond Blocks | | BuidSchedule | sfions | 7 Computations
— Load interaction model —— MWWMUVMMMQMWMMMMHAH&VM51
@ Non-interaction Data source: [NASGRO matedial file =l
[ e Datafomat: [2.0 table: da/dN vs dK and R ~l
" Generalized Willenborg
C* Chang Wilenborg Show materialslist | Show frequentlyused materials st | Search materials database |
" Strip Yield ‘ Add to frequently-used materials list
——— Reload data from fie Start over |

I~ da/dN muttipher?

Matenial properties: |D E2FD12AB01, AOS 1146a Wrapper Plate: T-L

uTs Yield Kle Kie Ak Bk

P3¢ o1 [e6Bs  [e6.85 [0 fo
r Select failure critena

(one or mare)
[V Fracture toughness Crack growth parameters - 2D table
[~ Net section stress dals —
[~ Plastic limit load | @ i 5 el far &ll F
[~ FAD:Fitnet Option 1 L
R P | R 7 R
da/dN &« da/dN d& da/dN « |

|

[V FAD:API 579 L3 Method A
mean E Eg_‘
Lr max l‘l_

[~ FAD:API 579 L3 Method B*

0.000877712 €0.5222
0.000411861.59.0577
0.000183821.55.9271
0.000100484 50.9855

0.000979938 25.2115
.O.DOUITZSBI 24.4653
0.000044430 22.7422
0.00001524821.0093

T Hapddonh'pe{u’dl(‘ Set options and plot I

| Linear (" Hemite

i~ Interpolation type for R
| @ Linear " Cubic spline (" Walker logic

r Save expanded table to separate tesd file?

Ke values at tips used in analysis
[~ Defauts [~ Userdefined by tip class
[V Constant Ke [~ User-defined by tip location

¥ Kl from input cell
[~ Userdefined constant Ko

[~ API 579 fracture toughness

Figure 13.1-2. NASFLA Material Input Screen for AOS 1146a Wrapper Plate
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% MASFLA v11.10 Crack Growth Analysis - nasfla LPV Outer Layer SC30 hoop stress 30.5 ksi for axial flaw, TC11 transition, APl Lower Bound Keir
File Options View Tools Help

P Geometry | FEcesniiis 2| Materisl | | |wioad Biocks | | |wBuldSchedue | [ loupitoptions | §F Computations |
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 Sirip Yield Add to frequentlyused materals st |
' Reload deta from e | Start over |
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Material properties: ID E2FD12AB01. AOS 1146a Wrapper Plate: T-L
uTs Yield Kle Kie Ak Bk
[(3 [ [685 [e685 |0 [o
Select failure criteria
(ore or more)
¥ Fracture toughness ~ Crack growth parameters - 2D table —— —
[~ Net section stress {a/dN data type 1
[ Plastic limit load & Diff da/cb| el for each F R e
[~ FAD:Fitnet Option 1
o I__ R - 1 R-> .7 R
, da/a & drN & da/d « |
[ 0.000977712 60,5222 0.000979933 25,2115

0.00041186759.0577  |0.000172881 24. 4653
] 0.000183827/56.5271  |0.000044430 22,7422
Iv FAD:API 575 L3 Method A 0.00010048450.9855 | 0.00001524821.0093

[~ FAD:Finet Option 3

[¥ API 579 fracture toughness

min yield [77
mean E (7943 | [~ Intemolation type for R |~ Interpalation type for dK— 54 options and plot |
er,1— |r=Lmu " Cublcspine ( Wakerlogic | @ Linear (" Hemte |
[ FADAPIS79 L3 Method B | || [ Save expanded table to separate test fie? ' N
: [__ ~ Ke values at tips used in analysis —

I [~ Defauls [ Userdefined by tip class
r TPEC W Constant Kz [~ User-defined by tip location

| W Klc from input cell

T [ Userdefined constant Ko

-Sele_thM_Eexemphonune: JA i o
Specified minimum yield strength (SMYS): 77

| Operating temperature (F): [32
AP 575 fracture toughness definition:
[~ Section 9F.3.5. Section VIl fracture toughness
¥ Section 9F 4.2 lower bound fracture toughness:
Matesial type for reference temperature in Leve! 1 assessment: |
[v Carbon steels
[~ Low alloy steels
Matesial type for cutoff in Klc curve:
¥ Low sulfur carbon steels
[~ Unknown chemistry or high sulfur carbon steels

Kle (computed): |40.03

Figure 13.1-3. NASFLA Material Input Screen for AOS 1146a Wrapper Plate Showing
Selection of API 579 Lower Bound Fracture Toughness
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Figure 13.1-4. Crack Growth Curves Showing Transition from
Surface Crack to Through Crack using Kc = 66.8 ksiVin

FAD:API ASME 579 3A

—— -

FAL

- Kr(a)

Kr (c)

08 [

06

04

02

0 02 04 06 08 1 12
Lr

Figure 13.1-5. Failure Assessment Diagram Showing Transition from
Surface Crack to Through Crack using Kc = 66.8 ksiVin
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Figure 13.1-6. Failure Assessment Diagram Using API 579 Lower Bound
Toughness (Kc=40.1 ksi\/in) Without Transition
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13.2 Nozzle Corner Crack

NASGRO contains two SIF solutions for a corner crack at the interior corner of a nozzle in a
pressure vessel, CC27 and CC28. The goal of this example is to compare the results of these two
different solutions and to provide an overview of the differences in their individual modeling
approaches and input data requirements. The example considers a 2-inch diameter nozzle attached
to a vessel having a 2.635-inch thick vessel wall. The internal pressure cycles were defined in two
steps: 250 cycles ranging from a minimum of 1.015 ksi to a maximum of 2.90 ksi, followed by
two cycles ranging from zero to 2.90 ksi. With an outer diameter shell diameter of 65.27 inches,
the hoop stress in the shell is 36 ksi.

The nozzle material was considered to be a ferritic-pearlite steel per API 579 and used the Barsom
fatigue crack growth properties (Paris equation, API 579 Table 9F4.M) available in NASFLA in
tabular form as a 1-D data table. For reference, the material ID is BIFPAPI2 and the material
screen is shown in Figure 13.2-1. The option for the API 579 fracture toughness was used for both
analyses resulting in a fracture toughness of 41.28 ksiVin at 40°F. The API 579 Level 3 Metod A
FAD failure criterion was also used as shown in the figure.

The first analysis performed in this example uses NASGRO SIF solution CC27, corresponding to
the API 579 corner crack at a nozzle solution KNCCI1. This is a case of a quarter-circular corner
crack in a nozzle attached to the shell. The crack is located at the corner of the connection where
the inner surfaces of the shell and the nozzle meet at a 90 degree angle. The CC27 NASFLA
geometry input screen for this example is shown in Figure 13.2-2. The CC27 SIF model is a
relatively simple solution in that it considers only a quarter-circular corner crack throughout the
life calculation, i.e., it uses a constant aspect ratio of 1.0. An additional simplification is that a
theoretical stress concentration factor (SCF) as the corner, ki, is required input. As shown in
Figure 13.2-2, the initial quarter-circular flaw size was 0.0625 inches and the SCF was 2.5.

The second analysis performed in this example uses NASGRO SIF solution CC28 which is a
bivariant weight function solution for the corner crack at a nozzle. This is a much more advanced
solution than CC27 in that it can accept a detailed two-dimensional hoop stress distribution
computed from a finite element analysis (FEA). Although this analysis begins with the same
quarter-circular initial crack size as the CC27 case with an aspect ratio of 1.0, CC28 allows for the
crack to grow as a quarter-elliptical flaw. The CC28 NASFLA geometry input screen for this
example is shown in Figure 13.2-3. The FEA stress distribution is input via a data file and is plotted
(in normalized form) in Figure 13.2-4. Although CC28 can accept a 2-D hoop stress distribution,
only a 1-D distribution was used in this case. The sharp discontinuity in the stress gradient shown
in Figure 13.2-4 is due to the inclusion of the nozzle-to-shell weld geometry in the FEA. This
FEA stress distribution was determined from analyses performed by NASA-MSFC [9].

The results of the two analyses are compared in Table 13.2-1. The CC28 analysis results in a
computed cycles to failure more than ten times that computed using the CC27 solution. The crack
growth curves and FADs are shown in Figures 13.2-5 and 6 for CC27 and in Figures 13.2-7 and 8
for CC28.

It is evident from this example that CC27 provides a much more conservative result on life than
CC28. However, in the absence of a detailed stress analysis, CC27 can be used as an expedient.
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CC28 is the preferred model to use for analyzing corner cracks in nozzles because of its capability
to handle a much wider range of crack shape aspect ratios and its ability to accept input of user-
specified stress gradients across the section computed from a FEM. And, although not used in this
example. CC28 can also consider the presence of a residual stress distribution.

Table 13.2-1. Comparison of Results for CC27 and CC28

SIF SIF
Solution | Solution
cCc27 CC28
Initial Crack Size, a=c (in) 0.0625 0.0625
Final Crack Size, a (in) 0.125 0.318
Final Crack Size, c (in) 0.125 0.337
Final a/c 1.00 0.94
Cycles to Failure 18,130 | 212,184
FAD Parameters at Failure:
Stress Intensity Fator, K (ksivin) 37.61 36.28
Load Ratio, Lr 0.648 0.708
Toughness Ratio, Kr 0.910 0.879
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Figure 13.2-1. NASFLA Material Input Screen for API 579 Ferritic-Pearlite Steel
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Figure 13.2-4. Normalized Stress Distribution at Nozzle Corner from FEA for
Input to CC28 Weight Function SIF Model
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Figure 13.2-6. Nozzle Corner Crack FAD for CC27

NASA/CR-20250011200 73



0.35 T T T T

[a-tip] . ————

/

i 0.2
0.15
0.1
0.05 1 1 1 1
Cycles
Figure 13.2-7. Nozzle Corner Crack Growth Curves for CC28
2
FAD:AP| ASME 579 3A
— FAL
— Kr(a)
1
‘\ — ki)
08 [
- 06
04
02 I

Lr

Figure 13.2-8. Nozzle Corner Crack FAD for CC28
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13.3 Internal Circumferential Surface Crack in a Pipe with Weld Residual Stress

This example considers a circumferentially oriented shallow surface crack located in a weld on the
interior of a pipe having an outer diameter of 8.625 inches and a wall thickness of 0.50 inches.
The pipe material is A-106 Gr B steel. The internal pressure cycles from zero to 1.15 ksi combined
with a remote bending stress cycling from zero to 5.0 ksi.

Two NASGRO crack growth analyses were performed using the SC34 circumferential surface
crack in a cylinder weight function model for an internal crack. A separate, independent analysis
of this geometry was also conducted by NASA-Ames using the INSPECT software [10]. This
analysis used API 579 SIF solution KCSCCE1 [11].

The initial crack depth, a, was 0.155 inches and the initial half-surface crack length, c, was 0.5496
inches giving an aspect ratio (a/c) of 0.282. Figure 13.3-1 shows the NASFLA input screen for
this SC34 geometry. All three analyses used the API 579 weld residual stress polynomial equation
9D.9 from Section 9D.5.1 of API 579 for a full penetration circumferential weld in a cylinder. The
inputs for this WRS choice for the NASFLA analyses are shown (in purple) in Figure 13.3-1 and
the WRS polynomial is plotted in Figure 13.3-2.

Two different material models were used in these analyses. The first NASGRO analysis used a 1-
D tabular representation of a Paris equation found in the literature for the A-106 Gr B steel [12],
NASGRO material ID BIBB16ABO01. The second NASGRO analysis and the INSPECT analysis
each used the API 579 upper bound welded joint Paris equation from API 579 Table 9F.5. The
NASGRO material ID for the 1-D tabular representation of this material choice is WIUPAPIA4.
The material screens for the two NASGRO analyses are shown in Figures 13.3-3 and 13.3-4,
respectively.

All three analyses used the API 579 lower bound fracture toughness computed assuming ASME
exemption curve B, a minimum yield strength of 35.0 ksi and an operating temperature of 32.0°F.
These choices are shown in the lower portion of the NASFLA material screens in Figures 13.3-3
and 13.3-4 and result in a computed fracture toughness of 47.22 ksiVin. The API 579 Level 3,
Method A FAD failure criterion was used for each analysis with the minimum yield stress of 35.0
ksi.

The NASFLA Load Blocks screen is shown in Figure 13.3-5. The remotely applied bending stress
(ST)1s given as 5 ksi and the internal pressure (S2) is 1.15 ksi, both cycling from zero to the applied
value. Note that when applying an internal pressure, the axial tension for a capped cylinder is
automatically computed and included in the SC34 solution. The scale factors for S1 and S2 are
1.0. Since the WRS polynomial is normalized it must be scaled. This scale factor is usually taken
to be the yield stress. API 579 Section 9D.3.3 recommends adding 10 ksi to the yield stress, so
for this example a scale factor of 45 ksi is used (a yield stress of 35 ksi plus 10 ksi) as shown in
Figure 13.3-5.
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The crack growth curves and FAD for the analysis using the NASFLA database properties for the
A106 Gr B steel are shown in Figures 13.3-6 and 13.3-7, respectively. The crack growth curves
and FAD for the analysis using the NASFLA database properties for the upper bound welded joint
Paris equation from API 579 are shown in Figures 13.3-8 and 13.3-9, respectively. The results are
compared in Table 13.3-1 with a dramatic difference noted in life between the two material models.
This difference is attributed to the upper bound (conservative) nature of the API welded joint Paris
equation. For comparison, the third column of Table 13.3-1 presents results from using the
INSPECT software and the API 579 upper bound weld Paris equation.

It is clear that using the API 579 upper bound Paris equation provides a much more conservative
result when compared to the NASGRO material library A106 Gr B Paris relationship. It is also
noted that the L, value computed by the INSPECT analysis is somewhat different than that
computed by NASFLA. Additional investigation is required to identify the reason for this
difference.

Table 13.3-1. Comparison of Analysis Results for Circumferential Surface Crack in a Pipe

NASGRO NASGRO INSPECT
S5C34 S5C4 KCSCCE1L
A-106 GrB APl 579 Weld API 579 Weld
1-D Tabular Paris Paris
B1EB16ABO1 WI1UPAPI4
Initial Crack Size, a (in) 0.1550 0.1550 0.1550
Initial Crack Size, c (in) 0.5496 0.5496 0.5496
Initial a/c 0.282 0.262 0.262
Final Crack Size, a (in) 0.323 0.317 0.312
Final Crack Size, c (in) 0.608 0.623 0.622
Final a/c 0.531 0.510 0.502
Cycles to Failure 2,496,100 310,700 273,500
FAD Parameters at Failure:
Stress Intensity Factor, K (ksiyin) 41.99 41.99 41.58
Load Ratio, Lr 0.280 0.281 0.241
Tougrhn ess Ratio, Kr 0.989 0.989 0.837
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Figure 13.3-2. NASFLA Plot of Weld Residual Stress Polynomial Equation 9D.9 from
Section 9D.5.1 of API 579 for a Full Penetration Circumferential Weld in a Cylinder
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13.4 FAD Analysis of Embedded Cracks in a Sphere

This example provides a FAD assessment of two different embedded elliptical cracks in a in a
pressurized sphere meridional weld. The sphere has an outside diameter of 494.9 inches, a wall
thickness of 1.45 inches and is subject to an internal pressure of 150 psi resulting in a membrane
(hoop) stress of 11.96 ksi. FAD assessments were performed using both the NASFAD module of
NASGRO and the INSPECT software [11] for comparison.

The INSPECT software uses API 579 solution KSECCE for an embedded crack in a sphere.
However, it is noted that this solution is actually the same as the API 579 solution for an embedded
crack in a flat plate (KPECE2). NASGRO does not have a SIF solution for embedded cracks in a
sphere. However, because of the large radius of this sphere, the NASGRO univariant weight
function model for an embedded crack in a plate (EC05) is deemed appropriate and is also similar
to the API 579 plate model being used by the INSPECT software. Each analysis uses a very large
plate width. Each analysis considers the presence of a weld residual stress distribution per API
579 Section 9D7.1 (Equation 9D.9).

The two elliptical crack sizes considered in the analyses are as follows:

Small crack (#1): a = 0.20 inches, ¢ = 0.50 inches, a/c = 0.40
Large crack (#2): a = 0.3905 inches, ¢ = 1.485 inches, a/c = 0.263

In each case, the crack was offset from the center of the plate with a distance from the plate surface
0f 0.693 inches.

The NASFAD geometry input screen is shown in Figure 13.4-1 and includes the display of the API
579 weld residual stress polynomial coefficients. The same WRS distribution is used by both
NASFLA and INSPECT and is plotted in Figure 13.4-2, normalized as a function of distance
through the thickness. The insert in Figure 13.4-1 shows the tabular input of the membrane stress
(S0).

Figure 13.4-3 displays the NASFAD material screen for these analyses using representative
properties of an A200 series steel. Neither NASGRO nor INSPECT had data for the actual steel
(A201B) and each analysis used the properties shown in the figure. The API 579 lower bound
fracture toughness option was used resulting in a computed toughness of 40.83 ksiVin. The FAD
calculations were performed using API 579 Level 3, Method A as listed in the sidebar of the
material screen with a minimum yield stress of 32.0 ksi.

The NASFAD Options screen is shown in Figure 13.4-4 indicating that a FAD Assessment is being
performed and provides the crack size and shape input data for the small and large cracks. The
scale factor for SO is 1.0 since the tabular membrane stress was entered with the actual value of
hoop stress (see Figure 13.4-1). Since the WRS polynomial is normalized it must be scaled. This
scale factor is usually taken to be the yield stress. API 579 Section 9D.3.3 recommends adding 10
ksi to the yield stress, so for this example a scale factor of 42.0 ksi is used (a yield stress of 32 ksi
plus 10 ksi) as shown in Figure 13.4-4.
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The FAD for each of the cracks is plotted in Figure 13.4-5. It is easily seen that the large crack
(Crack #2, blue squares) lies outside the FAD curve and is unsafe by a large margin for the a-tip.
The assessment points for the small crack (Crack #1, green stars) lie within the FAD curve
indicating a safe condition; however, the a-tip is quite close to the failure criterion.

Table 13.4-1 below compares the NASFAD results for these two cracks with the corresponding
results obtained from the INSPECT software. While every effort was made to ensure that there
was an apples-to-apples consistency between the two analysis approaches, there existed some
uncertainty in the interpretation of the INSPECT results. Nevertheless, the bottom-line results are
consistent: the small crack is within the safe zone of the FAD and the large crack far exceeds the
FAD failure criterion.

For the small crack, the stress intensity factors agree quite well between the two analyses; however,
for the large crack the INSPECT SIFs are about five to ten percent higher than those computed by
ECO0S5. The cause of this difference is unknown and needs to be investigated. Additionally, it is
seen that the Load Ratios computed using INSPECT are much higher than those computed by
NASFAD and EC05. A preliminary investigation into this difference indicates that L, computed
by INSPECT for this example is a local value while the L: computed by ECOS5 is a global value
(for the plate model). While NASFAD computes the local value, it is not currently output (by
NASFAD or NASFLA). Further investigation is needed here also including assessing the
possibility of outputting both the global and local L. values from NASGRO.

Table 13.4-1. Comparison of Analysis Results for Two Embedded Cracks in a Sphere

Small Crack (#1) Large Crack (#2)

Crack Sizes:

Crack Depth, a (in) 0.20 0.3905
Crack Length, c (in) 0.50 1.4850
Aspect Ratio, alc 0.40 0.2630

FAD Parameters (NASFAD EC05):

Stress Intensity Factor, K @ a-tip (ksivin) 38.2100 68.3176
Stress Intensity Factor, K @ c-tip (ksivin) 20,9024 26.2022
Toughness Ratio, Kr @ a-tip 0.9358 1.6730
Toughness Ratio, Kr @ c-tip 0.5120 0.6419
Load Ratio, Lr 0.3760 0.3868

FAD Parameters (INSPECT):

Stress Intensity Factor, K @ a-tip iksiv."in} 38.4330 71.6010
Stress Intensity Factor, K @ c-tip (ksivin) 20.8560 29.1630
Toughness Ratio, kr @ a-tip 0.9424 1.7557
Toughness Ratio, Kr @ c-tip 0.5114 0.7151
Load Ratio, Lr 0.4375 0.6240
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@ NASFAD w11.01 Failure Assessment Diagram - nasfad sphere ECO5.

File Options View Tools Help
“H Geometry |E0&0m1ahles | [ | Material | ] FAD Ogtions | 7 Computations

Show crack case lbrary | [EC05 - eliptical embedded crack (offset) in plate - univasiant WF

Thickness, t [145
ECBS Width, W {50.0
S0=S0(X)=1
S1=6M;/ Wt [~ SIF Compounding

S1(X)=51(1-2X/1)
[~ Specify secondary cyclic stresses in FAD analysis

" Tension,bend  Polymnomial (% Tabularinput
~# of stress distributions —| — Shakedown choice
F1C20C3IC 4| None " Monotonic

Si" = Si ()
si'™= s, (x/t)!

0 < a/Min (B:,t-B:) < 0.99 T —
0 < c/Min (Bw,W-B,)< 099 |7 T Ram e - N dm: "
0.01 < a/c < 10 I Vi inckde e oo
t
00<X <10 Plot stresses
~ Display stress quantity:

S0 C S C52 053 RS
| Coef0 | Coef1 | Coef2 | Coef3 | Coefd | Coef5 | Coel6 |

RS[100 680 2430 -2868 1118
L |

Select WRS APl 579 polynomial equation | (selected)

Section [90.7.1] Full penetration circumferential welds in spheres and heads

Equation [3D.9] Circumferential flaw; WRS paraliel to weld
Low weld heat input; fenttic and medum/low austenttic stainless steel welds

Clear selected WRS API 579 pohynomial equation |
Polynomial gradient direction:  Forwand l{cb‘clnccha'tge}

Figure 13.4-1. NASFAD Geometry Screen for EC05 Showing
Choice of API 579 WRS Equation
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Residual stress using polynomial eguation

0.4

T

X=x/t

Figure 13.4-2. NASFAD Plot of Weld Residual Stress Polynomial Equation 9D.9 from
Section 9D7.1 of API 579 for Full Penetration Circumferential Weld in a Sphere
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NASFAD v11.01 Failure Assessment Diagram - nasfad sphere EC05.in  [no restrictions]
File Options View Tools Help

[Fl Geometry | [Bjcein s I Material |7 FAD Options | 7 Computations |

‘Material parameters - =
Data source: [New data =]
Data format: |NASGHOequaﬁon constants ;I
Show materias st |
Save data to userfile ]
1-char category code: [p desciption: [ASTM SPEC. GRADE STL
1-char group code: |2_ description: |A200 series

2character alloy code: |— description: |
4-6 char form/orient /env code: | description: |

~ Through crack toughness computed from - -Kcl_r,u_n
@+ value entered directly ' Klc, Ak, Bk equation (" Kc v. thickness table

~ FAD Option (select one)
Material properties: 1D code = B2...
uTs Yield Kie

oo 20 [s00

[~ FAD:Fitnet Option 1

5 T i Kc values at tips used in analysis
I R e 2 ¥ Defauks [ Userdefined by tp class
in vield [ I~ Constant Ke [~ User-defined by tip location
[V FAD:API573L3Method A | | |Interiortip Surface Tip Through tip Circumferential tip
minyeld 320 [K1e [LiKle  [Ket)  [Klc
mean E Izgsgu
Lr max |1-25 ¥ API 579 fracture toughness

[~ FAD:API 579 L3 Method B*

: I_ Select ASME exemption curve: I}‘_L‘
|— Specified minimum yield strength (SMYS): E32.IJ
Operating tempesature (F): [400
API 579 fracture toughness definiion:
[~ Section 9F.3.5, Section VIl fracture toughness
ush specify shess and [V Section 9F 4.2, lower bound fracture toughness:
sin material properties) Material type for reference temperature in Level 1 assessment:
[w Carbon steels
[~ Low alloy steels
Matenal type for cutoff in Klc curve:
¥ Low sulfur carbon steels
[ Unknown chemistry or high sulfur carbon steels

Kl (computed): [40.83

Figure 13.4-3. NASFAD Material Property Screen for a Representative A200 Series Steel
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NASFAD v11.01 Failure Assessment Diagram - nasfad sphere EC05.in

File Options View Tools Help

(3 ceometry | i ceantabies | |2 meterid  FFADOptions | £Fcomputations |

Problem title [optional] FAD .

| f* FAD Assessment

Problem description [optional]  Catical Crack Size
B " Failure Stress

Stress scale factor on stress quantity: S0 I‘J.ﬂ
Stress scale factor on residual stress: RS |42.0

Enter flaw sizes to compute FAD Assessment points (Kr, Lr):
Offset Bw [1 perline] a/c [1 perline] Flaw Sizes, a jmax = 12 comma- or space-delimited entries in table]

Offset Bt
0653 a |25.0 a 0.40 a |D20 a
0.653 25.0 0.2630 0.3905

Figure 13.4-4. NASFAD Options Screen Showing Crack Sizes and WRS Scale Factor
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Figure 13.4-5. NASFAD Plot of FAD for Two Cracks
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14 SUMMARY AND RECOMMENDATIONS

The work presented in this report provides guidance in the use of the NASGRO fracture mechanics
and fatigue crack growth analysis software to perform fitness-for-service assessments of crack-
like flaws in typical pressure system components in accordance with procedures outlined in Part 9
of API 579-1/ASME FFS-1. NASGRO has recently been enhanced to perform FFS analyses of
safety-critical ground-based steel pressure vessels and other non-flight structures using approaches
contained in the API and ASME standards. The guidelines for performing FFS assessment
procedures for crack-like flaws outlined in this report are based on the well-known Failure
Assessment Diagram (FAD). The objective of this report was to provide guidance in the use of
NASGRO and the FAD to perform FFS assessments and fatigue crack growth analyses.

Following an overview of the general FFS analysis approaches, a summary of the NASGRO
analysis modules and material property databases relevant to FFS analyses was presented. To
assist analysts who may be familiar with API 579 SIF solutions but not with NASGRO SIF
solutions (and vice versa), a comparison matrix (table) was developed to cross-reference API 579
SIF solutions with corresponding NASGRO SIF solutions. This matrix was provided in Tables
4.4-1 through 4.4-5. It is recommended that this matrix be studied by analysts when choosing a
SIF model to use in their FFS analysis,

Summaries of the input data process (using GUI screen shots) for the three key NASGRO analysis
modules (NASCCS, NASFAD, and NASFLA) were provided. New features implemented in
NASGRO v11.0 and v11.1 were reviewed and included:

= Option to use the API 579 criteria for surface and embedded crack transitions in lieu of the
NASGRO default transition criteria

= Implementation of a GUI menu to choose API 579 polynomial weld residual stress
distributions (in lieu of directly entering polynomial coefficients)

=  Option to compute and use API 579 fracture toughness values:

=  API 579 Section 9F.3.5 (uses ASME Section VIII fracture toughness)
= API 579 Section 9F.4.2 (lower bound fracture toughness)

= Implementation of API 579 and ASME Paris crack growth equations in tabular form:

= API 579 Barsom Paris equations (1-D tables)
=  API 579 welded joint Paris equations (1-D tables)
= ASME Section VIII, Div. 3 Paris equations (2-D tables)

= Addition of material data for A-106 Gr B steel (1-D tabular da/dN)

= Access to material property database from NASCCS

Four representative example analyses were presented in Section 13.0 and were intended to
illustrate the use of NASGRO for different FFS analyses of “real-world” pressure vessel
applications. While these examples considered typical pressure vessel geometries and materials,
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they should only be treated as “notional” demonstrations of the NASGRO software capabilities
and features.

A key aspect of the examples presented herein is the use of different choices for material properties
such as the fatigue crack growth relationship and the fracture toughness. In general, it was shown
that the API 579 material property choices produce results that are conservative relative to the
NASGRO database materials. It is recommended that analysts be aware of these differences when
setting up an analysis.

Comparisons between results obtained with NASGRO and the INSPECT software were made for
two of the examples. These benchmark comparisons produced reasonably good agreement
between the SIFs and final crack sizes; however key differences were noted between the value of
L: used in the FAD. As previously stated, these differences are most likely due to the difference
between a local and global failure computation used by the two programs. NASGRO is currently
lacking in providing output of a number of quantities to resolve these discrepancies. Therefore, it
is recommended that future NASGRO enhancements include the output of the reference stress and
L values for both the local and global failure conditions, with an option for the analyst to choose
which one to use for the FAD.

Lastly, additional benchmark analyses are recommended between NASGRO and other FFS
software programs to identify and understand differences such as those noted above.
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