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FOREWORD 

 
This NASA Technical Handbook is published by the National Aeronautics and Space 

Administration (NASA) as a guidance document to provide engineering information; lessons 

learned; possible options to address technical issues; classification of similar items, materials, or 

processes; interpretative direction and techniques; and any other type of guidance information 

that may help the Government or its contractors in the design, construction, selection, 

management, support, or operation of systems, products, processes, or services.   

  

This Handbook accompanies NASA-HDBK-5010, Volume 1, Revision A, and it is a companion 

document to NASA-STD-5019A, Fracture Control Requirements for Spaceflight Hardware. This 

Handbook documents best practices, examples, checklists, and provides additional resources for 

the implementation of fracture control requirements consistent with NASA-STD-5019A. 

 

Submit requests for information via “Email Feedback” at https://standards.nasa.gov. Submit 

requests for changes to this Handbook via Marshall Space Flight Center (MSFC) Form 4657, 

Change Request for a NASA Engineering Standard, or the “Suggest a Change to this Standard” 

link on the Standard’s Summary Page at https://standards.nasa.gov.  

 

 

 

Original Signed By:   Januray 9th, 2024 

______________________   ___________________ 

Joseph W. Pellicciotti   Approval Date 

NASA Chief Engineer 
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FRACTURE CONTROL IMPLEMENTATION HANDBOOK 

FOR SPACEFLIGHT HARDWARE 

 

VOLUME 2: EXAMPLE APPLICATIONS AND ADDITIONAL 

GUIDELINES 

 

1. SCOPE 

 
1.1 Purpose 

 

It is NASA policy that fracture control be imposed on all human-rated spaceflight systems to 

promote safety by mitigating the risk of catastrophic failure due to the presence of flaws. The 

purpose of this Handbook is to provide interpretation of fracture control requirements and 

methodology and approaches that are acceptable to NASA for implementation of fracture control 

requirements for spaceflight hardware. Following the interpretations and guidelines of Volume 1 

for this hardware will satisfy the intent of the applicable NASA fracture control requirements in 

NASA-STD-5019A. Volume 2 of NASA-HDBK-5010A provides examples of acceptable 

methodologies, checklists, assessment approaches, and other resources for the implementation of 

fracture control requirements of spaceflight hardware.  

 

The requirement for imposing fracture control on hardware used in human spaceflight is based 

upon safety. Any program, human spaceflight or otherwise, may choose to impose fracture 

control to enhance mission success, although it is not specifically required for a nonhuman-rated 

program. NASA requires fracture control to advance the safety of human spaceflight hardware. 

 

Volume 2 of this Handbook provides additional resources such as specific examples, approaches, 

and checklists for the implementation of fracture control requirements consistent with NASA-

STD-5019A. Volume 2 also provides additional flowcharts and recommendations not addressed 

in Volume 1 of NASA-HDBK-5010A or NASA-STD-5019A. Some sections do not have content 

because Volume 1 and NASA-STD-5019A were deemed sufficient. 

 

This revision of the Handbook expands the application beyond payloads and is organized 

similarly to NASA-STD-5019A requirements with each section in parallel. Volume 1 of this 

Handbook provides guidelines and additional explanatory text of the requirements to aid in the 

implementation of fracture control requirements of NASA-STD-5019A. Volume 2 contains 

examples and other supporting materials such as checklists and references to pertinent reference 

documents. The 5019A Fracture Control Diagram is repeated for convenience in Figure 1-1, 

NASA-STD-5019A Fracture Control Requirements Diagram. 
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Figure 1-1—NASA-STD-5019A Fracture Control Requirements Diagram 
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1.2 Applicability 

 

1.2.1 This Handbook is applicable to all spaceflight hardware. 

 

1.2.2 This Handbook is approved for use by NASA Headquarters and NASA Centers and 

Facilities. This language applies to the Jet Propulsion Laboratory (a Federally Funded Research 

and Development Center), other contractors, recipients of grants, cooperative agreements, or 

other agreements only to the extent specified or referenced in the applicable contracts, grants, or 

agreements. 

   

1.2.3 References to “this Handbook” refer to this NASA-HDBK-5010, Volume 2, Revision A; 

references to external documents state the specific document information. 

 

1.2.4 This Handbook, or portions thereof, may be referenced in contract, program, and other 

Agency documents for guidance. 

 

1.2.5 In this Handbook, the terms “may” or “can” denote discretionary privilege or permission, 

“should” denotes a good practice and is recommended but not required, “will” denotes expected 

outcome, and “is/are” denotes descriptive material or a statement of fact. 

 

1.3 Document Structure and Examples 

 

This Handbook is organized by section to mirror the corresponding requirements in NASA-STD-

5019A. The documents applicable to this Handbook are listed in section 2. Acronyms and 

definitions are listed in section 3. Section 4 provides guidance for general requirements and 

responsibilities in fracture control. Sections 5, 6, and 7 address hardware classified as exempt, 

nonfracture critical, and fracture critical, respectively. Section 8 deals with screening, 

traceability, and material selection. Section 9 addresses documentation and verification, while 

section 10 discusses implementation of alternative approaches for fracture control. Section 11 is 

a new section and does not have a corresponding section in NASA-STD-5019A; it covers special 

topics such as additive manufacturing materials, composite analysis, leak before burst, proof test 

logic, and many other special topics associated with damage tolerance verification.  

 

Examples presented in Volume 2 are based on historical experience from past programs, but the 

presentation of these examples does not automatically imply that the Responsible Fracture 

Control Board (RFCB) will accept it for future programs as the circumstances (e.g., heritage, 

flight experience) can vary from program to program. 

 

Some of the examples were selected from journal papers and nonpeer-reviewed conference 

papers; conference publications may have gone through extensive peer review under the 

publishing organization. The creation of this Handbook incorporated reviews by experts within 

NASA and other non-NASA industry experts. 
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2.  REFERENCE DOCUMENTS 
 

2.1  General 

 

Documents listed in this section provide references supporting the guidance in this Handbook. Latest 

issuances of reference documents apply unless specific versions are designated. Access reference 

documents at https://standards.nasa.gov or obtain documents directly from the Standards Developing 

Body, other document distributors, information provided or linked, or by contacting the office of 

primary responsibility designee for this Handbook. 

 

2.2  Government Documents 

 

Department of Defense 

 

DOT/FAA/CT-86/39, Report No. NADC 87042-60, October 1986, Eq. 17, Certification Testing 

Methodology for Composite Structures, Volume II 

 

MIL-HDBK-17F, Vol 3, Eq. 7.6.3, Certification Testing Methodology for Composite Structures, 

Vol II, DOT/FAA/CT-86/39, Report No. NADC-87042-60, Oct. 1986, Eq. 17 

 

MIL-PRF-26514, Polyurethane Foam, Rigid or Flexible, for Packaging 

 

SMC-S-016, Test Requirements for Launch, Upper-Stage, and Space Vehicles 

 

Federal 

 

FED-STD-101C(4) (Cancelled), Test Procedures for Packaging Materials 

(The shock test procedure in cancelled FED-STD-101C(4) is clear, detailed, and preferred.) 

 

NASA 

 

NPR 1441.1, NASA Records Management Program Requirements 

 

NPR 7120.5, NASA Space Flight Program and Project Management Requirements 

 

NPR 8705.2, Human-Rating Requirements for Space Systems 

 

NASA-STD-5001, Structural Design and Test Factors of Safety for Spaceflight Hardware 

 

NASA-STD-5009, Nondestructive Evaluation Requirements for Fracture Critical Metallic 

Components 

 

NASA-STD-5012B, Strength and Life Assessment Requirements for Liquid-Fueled Space 

Propulsion System Engines 

 

https://standards.nasa.gov/
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NASA-STD-5017A, Design and Development Requirements for Mechanisms 

 

NASA-STD-5018, Strength Design and Verification Criteria for Glass, Ceramics, and Windows 

in Human Space Flight Applications 

 

NASA-STD-5019A, Fracture Control Requirements for Spaceflight Hardware 

 

NASA-STD-5020, Requirements for Threaded Fastening Systems in Spaceflight Hardware 

 

NASA-STD-5021, Thermal Protection System Design Standard for Crewed Spacecraft 

 

NASA-STD-6008 (Superseded by NASA-STD-8739.14), NASA Fastener Procurement, 

Receiving Inspection, and Storage Practices for Spaceflight Hardware 

 

NASA-STD-6016, Standard Materials and Processes Requirements for Spacecraft 

 

NASA-STD-6030, Additive Manufacturing Requirements for Spaceflight Systems 

 

NASA-STD-6033, Additive Manufacturing Requirements for Equipment and Facility Control 

 

NASA-STD-8739.14, NASA Fastener Procurement, Receiving Inspection, and Storage Practices 

for Spaceflight Hardware 

 

NASA-HDBK-6007, Handbook for Recommended Material Removal Processes for Advanced 

Ceramic Test Specimens and Components 

 

NASA/CR-1999-209427, Guidelines for Proof Test Analysis 

 

NASA/CR-2012-217347, Chang, J.B., Goyal, V.K., Klug, J.C., and Rome, J.I. “Composite 

Structures Damage Tolerance Analysis Methodologies,” March 2012 

 

NASA SP-8052, Liquid Rocket Engine Turbopump Inducers, NASA Space Vehicle Design 

Criteria (Chemical Propulsion), 1971 

 

NASA/TM-2003-2 12420, “Advanced Durability and Damage Tolerance Design and Analysis 

Methods for Composite Structures: Lessons Learned From NASA Technology Development 

Programs,” Charles E. Harris, James H. Starnes, Jr., and Mark J. Shuart 

 

NASA/TM-102165, Behavior of Surface and Corner Cracks Subjected to Tensile and Bending 

Loads in Ti-6Al-4V Alloy, 1990 

 

NASA/TM-2002-211737, “Mixed-Mode Decohesion Finite Elements for the Simulation of 

Delamination in Composite Materials.” Camanho, P.P., and Dávila, C.G. Hampton, VA, June 
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2.4  Order of Precedence 

 

2.4.1  The guidance established in this Handbook does not supersede or waive existing 

guidance found in other Agency documentation.   

 

2.4.2  Conflicts between this Handbook and other documents will be resolved by the delegated 

Technical Authority. 

 

3.  ACRONYMS, ABBREVIATIONS, SYMBOLS, AND DEFINITIONS  
 

3.1  Acronyms, Abbreviations, and Symbols 

 

ΔKth cyclic threshold stress intensity range 

< less than 

> greater than 

√       square root 

 maximum operating rotational speed in radians/sec 

® registered trademark 

AE acoustic emission 

AIA Aerospace Industries Association 

AIAA American Institute of Aeronautics and Astronautics 

Al aluminum 

AM additive manufacturing; additively manufactured 

ANSI American National Standards Institute 

API American Petroleum Institute 

ARC Ames Research Center 

ASME The American Society of Mechanical Engineers 

ASTM ASTM International (formerly American Society of Testing and Materials) 

atm atmosphere 

BAI burst after impace 

BBA building block approach 

BEM boundary element model 

BPVC Boiler and Pressure Vessel Code 

CAI compression after impact 

CAIB Columbia Accident Investigation Board 

CDI cumulative damage index 

CFS critical flaw size 

CLA coupled loads analysis 

cm centimeter(s) 
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CM cage module 

CMH Composite Materials Handbook 

CMOD Crack mouth opening displacement 

COPV composite overwrapped pressure vessel 

COSAP COPV Stress Analysis Program 

cp-Ti commercially pure titanium 

CR centrifuge rotor 

CRES corrosion resistant (steel) 

CZM cohesive-decohesive zone model 

D dimensional 

DCB double cantilever beam 

DFMR design for minimum risk 

DIC digital image correlation 

DLL design limit load 

DOT Department of Transportation 

DPI dye penetrant inspection 

DTA damage threat assessment 

DUL design ultimate load 

EAC environmentally assisted cracking 

EBSD electron backscatter diffraction 

ECF environmental correction factor 

ECS environmental control system 

EDM electric discharging machining 

ELS end load split 

ENF end notch flexure 

EPFCG elastic-plastic fatigue crack growth 

EPFM elastic plastic fracture mechanics 

EPRI Electric Power Research Institute 

EVA extravehicular activity 

F Fahrenheit 

Fsu ultimate shear strength 

Ftu ultimate tensile strength 

Fty yield tensile strength 

FAA Federal Aviation Administration 

FAD failure assessment diagram 

FAF fatigue/fracture analysis factor 

FC fracture control 

FCC fracture control coordinator 

FCP Fracture Control Plan 

Fracture Control Panel 

FCR fracture control requirement 

FCSR Fracture Control Summary Report 
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FEM finite element model 

FEMA failure mode and effects analysis 

FOD foreign object debris 

fps frames per second 

FS failsafe 

FSP fluctuating surface pressure 

ft foot (feet) 

ft-lb foot-pound(s) 

ft-lb-sec foot-pound-sec (s) 

G gravity 

GRC Glenn Research Center 

GSFC Goddard Space Flight Center 

HCF high-cycle fatigue 

HD hardware developer 

HDBK handbook 

hr hour(s)   

IC impact control 

ICP impact control plan 

IDC impact damage control 

IDMP Impact Damage Mitigation Plan 

IMIT instrumented mechanical impact tester 

IML inner mold line 

in inch 

IR infrared 

ISS International Space Station 

J Joule(s) 

Jc critical J-integral fracture toughness 

JIc plane strain J-integral fracture toughness 

JPL Jet Propulsion Laboratory 

JSC Johnson Space Center 

K stress intensity factor 

Kc plane stress fracture toughness 

KE kinetic energy 

KEAC stress intensity factor threshold for EAC in a specific thickness 

KIc plane strain fracture toughness 

KIe effective fracture toughness 

KIEAC stress intensity factor threshold for plane strain environmentally assisted 

cracking 

KISCC stress intensity factor threshold for plane strain stress corrosion cracking 

KJIc stress intensity factor determined from the plane strain J-integral fracture 

toughness 

KSLC stress intensity factor threshold for sustained load cracking 
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kip kilopound 

kPa kilopascal 

KSC Kennedy Space Center 

ksi kip(s) per square inch 

LaRC Langley Research Center 

lb/lbs pound(s) 

LBB leak-before-burst 

LEF load enhancement factor 

LEFCG linear-elastic fatigue crack growth 

LEFM linear-elastic fracture mechanics 

LME liquid-metal embrittlement 

m meter(s) 

M&P materials and processes 

mA milliampere 

MAFS maximum acceptable flow size 

MDCP Mechanical Damage Control Plan 

MDFC minimum detectable flaw size 

MDP maximum design pressure 

MEOP maximum expected operating pressure 

MIL military 

mm millimeter 

MMB mixed mode bend 

MMOD micro-meteoroid and orbital debris 

MMPDS Metallic Materials Properties Development and Standardization 

MPa 

MPS 

MR 

MRB 

megapascal(s) 

material property suite 

material review 

Material Review Board 

MSA multipurpose space adapter 

MSFC Marshall Space Flight Center 

MUA Materials Usage Agreement 

MWI Marshall Work Instruction 

NAS National Aerospace Standard 

NASA National Aeronautics and Space Administration 

NASGRO® fracture mechanics and fatigue crack growth analysis software 

NDE nondestructive evaluation 

NDI nondestructive inspection 

NDT nondestructive testing 

NFC nonfracture critical 

NHLBB nonhazardous-leak-before-burst 

N-m Newton-meter (s) 

N-m-s Newton-meter-second (s) 
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NPR NASA Procedural Requirements 

NSTS NASA Space Transportation System 

OD optical density 

OML outer mold line 

PBF powder bed fusion 

PE potential energy 

PFA Predictive failure analysis 

PoD probability of detection 

PRC process specification 

PSD power spectral density 

psi pound(s) per square inch 

psia pound(s) per square inch absolute 

PTC partly through crack 

QA quality assurance 

QMP qualified material process 

rev-s revolutions per second 

RFCB Responsible Fracture Control Board 

RLV reusable launch vehicle 

RPM revolutions per minute 

RQMT requirement 

RSM reference stress method 

RTD residual threat determination 

SAE Society of Automotive Engineers 

SCC stress corrosion cracking 

SEA statistical energy analysis 

SEM scanning electron microscope 

SERR strain energy release rate 

SI Système Internationale or metric system of measurement 

SIF stress intensity factor 

SLC sustained load cracking 

SLS Space Launch System 

SMA Safety and Mission Assurance 

SME subject matter experts 

SPEC specification 

sqrt square root 

SSY small scale yielding 

STA solution treated and aged 

STD standard 

Ti titanium 

TM technical memorandum 

TPFM two parameter fracture mechanics 
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TPS thermal protection system 

UT ultrasonic testing 

UTS ultimate tensile strength 

UV ultraviolet 

V Vanadium 

VAA vibro-acoustic analysis 

VCCT virtual crack closure technique 

VDT  visual damage threshold 

WCC worst-case credible 

 

3.2  Definitions 

 

A-Basis: A statistically calculated number that at least 99 percent of the population of values is 

expected to equal or exceed with a confidence of 95 percent.1 

 

Adhesive Bond (Bond): The joining of parts, components, or materials using a joining substance 

or agent. 

 

Assembly/Assemblage: An integral arrangement of parts that make up an individual unit and 

that act as a whole. 

 

B-Basis: A statistically calculated value that at least 90 percent of the population is expected to 

equal or exceed with a confidence of 95 percent.2 

 

Bond: The joining of two parts through molecular attraction or through any nonmechanical 

means of connection. 

 

Bonded Hardware (Structure): Hardware (structure) that is assembled using parts that are 

joined together with an adhesive. 

 

Brittle Fracture: Sudden rapid fracture under stress (residual or applied) where the material 

exhibits little or no evidence of ductility or plastic deformation. 

 

Building Block Approach (BBA): A development methodology often used with composites or 

bonded hardware that (a) starts with selecting the material system and manufacturing approach; 

(b) moves on to experimentation and analysis of small samples to characterize the system and 

quantify behavior in the presence of flaws and damage; (c) progresses to examining larger 

structures to examine buckling behavior, combined loadings, and built-up structures in the 

presence of credible damage; and (d) finally moves to complicated subcomponents and full-scale 

components to establish their damage tolerance strength and life. Each step along the way is 

 
1 See NASA-STD-6016, Standard Materials and Processes Requirements for Spacecraft; CMH-17, Composite 

Materials Handbook; Metallic Materials Properties Development and Standardization (MMPDS), Appendix A.2, as 

appropriate. 
2  See NASA-STD-6016; CMH-17, MMPDS (Appendix A.2), as appropriate. 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

39 of 527 

supported by detailed analysis to validate that the behavior of these structures is well understood 

and predictable. 

 

Catastrophic Event: Loss of life, disabling injury, or loss of a major national asset. 

 

Catastrophic Failure: A failure that directly results in a catastrophic event. 

Catastrophic Hazard: Presence of a risk situation that could directly result in a catastrophic 

event. 

 

Component: A hardware unit considered a single entity for the purpose of fracture control. A 

component contains at least one part. 

 

Composite Hardware (Structure): Hardware (structure) assembled with parts made from 

composite materials. 

 

Composite Material: A combination of materials differing in composition or form on a macro 

scale. The constituents retain their identities in the composite; that is, they do not dissolve or 

otherwise merge completely into each other, although they act in concert. Normally, the 

constituents can be physically identified and exhibit an interface between one another. 

Composite material is not intended to mean an assembly of parts. 

 

Composite or Bonded Structure: Structure (excluding overwrapped pressure vessels or 

pressurized components) of fiber/matrix configuration and structure with load-carrying 

nonmetallic bonding agents, such as sandwich structure or bonded structural fittings. 

 

Composite Overwrapped Pressure Vessel: A pressure vessel with a composite structure fully 

or partially encapsulating a metallic liner. The liner serves as a fluid (gas and/or liquid) 

permeation barrier and may carry substantial pressure loads. The composite generally carries 

pressure and environmental loads. 

 

Contained: A condition in which a suitable housing, container, barrier, restraint, etc., prevents a 

part or pieces thereof from becoming free bodies if the part or its supports fail. 

 

Contamination: Any material included within or on the hardware that is not called for on the 

engineering drawings. Examples of contamination are dust, grease, solvent, and solid objects. 

 

Crack or Crack-like Defect: A discontinuity assumed to behave like a crack for fracture control 

purposes. 

 

Critical Stress Intensity Factor: The stress intensity factor at the initiation of crack growth in 

the part resulting in a catastrophic failure that is representative of the failure mode of concern for 

the metallic material process condition, weakest orientation, and thickness being evaluated. 

Examples for metallic materials may include: KIEAC, the stress intensity factor threshold for plane 

strain environment-assisted cracking; plane strain fracture toughness (KIc) may be appropriate for 
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thick sections and/or as a lower bound value3; effective fracture toughness (KIe) is used in 

NASGRO® for crack growth analyses of surface or elliptical flaws; KJIc calculated from JIc or a 

Kc calculated from Jc may be appropriate for the conditions described in ASTM E1820, Standard 

Test Method for Measurement of Fracture Toughness, such as evaluation of ductile tearing and 

instability; constraint-based assessments per ASTM E2899, Standard Test Method for 

Measurement of Initiation Toughness on Surface Cracks Under Tension and Bending; and/or 

tests may be needed for surface or other complex cracks in materials or conditions that invalidate 

the ability of linear-elastic fracture mechanics (LEFM) to represent crack growth. 

 

Damage: See definitions of Flaw and Impact Damage. 

 

Damage Threat Assessment (DTA): An evaluation of potential sources of flaws in composite 

or bonded hardware that includes definition, quantification, and an assessment of the residual 

strength sensitivity to flaws. 

 

Damage Tolerance: Fracture control design concept under which an undetected flaw or damage 

(consistent in size with the flaw screening method or residual threat determination [RTD]) is 

assumed to exist and is shown by fracture mechanics analysis or test not to grow to failure (leak 

or instability) during the period equal to the service life factor times the service life. 

 

Design Limit Load (DLL): See definition of Limit Load. 

 

Design Ultimate Load (DUL): Limit load multiplied by the ultimate factor of safety. 

 

Environmental Correction Factor (ECF): An adjustment factor used to account for differences 

between the environment (thermal and chemical) in which a part is used and the environment in 

which it is tested. 

 

Environmentally Assisted Cracking (EAC): A cracking process in which the environment 

promotes crack growth or higher crack growth rates than would occur without the presence of 

the environment (see ASTM E1681, Standard Test Method for Determining Threshold Stress 

Intensity Factor for Environment-Assisted Cracking of Metallic Materials). An example is 

available in published literature (Lewis and Kenny, 1976). 

 

Experiment: For fracture control, an arrangement or assemblage of hardware that is intended to 

investigate phenomena on a provisional, often human-tended, basis. 

 

Fail-safe: A condition where a redundant load path exists within a part (or hardware), so that 

after loss of any single individual load path, the remaining load paths have sufficient structural 

capability to withstand the redistributed loads, and the loss of the load path will not cause a 

catastrophic hazard. 

 

Fastener: For fracture control, any single part that joins other structural elements and transfers 

loads from one element to another across a joint. 

 
3 Proof test assessments need to use upper bound fracture toughness; see section 8.1.3 of NASA-STD-5019A. 
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Flaw: For metallics, glass, or brittle materials, a crack-like defect. For composite or bonded 

materials, an anomaly in the hardware that has the potential for adversely affecting strength, 

damage tolerance life, or must-work function. Examples of flaws in metallics include cracks, 

deep scratches and sharp notches that behave like cracks, material inclusions, forging laps, 

welding incomplete fusion, penetration, and slag or porosity with a crack-like tail. Examples of 

flaws in composite or bonded materials may include cracks, cuts, scratches, delaminations, 

porosity/voids, disbonds, wrinkles, foreign object debris, impact damage, etc. Damage (used 

alone) and flaw are equivalent. 

 

Fleet Leader: Articles representative of spaceflight hardware with respect to production 

methods, e.g., materials, manufacturing, testing, that either have accumulated (or are scheduled 

to accumulate) more service lifetime in typical (or more severe) environments than the remaining 

fleet and are monitored for indications of failure modes to provide early warning of known and 

unexpected risks to the remaining fleet. 

 

Flight (Spaceflight) Hardware: Any hardware (including spares) that is approved to be part of 

or carried by a launch vehicle, crew module, transfer stage, landing craft, payload, etc. 

 

Flight-like Component: A component assembled and made of parts that are of flight 

specifications. Flight-like components are usually intended for qualification tests. Any deviations 

from flight have to be insignificant with respect to test objectives. 

 

Fracture Control Board: A project- or program-specific, multi-disciplinary group of experts 

responsible for implementing fracture control requirements, establishing a project- or program-

specific Fracture Control Plan, and coordinating fracture control activities under the oversight of 

the NASA RFCB. Some programs or projects may elect to use other titles such as Panel or 

Committee instead of Board. Some programs or projects may also elect to have an individual 

serve this purpose (usually smaller payloads or hardware projects). The project- or program-

specific Fracture Control Board typically functions at the prime contractor or hardware developer 

level. 

 

Fracture Critical: Fracture control classification that identifies a part whose individual failure, 

caused by the presence of a crack, is a catastrophic hazard and requires safe-life analysis or other 

fracture control assessment to be shown acceptable for flight. A part is fracture critical unless it 

can be shown that there is no credible possibility for a flaw to cause failure during its lifetime or 

the part failure does not result in a credible catastrophic hazard. Assessments for fracture critical 

parts include damage tolerance analysis, damage tolerance test, or defined approaches for 

specific categories. Parts under this classification receive flaw screening by nondestructive 

evaluation (NDE), proof test, or process control and are subjected to traceability, materials 

selection and usage, documentation, and engineering drawing requirements. 

 

Habitable Modules or Volumes: Flight containers/chambers that are designated and designed to 

support human occupancy. 
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Hardware Developer: Organization directly responsible for design, manufacture, analysis, test, 

and safety compliance documentation of the hardware. This includes implementing fracture 

control requirements. 

 

Hazardous Fluid: For fracture control, a fluid the release of which would create a catastrophic 

hazard. These types of fluids may include liquid chemical propellants, liquid metals, biohazards, 

and other highly toxic liquids or gases. The release of such fluids would create a hazardous 

environment such as a danger of fire or explosion, unacceptable dilution of breathing oxygen, an 

increase of oxygen above flammability limits, over-pressurization of a compartment, or loss of a 

safety-critical system. 

 

Hazardous Fluid Container: Any single, independent (not part of a pressurized system) 

container or housing that contains a fluid the release of which would cause a catastrophic hazard 

and that is not classified as a pressure vessel. 

 

Hazardous Material: For fracture control, a material the release of which would create a 

catastrophic hazard. 

 

High-Cycle Fatigue (HCF): A high-frequency, low-amplitude loading condition created by 

structural, acoustic, or aerodynamic vibrations that can propagate flaws to failure. An example of 

an HCF loading condition is the vibrational loading of a turbine blade because of structural 

resonance. 

 

Impact Damage: The injury or harm inflicted upon composite or bonded hardware by 

impingement of an object upon the hardware in question or the bumping or striking between the 

hardware in question and another object. Impact damage is a subset of the more general term 

damage (or flaw). 

 

Impact Damage Mitigation Plan (IDMP): A plan for composite or bonded hardware to 

mitigate risk of impact damage to the flight hardware. 

 

Initial Crack (Flaw) Size: The crack size that is assumed to exist at the beginning of a damage 

tolerance analysis, as determined by NDE or proof testing. 

 

Kc: Plane stress fracture toughness. The value of stress intensity factor K at the tangency 

between a crack extension resistance curve (R-curve) and the configuration-dependent applied K 

curve (see ASTM E1823, Standard Terminology Relating to Fatigue and Fracture Testing). This 

crack extension occurs under conditions that do not approach crack-tip plane strain. The R-curve 

and Kc vary with the material, specimen size, and thickness. Kc is used in NASGRO® to 

represent fracture toughness as a function of thickness for use in crack growth calculations.4 

 

 
4 See NASGRO® User Manual where the Kc symbol is defined as “critical stress intensity” and section 2.1.4 that 

shows Kc as a function of material thickness and describes the usage of Kc. 
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KEAC: The largest value of the stress intensity factor at which crack growth is not observed for a 

pre-cracked through-crack specimen of specified material, environment, and thickness that is 

tested for a significant duration in accordance with ASTM E1681. 

 

KIc: Plane strain fracture toughness. The crack extension resistance under conditions of crack-tip 

plane strain in Mode I for slow rates of loading under predominantly linear-elastic conditions and 

negligible plastic-zone adjustment that is measured by satisfying a standardized procedure with 

validity requirements (see ASTM E399, Standard Test Method for Linear-Elastic Plane-Strain 

Fracture Toughness KIc of Metallic Materials). Another quantity, KJIc, defined for conditions 

with limited plasticity from JIc may also be useful (see ASTM E1820). 

 

KIe: Effective fracture toughness for a surface or elliptically shaped crack. The toughness is 

based on residual strength and the original crack dimensions. This parameter is meaningful only 

when crack-tip plastic zones are small and stable crack growth before failure is generally absent 

(see ASTM E740/E740M, Standard Practice for Fracture Testing with Surface-Crack Tension 

Specimens, main body and section X1.2). For conditions with plastic effects and well-defined 

crack-tip stress fields with fracture controlled by crack initiation, an approach involving 

constraint may be applicable (see ASTM E2899). Testing of flaws in specimens representative of 

the structure is needed to determine damage tolerance for plasticity conditions when crack-tip 

stress fields collapse. KIe is used in NASGRO® for analyses of crack growth.5 

 

KIEAC: The largest value of the stress intensity factor at which crack growth is not observed for a 

pre-cracked through-crack specimen of specified material, environment, and thickness that is 

sufficient to meet requirements for plane strain and is tested for a significant duration in 

accordance with ASTM E1681. 

 

KIscc: KEAC is often denoted as KIscc in the literature. 

 

ΔKth: Threshold stress intensity factor range below which flaw growth will not occur under 

cyclic loading conditions. 

 

Leak-Before-Burst (LBB): Characteristic of pressurized hardware whose only credible failure 

mode at or below maximum design pressure (MDP) with service life loads resulting from the 

presence of a potential flaw is a pressure-relieving leak at the flaw as opposed to burst or rupture 

at the critical stress intensity factor. As the hardware item leaks down, there is no re-

pressurization or continued pressure cycles that could lead to continued crack growth. In this 

failure mode, the hardware will not fail in a fragmentary, catastrophic manner. Instead, only 

small, slow-growing leaks would develop, leaking in a controlled manner. Additional aspects of 

LBB assessments are described in section 6.2.4 of NASA-STD-5019A. 

 

Life Factor: See definition of Service Life Factor. 

 

 
5 See NASGRO® User Manual where the KIe symbol is defined as “effective fracture toughness for part-through 

(surface/corner) crack" and section 2.1.4 that describes how the KIe value is determined and how it is used. 
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Lifetime: See definition of Service Life. Refers to a specified life, as opposed to an analytically 

predicted life. 

 

Limit Load: The maximum load expected on the hardware during its design service life, 

including ground handling, transport to and from orbit, including abort conditions and on-orbit 

operations. 

 

Limited Life Part: Multi-mission part that has a predicted damage tolerance life that is less than 

the required service life factor times the complete multi-mission service life. See definition of 

Service Life Factor. 

 

Load Enhancement Factor (LEF): A factor applied to the service life spectrum to satisfy a 

specified level of reliability and confidence with fewer cycles than would otherwise be required. 

 

Low-Cycle Loads: A low-frequency, high-amplitude loading condition created by thermal, 

pressure, or structural loads that can propagate flaws to failure. An example of a low-cycle 

loading condition is the aerothermal loading of a turbine blade during launch. 

 

Low-Fracture Toughness: Material property characteristic, in the applicable environment, for 

which the ratio is 𝐊𝐈𝐜 𝐅𝐭𝐲⁄ < 𝟏. 𝟔𝟔 √𝐦𝐦  (𝟎. 𝟑𝟑 √𝐢𝐧 ). For steel bolts with unknown KIc, low-

fracture toughness is assumed when material A-basis ultimate strength Ftu > 1,241 MPa (180 

ksi). Parts made with materials of this characteristic may be at risk of a brittle fracture. 

 

Materials Usage Agreement (MUA): A formal document showing that a noncompliant material 

is acceptable for the specific application identified. 

 

Maximum Design Pressure (MDP): The highest possible operating pressure considering 

maximum temperature, maximum relief pressure, maximum regulator pressure, and, where 

applicable, transient pressure excursions. MDP for human-rated hardware is a two-failure 

tolerant pressure, i.e., it will accommodate any combination of two credible failures that will 

affect pressure. Some programs have defined MDP as a two-fault tolerant pressure. 

 

Maximum Expected Operating Pressure (MEOP): The maximum pressure which pressurized 

hardware is expected to experience during its service life, in association with its applicable 

operating environments. MEOP includes the effects of temperature, transient peaks, vehicle 

acceleration, and relief valve tolerance. 

 

Mechanism: A system of moveable and stationary parts that work together as a unit to perform a 

mechanical function such as latches, actuators, drive trains, and gimbals. 

 

Mission: A major activity required to accomplish an Agency goal or to effectively pursue a 

scientific, technological, or engineering opportunity directly related to an Agency goal. Mission 

needs are independent of any particular system or technological solution (NPR 7120.5, NASA 

Space Flight Program and Project Management Requirements). 
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Net-Section Stress or Strain: The stresses or strains computed for a hypothetical cut across a 

part, based on strength-of-materials theory. Possible bending loads can produce stress gradients 

across the net section, in which case the net-section stress is found to be the maximum 

combination of tension and bending stress, ignoring geometric stress concentrations. (An 

example of net-section stress calculation is detailed in the NASGRO® User Manual, Appendix 

B.) 

 

No-Growth Threshold Strain: For a composite or bonded part, the largest strain range (where 

strain range is the maximum absolute value of strain in a load cycle) below which flaws 

compatible with the sizes established by NDE, special visual inspection, the DTA, or the 

minimum sizes imposed do not grow in 106 cycles (108 cycles for rotating hardware) at a load 

ratio appropriate to the application. Thresholds are determined on specimens with flaws for 

which sufficient load/cycles have been initially applied to cause flaw growth. The no-growth 

threshold strain is a function of the material and layup and is determined from test data in the 

appropriate environment for the applicable (or worst) orientation of strain and flaw for a 

particular design. 

 

Nondestructive Evaluation (NDE): Examination of parts for flaws using established and 

standardized inspection techniques that are harmless to hardware such as radiography, penetrant, 

ultrasonic, magnetic particle, and eddy current. NDE is sometimes referred to as nondestructive 

testing (NDT) or nondestructive inspection (NDI). 

 

Nonhazardous-Leak-Before-Burst (NHLBB): A nonfracture critical classification for metallic 

pressurized hardware that contains a material that is not hazardous and that exhibits the LBB 

failure mode in a nonhazardous manner. 

 

Part: Hardware item considered a single entity for the purpose of fracture control. 

 

Pressure Vessel: A container designed primarily for pressurized storage of gases or liquids and 

that also performs any of the following: 

 

a. Contains stored energy of 19,307 J (14,240 ft-lbs) or greater based on adiabatic 

expansion of a perfect gas. 

 

 b. Stores a gas that will experience an MDP greater than 690 kPa (100 psia). 

 

 c. Contains a gas or liquid in excess of 103 kPa (15 psia) that will create a catastrophic 

hazard if released. 

 

Pressurized Component: A line, fitting, valve, regulator, etc., that is part of a pressurized 

system intended primarily to sustain a fluid pressure and fluid transfer. Any piece of hardware 

that is not a pressure vessel or a pressurized fluid container but is pressurized via a pressurization 

system. 
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Pressurized Fluid Container: A container designed primarily for pressurized storage of gases 

or liquids that is similar to a pressure vessel but does not satisfy the definition of a pressure 

vessel. 

 

Pressurized Hardware: Any of the various hardware items that support an internal pressure. 

 

Pressurized Structure: A hardware item designed to carry both internal pressure and vehicle 

structural load. 

 

Pressurized System: An interrelated configuration of pressurized components under positive 

internal pressure. The system may also include pressure vessels. 

 

Proof Test: A test on the flight article that is performed to verify structural acceptability or 

screen flaws. The proof test load and/or pressure level is the proof test factor times limit load 

and/or MDP. Proof tests may be conducted in the operational environment, or the test levels may 

be adjusted via an ECF. (Note that some sections in NASA-STD-5019A may specify when an 

ECF is optional versus when it is prescribed for the classification if the test is not conducted in 

the operational environment.) 

 

Proof Test Factor: A factor that is multiplied by the limit load and/or MDP to arrive at the proof 

test levels. When proof tests are performed to establish structural acceptability, the proof test 

factor is specified. When screening for flaws with a proof test, the proof test factor is derived by 

fracture mechanics principles. 

 

R Ratio: The ratio of minimum stress to maximum stress in cyclic loading. 

 

Reflight Hardware: Hardware items that have already met the requirements in NASA-STD-

5019A for service life, have flown on a flight vehicle, and are being manifested for an additional 

flight. Note that some fracture control categories in NASA-STD-5019A impose additional 

requirements that are to be satisfied before being reflown. 

 

Residual Strength: The maximum value of load (both externally applied and internal self-

equilibrating loading such as residual stresses) that a flawed or damaged part is capable of 

sustaining without catastrophic failure.6 

 

Residual Threat Determination: An assessment that defines the worst-case credible flaw 

conditions that composite or bonded hardware will be designed to endure, considering all 

applicable flaw detection and mitigation strategies that are implemented for the flight hardware. 

 

Responsible Fracture Control Board: A designated multi-discipline group of experts at the 

NASA Center that has the authority to develop, interpret, and approve fracture control 

requirements and the responsibility for overseeing and approving the technical adequacy of all 

fracture control activities at the Center. 

 
6 In the NASGRO® User Manual, version 7.1.1, section 2.1.5 and Appendix O, there is discussion of a related 

failure condition invoked when net section stress exceeds the material flow stress. 
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Responsible NASA Center: The NASA Center acting as the sponsor and/or coordinator for the 

program/project developing the payload/hardware. 

 

Rotating Hardware: Hardware that has a rotational mode of operation and devices with 

spinning parts such as fans, centrifuges, motors, pumps, gyros, and flywheels. 

 

Rupture: An instance of breaking or bursting suddenly and completely. 

 

Safe Life: See definition of Damage Tolerance. 

 

Safety Critical: For fracture control, a part, component, or system whose failure or loss would 

be a catastrophic hazard. 

 

Sealed Container: Any single, independent container (not part of a pressurized system), 

component, or housing that is sealed to maintain an internal nonhazardous environment and that 

does not meet the definition of a pressure vessel. 

 

Service Life: Time interval for a part beginning with manufacture and extending throughout all 

phases of its specified mission usage. The period of time or number of cycles that includes all 

relevant loadings, conditions, and environments encountered during this period that will affect 

flaw growth, including all manufacturing, testing, storage, transportation, launch, on-orbit, 

descent, landing, and if applicable, post-landing events, refurbishments, retesting, and repeated 

flights until the hardware is retired from service. 

 

Service Life Factor: The factor on service life required in damage tolerance analysis or testing. 

The service life factor is often referred to as the life factor. (Note: The service life factor is 

specified as 4 for metallic materials in section 7.3.2.c of NASA-STD-5019A. The service life 

factor is specified as the B-basis number of service lives with the corresponding LEF for 

composites or bonded materials in sections 7.4.7.b and 7.4.8.e of NASA-STD-5019A.) 

 

Shatterable Materials: Any material that is prone to brittle failures during operation that could 

release many small pieces into the surrounding environment. 

 

Special Visual Inspection: Close proximity, intense visual examination of localized areas of 

internal and/or external structure for indications of impact damage, flaws, or other structural 

anomalies. Appropriate access to gain proximity, e.g., removal of fairings and access doors, use 

of ladders and work stands, is required. High-intensity lighting, along with other inspection aids 

such as mirrors, magnifying lenses, and surface cleaning, are used. Special visual inspections are 

done independently by two inspectors. When special visual indications are found, NDE is done. 

 

Standard NDE: NDE methods of metallic materials for which a statistically based flaw 

detection capability has been established. Standard NDE methods addressed by this document 

are limited to fluorescent penetrant, radiography, ultrasonic, eddy current, and magnetic particle. 
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Sustained Load Cracking (SLC): Growth of a pre-existing crack in susceptible metallic alloys7 

under sustained stress without assistance from an external environment. A threshold stress 

intensity factor can be obtained by procedures such as those in ASTM E1681 for the case of an 

inert or vacuum environment. One publication determines the effects of hydrogen content and 

temperature on SLC in Ti-6Al-4V (Boyer and Spurr, 1978). 

 

Ultimate Factor of Safety (Ultimate Safety Factor): A specified factor to be applied to limit 

load. No ultimate structural failure is allowed for a load equal to the ultimate factor of safety 

multiplied times limit load. 

 

Ultimate Strength (Capability): The load, stress, or strain at which collapse or rupture occurs. 

 

Yield Strength: The stress that corresponds to a plastic axial strain of 0.002 mm/mm  

(0.002 in/in). 

 

4.  GENERAL GUIDANCE 

 
4.1  Fracture Control Plan (FCP) 

 

An FCP is crucial to the implementation of fracture control requirements by providing a roadmap 

for the project through the life of the hardware. FCPs will vary greatly depending on the 

complexity of the hardware, and it is recommended that the damage tolerance practitioner 

become familiar with the requirements in NASA-STD-5019A. This Handbook offers examples 

of FCPs for actual NASA hardware in Appendices A and C. The examples are not intended to be 

all inclusive and are not to be used as a copying template because the content of each FCP is 

unique to the application of the hardware, environments, loads, etc. In complex human-rated 

engineering systems such as those used in space launch systems, a complete understanding of the 

specific hardware is necessary to facilitate proper part classification and selection of the fracture 

control methodology required for each part, all of which is to be captured in the hardware-

specific FCP. In auxiliary hardware applications such as experiments that may go to the 

International Space Station (ISS), there may be human-rated fracture control requirements 

because the hardware is being housed in a human-rated vehicle. In such cases, the resulting FCP 

sometimes implements a more generalized approach. It is easily understood that the auxiliary 

hardware approach, although practical for an experiment in a glovebox without posing risks, 

would not be applicable to or recommended for primary hardware systems such as propulsion 

system components that are high pressure and/or high energy.   

 

Key elements of an FCP are generally as follows: 

 

1. Hardware Overview: 

 
7 SLC, because of the presence of interstitial hydrogen, occurs in titanium alloys, including commercially pure 

titanium (cp-Ti) and Ti-6Al-4V (Ti64), in both annealed and solution-treated and aged (STA) conditions. Testing is 

necessary to determine the threshold stress intensity for the titanium alloy metallurgical condition and interstitial 

hydrogen content. Other materials with different crystalline structures such as steel and aluminum alloys that do not 

allow interstitial hydrogen may still exhibit SLC behaviors. 
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a. Schematics. 

b. Purpose. 

c. Failure Modes Effects and Analysis. 

 

2. Hardware Operations. 

 

3. Fracture Control Responsibilities.  

 

4. Responsible Fracture Control Board. 

 

5. Fracture Control Implementation. 

 

6. Fracture Control Classification. 

 

7. Part Number, Drawing Number, Material Processing, and Classification 

 

8. Fracture Critical Identification on Drawings. 

 

9. Exempt Hardware. 

 

10. Nonfracture Critical Classifications and Rationale. 

 

11. Methodology for Assessing Fracture Critical Hardware. 

 

12. Nondestructive Evaluation Plan. 

 

13. Disposition of Indications. 

 

14. Damage Threat Assessment (e.g., impact damage source and types). 

 

15. Impact Damage Protection Plan. 

 

16. Alternate Approaches. 

 

17. Open Work (e.g., to be determined/to be resolved). 

 

4.1.1 Example 1: Space Launch System (SLS) Multipurpose Stage Adaptor (MSA)  

 Fracture Control Plan (FCP) 

 

The MSA is an example of a dry nonpressurized thrust structure component for SLS. The FCP 

example provided here is intended to represent how a targeted FCP can be developed for the 

hardware being assessed. This example was developed for NASA-STD-5019 (Baseline), 

including MSFC-RQMT-3479, Fracture Control Requirements for Composite and Bonded 

Vehicle and Payload Structures, for composite parts. While not directly applicable to NASA-
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STD-5019A as a one-to-one comparison for the numbered requirements, it is a good 

representative example for how a hardware-specific FCP can be developed. Appendix A contains 

the MSA FCP example. Appendix B contains the fracture control assessment summary.  

 

4.1.2 Example 2: Cubesat for Artemis 1 Fracture Control Plan (FCP) 

 

The Artemis Program’s Artemis I mission is to send an Orion spacecraft on an uncrewed loop 

around the moon to test lunar technologies ahead of human landings. Several cubesats are to fly 

on the first flight. Payloads from NASA, international partners, academia, and industry will 

execute a variety of experiments ranging from lunar mission to in-situ resource utilization to 

sustained human lunar presence, among others. The cubesats will be housed in the MSA in 

Artemis I. The cubesats are designed to be deployed to conduct autonomous experiments without 

need of human contact. By virtue of the fact they are housed and transported in a human-rated 

vehicle, they are required to meet fracture control requirements. The hardware developer has to 

demonstrate that the individual cubesats will not cause a catastrophic event that will pose a 

hazard to Artemis. The cubesats are subject to NASA-STD-5019 (Baseline) requirements up to 

the point of deployment of the cubesat from the MSA; after cubesat deployment, failure of a 

cubesat would not pose a hazard to the human-rated SLS vehicle or Orion spacecraft. As a result, 

some of the fracture control rationale provided in the example report includes a phased 

application of requirements and may not necessarily be applicable in all cases. Also note that the 

example FCP covers only the propulsion system element of the subject cubesat; a companion 

FCP covering the remainder of the Cubesat is not reproduced here. In general, an FCP is 

expected to cover the entirety of the hardware of a relevant system. Appendices C and D contain 

the FCP and report for this example. 

 

4.2 Responsibilities 

 

4.2.1 Responsible Fracture Control Board 

 

4.2.1.1  NASA Fracture Control Organizations 

 

Fracture organizations vary across the NASA Agency depending on the needs of the individual 

Center. Select Centers such as Marshall Space Flight Center (MSFC), Kennedy Space Center 

(KSC), and Johnson Space Center (JSC) manage human-rated programs and tend to have a 

formal fracture control board or panel. JPL is similarly organized in that they have a similar 

charter for their deep space missions that the Centers do with their large flight programs. Other 

Centers such as Ames Research Center (ARC), Glenn Research Center (GRC), Goddard Space 

Flight Center (GSFC), and Langley Research Center (LaRC) tend to have a fracture control point 

of contact instead of a formal fracture control organization. Each Center organizes to best suit 

their needs based on the programs and projects under their purview. Following are various 

aspects of existing fracture control organizations across the Agency. 
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4.2.1.2  Establishment of a NASA Fracture Control Board (FCB): Marshall Space  

  Flight Center 

 

As the Propulsion Center for human-rated space launch systems for the Agency, MSFC 

established an MSFC FCB in accordance with Marshall Work Instruction (MWI) 8071.1, 

Fracture Control Board, to comply with NASA-STD-5019. 

 

The MSFC FCB is comprised of representatives from key technical areas as shown in Figure 

4.2-1, Membership of MSFC FCB Showing Areas of Emphasis. Membership in the FCB 

includes subject matter experts in various areas involved in damage tolerance activities for 

hardware managed by MSFC. The team members perform main functions in their respective line 

organizations and are called upon periodically to review fracture control issues brought to the 

MSFC FCB. These issues may include approval of an FCP, review of an alternate approach, 

noncompliance of fracture control requirements, providing expert opinion on fracture control to a 

program office or delegated technical authority for risk assessment, etc. 

Figure 4.2-1—Membership of MSFC FCB Showing Areas of Emphasis 

 

In Figure 4.2-2, Memorandum Establishing MSFC FCB Membership, a sample of a 

memorandum issued by the MSFC Engineering Director establishing membership of the MSFC 

FCB according MWI 8071.1 is presented.  

The MSFC FCB meets regularly or on an as-needed basis to provide oversight or insight to 

spaceflight programs and corresponding elements. For example, in the SLS Program, the MSFC 

FCB provides oversight/insight regarding issues pertaining to liquid engines and solid rocket 

boosters. They may also provide insight to fracture control issues in connection with payloads 

such as cubesats that will be transported on SLS, a human-rated vehicle.  
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Figure 4.2-2—Memorandum Establishing MSFC FCB Membership 

 

4.2.1.3 Example of a JPL Fracture Control Board (FCB) Charter 

 

JPL leads deep space exploration for NASA. JPL missions have explored every planet and the 

Sun to gain knowledge and understanding of our universe and other ambitious quests such as the 

search for life beyond Earth. All of JPL’s missions such as the robotic exploration of Mars by the 

Perseverance Rover, among numerous other notable missions, are considered national assets and 

may be subject to fracture control requirements. JPL established a charter for their FCB which is 

shown in Figure 4.2-3, JPL FCB Charter. 
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Figure 4.2-3—JPL FCB Charter 

 

4.2.1.4 Example of a KSC Fracture Control Panel Charter  

 

KSC Flight Operations supports a variety of missions assigned to the Center. As NASA's 

primary launch Center for human spaceflight and the Agency's hub for government and 

commercial spaceflight integration, KSC serves a critical role in enabling mission success for 

many of the Agency's undertakings. Human-rated spaceflight programs such as the Commercial 

Crew Program are under the purview of the KSC FCP. The following list shows the key 

elements describing the charter for this panel per KDP-KSC-F-2616A, KSC Councils, Boards, 

and Committees Charter: 
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1. Purpose: The KSC Fracture Control Panel (FCP) is established as the KSC authority to assure 

acceptability and consistency in implementation of fracture control requirements and 

methodology on flight hardware.   

2. Applicability/Scope: This charter is applicable to all organizations at KSC that support 

programs or projects that implement or oversee fracture control requirements. The FCP directly 

supports NASA programs, NASA Engineering Review Boards, and NASA Safety Review 

Boards or Panels in matters of fracture control and fracture mechanics assessments. 

This charter applies to all spaceflight hardware as required in NASA-STD-5019, Fracture 

Control Requirements for Spaceflight Hardware. 

3. Functions: The Fracture Control Panel is responsible for the following: 

a. Functioning as the Responsible Fracture Control Board for all human flight programs 

that fall under the responsibility of KSC as defined in NASA-STD-5019.  

b. Supporting local Safety Review panels and/or Project Control Boards by reviewing 

fracture control plans and coordinating resolution strategies for fracture control issues.  

c. With the establishment of appropriate multi-center agreements, supports KSC fracture 

control activities involving design or ground processing of hardware under the authority of 

another NASA Center. 

4. Membership:  

a. Chair - Chief, Laboratories, Development, and Testing Division or delegate. The Chief, 

Laboratories, Development, and Testing Division can delegate the position of Fracture Control 

Panel Chair.  

b. Secretary: As assigned by the Chair. 

c. Membership: Individuals representing the following functions: Structures, Fracture 

Analysis, Nondestructive Evaluation, Materials and Processes, Pressure Systems Engineering, 

and Safety and Mission Assurance.  

Members, including any alternates, for each panel position shall be appointed by the appropriate 

Director or Division Chief. Membership is documented in a companion memorandum by the 

Panel Chair. 

5. Multi-center Panels: Due to the multi-center relationships that exist for some flight programs 

(e.g., Commercial Crew) program-specific panels may be formed, and panel membership may be 

drawn from KSC or other NASA Centers. Panel membership will be coordinated with 

appropriate Directors of Engineering and Safety and Mission Assurance as well as the Chief 

Technical Authority for that applicable flight program.   

6. Period of Performance: Start date and end dates are provided. Ongoing until terminated by the 

Director, Engineering. 
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7. Deliverables: (a) The FCP will furnish opinions and recommendations on fracture control 

issues or questions that develop during the course of fracture control implementation. (b) The 

FCP will provide written recommendations to the appropriate program Chief Engineer, KSC 

engineering, programs, projects, boards, and panels. 

8. Meeting Guidelines:  

a. Meeting Frequency: The FCP will have meetings as required to meet program 

objectives and to assess the general status of fracture control on programs and projects. The 

Panel Chair may call ad hoc meetings when specific issues that must be addressed in a timely 

matter are identified.  

b. Length of Appointment: Indefinite   

c. Minutes/Agenda Requirements: The Panel Secretary is responsible for providing 

meeting agendas, minutes, and other documentation resulting from the meeting.   

d. Voting: The FCP is a voting panel. Decisions will be made by majority vote with the 

Panel Chair breaking ties. In any case where there is a nonunanimous decision, all dissenting 

views will be included in the official minutes and will be communicated by the Panel Chair to 

the appropriate engineering or program customer. 

e. Member Responsibilities: FCP members are responsible to represent their 

organizations and provide status on assigned action items and/or tasks.  

Presentation Requirements: Presenters are required to create presentations and ensure proper 

review prior to FCP meetings. 

9. Reporting to: 

In this section a signature/date is required. Example as follows: 

 

 

10. Applicable Requirements (KNPDs, NPDs, KNPRs, NPRs, KDPs, KCAs): Examples are 

provided below: 

• NASA-STD-5019, Fracture Control Requirements for Spaceflight Hardware. 

• NASA-STD-5009, Nondestructive Evaluation Requirements for Fracture-Critical 

Metallic Components. 

• SSP 30558, Fracture Control Requirements for Space Station. 

• SSP 52005, Payload Flight Equipment Requirements and Guidelines for Safety-

Critical Structures (Safety Requirements for ISS Experiments). 
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• NSTS 1700.7, Safety Policy and Requirements for Payloads Using the STS 

(including ISS Addendum).  

• KNPR 8715.3, KSC Safety Practice Procedural Requirements. 

 

11. Concurrence: This is usually signed by the Director of Safety and Mission Assurance. 
               

 
   

4.2.2 Responsible Program 

 
Human-rated spaceflight programs impose fracture control on their projects to meet the requirements 

of NASA-STD-5019. It is noteworthy to point out that the various programs follow different 

revisions of the Standard depending on the current version of the Standard at the time of the 

contract award. Programs like SLS are subject to NASA-STD-5019 (Baseline) and MSFC-

RQMT-3479 for composite/bonded vehicle and payload structures since those were the current 

fracture standards at the time of contract award. NASA-STD-5019A is a more recent revision 

that has been imposed on the newer programs such as Gateway and Human Landing System and 

is the governing requirement for future NASA programs. Some of the new programs are 

adopting tailored or alternate requirements that meet the intent of NASA-STD-5019A. Table 4.2-

1, Applicable Requirements and Handbook Documents for Different Programs, shows applicable 

requirements and handbooks documents for various historical and current programs. 

 

Table 4.2-1—Applicable Requirements and Handbook Documents for Different Programs 

 
Note: Per SSP 50808, NASA program can enforce NASA-STD-5019 or SSP 30558C. For CCP, SSP 30558C compliance is 

also required. 

4.2.2.1  Hardware Developer Fracture Control Board (FCB) 

 

For human-rated flight programs, it is recommended that the hardware developer (HD) establish 

an FCB. The FCB membership should have representation from key disciplines such as 
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materials, NDE, safety, fracture, structures, and quality. Other disciplines may be necessary such 

as propulsion and fluids, depending on the hardware. 

 

Not all hardware developers need to establish an FCB. For example, developers of experiments 

or payloads are not expected to establish their own FCB but need to coordinate with the RFCB 

for their project. An experiment on ISS manifest would coordinate with JSC, while a Cubesat 

riding on SLS would coordinate with the MSFC FCB. Manufacturers of components of 

propulsion systems (e.g., valve manufacturers) would not be expected to establish an FCB. 

Instead, the damage tolerance governance would reside at the system level. In such cases, it is 

expected that the hardware developer of the system would require the manufacturer to conduct 

the necessary damage tolerance activities and provide the documentation for their hardware to 

meet fracture control requirements. 

 

In either case, whether a hardware developer’s FCB is established or not, oversight and/or insight 

by a NASA damage tolerance organization is necessary to not only ensure fracture requirements 

are being met but also provide technical guidance in the implementation of fracture control. Note 

that RFCB located with a hardware developer requires tailoring of or a waiver to NASA-STD-

5019A. An example of a Fracture Control Board is provided in Appendix E. 

 

4.2.2.2  SLS Fracture Control Organizations  

 

SLS is a super-heavy lift vehicle that is the backbone of the Artemis Program slated to return 

American astronauts to the Moon. The propulsion for SLS is comprised of a four-liquid engine 

RS-25 configuration for the core stage with two five-segment solid boosters. Figure 4.2-4, SLS 

Fracture Control Organization, shows fracture control organizations for the SLS elements. 

Across the various elements, some hardware developers have established FCBs and some have a 

technical group. Most of the elements in SLS have insight or oversight by the MSFC FCB. Some 

elements such as the Core Stage do not have MSFC FCB oversight but rather have insight by the 

MSFC damage tolerance line organization that reports to the Program. 
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Figure 4.2-4—SLS Fracture Control Organization 

 

4.2.2.3 Examples of a Hardware Developer’s FCB Organizations and Relationship with  

 NASA FCBs  

 

The traditional fracture control governance consists of a NASA FCB and a parallel hardware 

developer’s FCB (or technical entity). In recent years, the practical implementation has resulted 

in other ways to configure the fracture control organizations governing the various programs and 

projects. Following are schematics of possible configurations.  

 

Historically, the Fracture Control governance resides in NASA such as the MSFC Fracture 

Control Board, who is responsible for approving FCPs, accepting alternative methodologies, and 

making recommendations to the NASA delegated Technical Authority. Figure 4.2-5, Traditional 

Fracture Control Governance, shows a historical or traditional governance. 

 

 
Figure 4.2-5—Traditional Fracture Control Governance 
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Fracture control is a multi-disciplinary endeavor that involves many of the following disciplines 

which are involved in the implementation of fracture control activities on a human-rated 

spaceflight hardware program:  

 

1. Quality Assurance/Safety. 

2. Materials Processes/Properties/Testing/Fracture Mechanics/Damage Control. 

3. NDE/Inspection. 

4. Structural/System Test/Analysis. 

5. Loads/Dynamics/Environments. 

6. Propulsion. 

7. Process Engineering. 

 

4.2.2.4  Example of FCB Residing with the Hardware Developer 

 

Some programs are deviating from the historical fracture control governance in that the RFCB 

resides with the hardware developer. To ensure the hardware developer meets fracture control 

requirements for human-rated spaceflight hardware, NASA provides insight via membership in 

the hardware developer’s FCB to identify any issues that elevate risk. NASA board members 

also function as the NASA Fracture Control Coordinator (FCC). This governance configuration 

requires extensive working knowledge of NASA’s fracture standards and of the hardware 

developer’s alternate or tailored fracture control standard. An FCC coordinates and engages the 

necessary team members from the NASA discipline subject matter experts (SMEs) for all 

fracture control issues based on the subject and components affected. Figure 4.2-6, RFCB 

Residing with the Hardware Developer, shows an RFCB residing with the hardware developer. 

 

 

 
 

Figure 4.2-6—RFCB Residing with the Hardware Developer 

 

4.2.2.5  Fracture Control Coordinator (FCC) Roles and Responsibilities  

 

An FCC maintains up-to-date awareness of contractor fracture control activities and is 

responsible for providing information (status or updates on fracture control issues) as needed to 

the Program, delegated Technical Authority, line management, and discipline leads. The FCC 
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serves as primary point of contact to contractors for fracture control, serves in contractor RFCBs 

(as voting or nonvoting members), and in general maintains a working relationship with 

contractor counterparts. 

 

In addition, the FCC coordinates internal NASA support to maintain flow of information to 

SMEs as deemed appropriate. The FCC may establish recurring status notes and meetings and 

inform team members when new data are made available. An FCC ensures that supporting SMEs 

are engaged when issues arise in their area of expertise. Activities may include invitations to 

review contractor documents, invitation to a particular FCB meeting, among others. If expertise 

for an issue is not currently available on the fracture control support team, the FCC works with 

discipline leads and line management to identify and engage an appropriate SME. 

 

4.2.3 Fracture Control Implementation 

 
Table 4.2-2, Checklist to Aid in Ensuring Steps for Fracture Control Implementation are 

Complete, is a checklist of items required for fracture control implementation and the activities 

that should be performed by the hardware developer/prime contractor FCB. 

 

Table 4.2-2—Checklist to Aid in Ensuring the Steps for  

Fracture Control Implementation are Complete 

Item Activity Completed? 

1 Identifies group, organization, or person(s) who have fracture control 

responsibilities. 

 

2 Identifies all relevant fracture control requirements.   

3 Identifies specific fracture control activities.  

4 Identifies necessary documentation for subtier piece parts.  

5 Conducts fracture classification of parts/components.  

6 Identifies and specifies required NDE inspections or any other special 

requirements on fracture critical parts/components. 

 

7 Conducts implementation of traceability and documentation showing 

adherence of flight hardware to approved drawings, specifications, 

plans, and procedures. 

 

8 Conducts structural analyses, analytical, and testing methodology used 

in fracture control. 

 

9 Conducts assessments of anomalies on fracture critical 

parts/components and for decisions regarding questions or issues 

relating to fracture control. 

 

10 Compiles fracture control documentation and submits it to NASA FCB 

for approval. 

 

11 Ensures correct/valid material properties are used and MUAs approved.  
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4.3 Classification of Parts and Implementation of Requirements 

 

In this section, examples are provided on how the fracture control classification process is 

determined for all mission phases to determine which parts are: (a) Exempt, (b) Nonfracture 

Critical (NFC), and (c) Fracture Critical. 

 

Approaches to evaluate hardware in these three categories are presented in sections 5, 6, and 7 in 

NASA-STD-5019A. Figure 2 of NASA-STD-5019A is the Fracture Control Classification Logic 

Diagram and can be used to guide the classification process. 

 

4.3.1 Example Classifications 

 

Classification of parts into exempt, nonfracture critical, and fracture critical will follow the logic 

diagram in Figure 3 of NASA-STD-5019A. Example applications are presented in sections 

4.3.1.1 through 4.3.1.8. 

 

4.3.1.1  Example: Solid Propellant, Fracture Critical 

 

Materials exhibiting viscoelasticity can be under fracture control. Solid propellants within a solid 

rocket motor are generally subject to a comprehensive fracture assessment as defects within solid 

propellants can propagate and cause catastrophic failure modes (bore choke or burn through are 

two examples). 

 

Generally, a comprehensive fracture approach is required to mitigate the risk of propellant 

failure. It involves a nondestructive inspection using propellant X-ray and accept/reject criteria 

developed by using fracture analysis and testing. Specific analysis and testing are performed to 

account for the viscoelastic response of propellant and insulation materials. 

 

4.3.1.2  Example: Valve Internal Spring, Nonfracture Critical 

 

Many moving mechanical valves contain springs that are intended to provide actuation 

capability. Some mechanical parts do resist loads and may not be considered exempt. Usually, 

these parts will be classified as nonfracture critical on the following basis: Mechanisms undergo 

extensive qualification and workmanship testing as part of NASA-STD-5017A, Design and 

Development Requirements for Mechanisms. For example, run-in testing (also known as wear-in 

testing) serves two purposes: (1) It acts as a screen to detect material and workmanship defects 

that manifest themselves early in the mechanism’s life, and (2) It allows the mechanism to work 

through initial transient behavior and reach steady-state performance.  

 

In this example, additional work was performed showing that the spring met the NFC low-risk 

criteria per section 6.2.5 of NASA-STD-5019A. Springs may undergo a rigorous piece part 

inspection for defects and undergo robust qualification and acceptance testing which bolsters 

confidence in the part.  
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4.3.1.3  Example: Structural Strut, Fracture Critical  

 

A structural strut is assessed to resist loads. It is found that the part is a single-point failure, but it 

is unclear whether failure of the part can cause a catastrophic hazard. The strut does not meet any 

of the NFC options, so the part is classified Fracture Critical. 

 

4.3.1.4  Example: Pressure Vessel, Fracture Critical  

 

A pressure vessel stores working fluid for vehicle maneuvering. Pressure vessels, high energy 

rotating parts, hazardous fluid containers, and habitable modules are generally classified as 

fracture critical as they resist loads and usually a flaw can cause a catastrophic hazard. In this 

application, the pressure vessel wall resists load; it is found that a flaw can cause a credible 

catastrophic hazard. The part is classified as fracture critical.  

 

4.3.1.5  Example(s): Composite Cover, Exempt, or Nonfracture Critical  

 

A composite camera cover is demonstrated by stress analysis to have extremely low stresses and 

is judged that pre-existing defects are unlikely to cause a credible failure mode as the composite 

cover is fully bolted around the edges. The part has no credible potential to cause a catastrophic 

hazard. Consequently, the part is classified as an exempt part.  

 

Analogously, a different program for a very similar part classified it as NFC low risk because the 

part met DTA in accordance with section 7.4.1, IDMP in accordance with section 7.4.2, and 

RTD in accordance with section 7.4.3 in NASA-STD-5019A. Additionally, since the part was 

determined to be contained and low-release mass, no NDE was necessary for this part.  

 

4.3.1.6  Example: Ceramic Ball Bearings, Fracture Critical 

 

In some applications such as silicon nitride ceramic ball bearings, the manufacturing process can 

result in the balls being particularly susceptible to defects. Hybrid ball bearings using silicon 

nitride ceramic balls with steel rings are increasingly being used in space mechanism 

applications due to their high wear resistance and long rolling contact fatigue life. The Ph.D. 

dissertation “Critical Flaw Size in Silicon Nitride Ball Bearings” by George Levesque from 

University of Florida demonstrates methods that can be used to determine the critical flaw size in 

these bearings. The critical flaw size needs to be validated through extensive life testing. In 

reference Tang, et el., in “A Study on the Effects of Ball Defects on the Fatigue Life in Hybrid 

Bearings,” characterization of defects encountered in use, generation of similar defects in a 

laboratory testing, and life testing was performed to understand the effects of defects on fatigue 

life. NDE methods and a perceptive proof test can be implemented, as the one presented in 

O'Brien, et al. (2011). These methods must be able to screen for the critical flaw size, or the 

operational stress must be limited to reduce the risk of fatigue failure. 

Inspections of silicon nitride balls are performed per ASTM F2094-14, Standard Specification 

for Silicon Nitride Bearing Balls. Silicon nitride balls used in ball bearings and specialty 

applications intended for reusability applications should be inspected at an interval informed by 

the development and qualification program to avoid excessive wear, fatigue, or other detrimental 
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degradation. This inspection, at a minimum, should involve data comparison from previous 

inspections collected during development and qualification testing but may also include 

inspection data from related inspections of flight hardware. The extent of the tests informing the 

inspection is sufficient to identify any out-of-family behavior and/or degradation of the bearing 

or ball. Additional testing is conducted if any anomaly or defect is observed during the prior 

flights and/or from the data comparison. 

 

A fleet leader demonstration approach of the reliability of the design and ground testing before 

flight may be an acceptable alternative to establishment of the critical flaw size and 

corresponding inspection method for ceramic rolling elements. 

 

4.3.1.7  Example: Fracture Control Summary List 

 

To meet fracture control requirements for human-rated spaceflight hardware, all hardware needs 

to be classified. Exempt parts are documented with rationale for exemption. All remaining parts 

should be accounted for in a fracture control summary list. This list should be included in the 

fracture control summary report. The format for the summary list is optional but must include the 

part name and its classification. It is a good place to include other information such as part 

drawing number, material, and NDE flaw size and life. The summary list is assembled using the 

results from the fracture classification process. Detailed analysis reports for each piece of 

equipment are referenced along with the name of the component analyzed and the methodology 

used. In Table 4.3-1, Fracture Control Classification Example, the report number, component, 

and disposition methodology are provided along with the corresponding fracture rating. 
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Table 4.3-1— Fracture Control Classification Example 

System 
Report 

Number 
Component Disposition Methodology 

Fracture 
Rating 

RAHF 

 AW - 01769 

Water Tank Potential Energy PE 

Support Structure Fail Safe FS1 

Water Tank Straps Fracture Critical (>20 missions) SL 

RAHF 

 AW - 01769 
Water Distribution Manifolds (2) Fail Safe FS1 

RAHF 

 AA-3705 

Monitor and Process Control System (SIR 
Drawer) Structure 

Fail Safe 
FS2 

Contents of Electronics Box Contained Components CR1 

RAHF Cage 
Module Fail-
Safe Analysis 
AA - 03828 
else AW - 
01769 

Cage Module (CM) Structure Fail Safe FS2 

CM Latches Fail Safe FS2 

CM Contents Contained Components CR1 

Environmental Control System (ECS) 
Contained Components (within Rack 
behind Cage Module) 

CR1 

ECS: Bleed Air Fans Rotating Element KE 

ECS: Circular Fans Rotating Element KE 

ECS: Water Sep Fan Rotating Element KE 

List of acronyms and definitions: 

1. PE - Potential Energy: Item has stored mechanical energy. It has been shown to be below the threshold value for 

fracture critical hardware. 

2. CR1 – Contained: Shown by engineering examination. Potential loose items and wall thickness are consistent 

with those used in containment test report. 

3. FS1 – Failsafe: Shown by engineering examination. Multiple redundant load paths with large safety margins. 

Load paths are inspected between flights. 

4. FS2 – Failsafe: This part has been shown to be fail safe by analysis. 

5. KE – Kinetic Energy: This item has stored kinetic energy. It has been shown to be below the threshold value for 

fracture critical hardware. 

6. SL Safe Life – Analysis is required (Parts are Fracture Critical).  
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4.3.1.8  Example: Fracture Summary Results 

 

In this example, the components that require safe-life analysis, their respective NDE method, and 

the summarized findings are provided in Table 4.3-2, Fracture Summary Results.  

 

Table 4.3-2—Fracture Summary Results 

Item Drawing Material Disposition Model 
Drawing 

Thickness 
NDE  

Crack Size Life/4 

Sml Trq Hsn 96M20193 
AL 7075 
T7351 

Safe-Life 
Analysis 

CC02 0.25 
a = 0.05 

>50 
c = 0.05 

SC01 0.25 
a = 0.05 

>50 
2c = 0.20 

Mdm Hrq Hsn 96M20194 
AL 7075 
T7351 

Safe-Life 
Analysis 

CC02 0.25 
a = 0.05 

>50 
c = 0.05 

SC01 0.25 
a = 0.05 

>50 
2c = 0.20 

 

4.3.2 Classification of Pressurized Hardware 

 

This section provides guidance on classifying the various types of pressurized hardware 

according to NASA-STD-5019A and provides a method for calculating the stored energy in a 

pressurized container. The stored energy is one of the criteria to determine if hardware is a 

container or a pressure vessel.  
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4.3.2.1  Pressurized Hardware Definitions and Categorization 

 

Determining the type of pressurized hardware is critical for application of correct requirements. 

The flowchart in Figure 4.3-1, Flowchart to Determine Pressurized Hardware Type, can aid in 

classifying the pressurized hardware correctly. Table 4.3-3, Hardware Item Classification Guide 

and Corresponding Section in NASA-STD-5019A, is then used to classify hardware into FC or 

NFC. The definitions for the different types of pressure hardware are contained in section 3.2 of 

NASA-STD-5019A. 

 

 

Note: Vehicle structural load is a primary load acting on a vehicle. Example of a pressurized structure is a 

Stage Tank. 

Figure 4.3-1—Flowchart to Determine Pressurized Hardware Type  
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Hardware Item

Meets one of the following?
(i) Stored energy > 14,240 ft-lb
(ii) MDP >100 psia
(iii) Contains hazardous fluid > 15 psia

Hardware carries both internal pressure 
and vehicle structural load?

Is the item a line, fitting, valve, regulator, 
etc., that is part of a pressurized system 

intended primarily to sustain a fluid 
pressure and fluid transfer?

Pressurized Structure

Pressure Component

Part of a pressurized system?

Pressure Vessel

Pressurized Fluid Container

Sealed Container

Yes

Yes

Yes

Yes

No

No

No

No
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Table 4.3-3—Hardware Item Classification Guide and Corresponding Section 

in NASA-STD-5019A 

Hardware Item 
Classification 

FC Criteria Section in NASA-STD-5019A Examples 

Pressurized 
Structure 

Always None 7.2.6 FC Pressurized Structure Stage Tanks 

Pressure 
Components 

Sometimes Meets criteria in 
section 6.2.4 of NASA-
STD-5019A 

6.2.4 NFC NHLBB Lines, Fittings, 
and Other Pressurized 
Components 

Valves, 
fittings, lines, 
bellows 

Does not meet 
criteria in section 
6.2.4 of NASA-STD-
5019A 

7.2.4 FC Lines Fittings, and Other 
Pressurized Components 

Composite 
Overwrapped 
Pressure Vessel  
or  
Pressurized Fluid 
Container 

Always Meets ANSI/AIAA S-
081A 

7.2.2 FC COPVs and Composite 
Pressurized Fluid Containers 

COPV 

Does not meet 
ANSI/AIAA-S-081A 

7.2.3 Other FC Pressure Vessels 
and Pressurized Fluid Containers  

Metallic Pressure 
Vessel 
 or  
Pressurized Fluid 
Container 

Always Meets ANSI/AIAA S-
080-1998 

7.2.1 FC Metallic Pressure Vessel MPV 

Does not meet 
ANSI/AIAA S-080-
1998 

7.2.3 Other FC Pressure Vessels 
and Pressurized Fluid Containers  

Sealed Container Sometimes Meets criteria in 
section 6.1.4 of NASA-
STD-5019A 

6.1.4 NFC Sealed Container Sealed 
electronics 
box 

Does not meet 
criteria in section 
6.1.4 of NASA-STD-
5019A 

7.2.3 Other FC Pressure Vessels 
and Pressurized Fluid Containers  

Habitable modules Always Intended to house 
humans 

7.2.5 Fracture Critical Habitable 
Modules and Volumes 

Space Station 
Module 

Hardware used in 
payloads or 
experiments 

Always Limited applicability 
and not part of a 
pressurized system 

7.5.5 Hazardous Fluid Containers 
for Payloads and Experiments 

 

 

4.3.2.2  Calculating Stored Energy in a Vessel Under Pressure  

 

The definitions provide straightforward language on classifying various types of pressurized 

hardware, which require the stored energy calculation. To decide if a vessel meets the stored 

energy level 19,310 J (14,240 ft-lbs) criteria for declaration as a pressure vessel, the following 
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equation (Marks’ Standard Handbook, Tenth Edition, pages 4-9) for reversible adiabatic 

(isentropic) expansion of a confined gas may be used: 
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  (Equation 4.3-1) 

 

where: 

 

E = stored energy  

Pi = internal absolute pressure  

Pe = external absolute pressure  

V = gas volume or ullage in vessel 

k = ratio of specific heats, Cp/Cv 

Cp = specific heat at constant pressure 

Cv = specific heat at constant volume 

 

Note that the energy calculation requires consistent units. To use this criterion, the energy 

calculation should be verified for all conditions in which the pressurized hardware will operate 

(e.g., space, sea-level). Typically, there is little variation with temperature and the near room 

temperature (300 K) values. The gas volume of ullage in the vessel can be determined using the 

following calculation: 
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where: 

 

∆P = Pi - Pe is the gauge pressure and other terms are as before. 

 

Note that specific heat ratio, k, for various substances vary minimally with temperature near 

room temperature. 

 

4.4 Other Requirements 

 

This section is reserved. 
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5.  EXEMPT PARTS 
 

Exempt parts are nonstructural and have no hazardous concerns or failure modes. Nonstructural 

items (i.e., not required to resist loads and maintain stiffness or alignment) do not have credible 

fracture modes and may include small common mechanical parts that undergo traditionally 

strong development and rigorous quality control programs. Examples of exempt parts are 

insulation blankets, electrical circuit components/boards, electrical connectors and their locking 

devices, wire bundles, elastomeric seals, washers, nuts, fastener locking devices, and valve seats. 

Common off-the-shelf tools such as pliers, wrenches, etc., are generally exempt from fracture 

control. 

 

Classification of parts into exempt, nonfracture critical, and fracture critical will follow the logic 

diagram in Figure 3 of NASA-STD-5019A. Example applications are presented below. 

 

5.1  Example 1: Insulation Blanket, Exempt 

 

A Mylar blanket is used for insulation on the exterior surfaces of a spacecraft for thermal control 

on a critical spacecraft program. The first decision gate in the part classification is to determine 

whether the part can be classified as exempt, which it could be if one of the following is met: (1) 

Nonstructural parts with no credible failure mode caused by a flaw, (2) Nonstructural parts with 

no credible potential for causing a catastrophic hazard, or (3) Other nonstructural parts approved 

by the RFCB for exempt status. In this instance, the part is nonstructural as it does not resist any 

loads as it is an insulator and thermal loads are unlikely to cause stresses. The presence of a flaw 

is very unlikely to cause any credible failures. Consequently, this part is classified as Exempt 

based on criteria NASA-STD-5019A FCR 6(a). Following Figure 4, the only requirement is to 

document the Mylar blanket as Exempt in the FCP and/or Fracture Control Summary Report 

(FCSR).  

 

5.2  Example 2: Elastomeric O-ring Seal, Exempt 

 

Elastomeric seals are generally classified as exempt. Elastomeric O-rings are often used in liquid 

rocket engines, valves, solid rocket motors, and other pressure sealing surfaces. Generally, 

elastomeric seals are considered nonstructural parts as they do not resist significant loads. It 

could be argued that O-rings resist load in preloaded joints which, during operations, could 

further compress and cause high stresses within the O-ring. In this scenario, a flaw within the O-

ring can lead to a credible failure mode and the O-ring does not meet the Exempt classification. 

The O-ring part, at first glance, does not meet the Exempt classification. Flight confidence in 

these seals comes from extensive qualification experience, inspections prior to assembly, leak 

checks, and acceptance testing. Material tests may be performed at the lot level to ensure the 

material meets certification. For example, O-rings used within liquid rocket engines are 

rigorously inspected for any defects (e.g., nicks or dents), undergo robust quality control 

programs, are extensively tested through the engine qualification program, and finally 

acceptance tested for flight. The combination of these factors and when an O-ring is considered 

nonstructural could be the basis for Exempt classification per the criteria of NASA-STD-5019A 
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FCR 6(a). Following Figure 4 of NASA-STD-5019A, the only documentation required is FCP 

and FCSR.  

 

Note that the material of the failed Challenger Space Shuttle Booster O-ring was a 

fluoroelastomer. In some cases, depending on the application, an Exempt classification would 

not be appropriate such as in the case of Challenger. In this case, the O-ring failure at a cold 

temperature was a major contributing factor that led to catastrophic failure. 
 

6.  ASSESSMENT OF NONFRACTURE CRITICAL (NFC) PARTS 
 

This section examines the requirements and checks for classifying a part as NFC. 

Manufactured metallic components that meet NFC classification criteria and use nonprocess-

sensitive methods do not require NDE or fracture analysis. 

 

Material acceptance tests validating the material composition and basic mechanical properties 

are still required. For composites and bonded joints, an NFC classification still requires NDE and 

satisfying other requirements listed in section 6 of NASA-STD-5019A.  

 

6.1  Established Approaches for Specific NFC Hardware  

 

This section is reserved. 

 

6.1.1  NFC Metallic Fasteners, Rivets, Shear Pins, and Locking Devices  

 

This section is reserved. 

 

6.1.1.1  NFC Low-Released Mass Fasteners, Rivets, and Shear Pins  

 

This section is reserved. See section 6.2.1 in this Handbook. 

 

6.1.1.2  NFC Contained Fasteners, Rivets, and Shear Pins  

 

This section is reserved. See section 6.2.2 in this Handbook. 

 

6.1.1.3  NFC Fail-Safe Rivets  

 

This section is reserved. See section 6.2.3 in this Handbook. 

 

6.1.1.4  NFC Low-Risk Fasteners  

 

Use NASA-STD-5019A for NFC Low-Risk classification for fasteners. A simplified checklist is 

provided in Table 6.1-1, Checklist for NFC Low-Risk Fasteners, to assist in determining whether 

the fasteners can be classified as NFC Low-Risk. To meet this NFC category, all items in the 

checklist need to be met. 
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Table 6.1-1—Checklist for NFC Low-Risk Fasteners 

(All requirements must be met.) 

Item Description of Requirement 
Meets  

(Y or N) 

1 Mechanical joint with two or more fasteners    

2 
Metal fasteners fabricated with high resistance to stress corrosion cracking 

per MSFC-STD-3029 
  

3 

Fasteners fabricated to a military, National Aerospace Standard, or 

commercial aerospace specification: 

(a) Specification includes tensile, shear, and fatigue testing as part of lot 

acceptance. 

(b) Fasteners have traceability and are delivered with the Material Test 

Report; include raw material and heat-treat certifications; and document 

testing/processing in specification. 

  

4 Fasteners not made of titanium alloy   

5 

The fastened joint complies with (a) Preload control in NASA-STD-5020, 

Requirements for Threaded Fastening Systems in Spaceflight Hardware, 

AND (b) No joint separation in the nominal loading configuration in 

NASA-STD-5020. 

  

6 
Fasteners have rolled threads, with the rolling process occurring after all 

thermal treatment of the material. 
  

7 

Fasteners have results of the mandatory lot acceptance fatigue testing to 

meet fatigue requirements in NASA-STD-5001, Structural Design and Test 

Factors of Safety for Spaceflight Hardware. 

  

8 

Fastener types not requiring fatigue testing as part of lot acceptance, 

samples from the lot need to be submitted for fatigue testing in accordance 

with NASM1312-11, Fastener Test Methods - Method 11 - Tension 

Fatigue, or equivalent. 

  

9 The fasteners are not made from a low fracture toughness alloy.   

10 Fasteners are not reworked or custom made unless approved by RFCB.   

 

Fasteners that are manufactured from the following list of ductile materials show a high tolerance 

for typical fastener defects and flaws and are typically accepted as NFC Low-Risk fasteners. 

Examples of procurement specifications for these commonly accepted low-risk fastener materials 

are: 

 

• Iron-based superalloy A286: NAS4003, Fastener, A286 Corrosion Resistant Alloy, 

Externally Threaded, 160 ksi Ftu, 95 ksi Fsu, 1000 °F; NA0026, Procurement 

Specification Metric Fasteners, A-286 CRES Externally Threaded, 1100 MPa Tensile, 

660 MPa Shear; or equivalent. 
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• Nickel-based superalloy Inconel 718: NASM85604, Bolt, Nickel Alloy 718, Tension, 

High Strength, 125 ksi Fsu and 220 ksi Ftu, High Temperature, Spline Drive; or 

equivalent. 

 

• Cobalt-Chromium-Nickel-based superalloy MP35N: SAE AS7468, Bolts, Cobalt-

Chromium-Nickel Alloy, UNS R30035, Tensile Strength 260 ksi, Procurement 

Specification; or equivalent. 

 

• Austenitic Stainless Steel 300 Series CRES: NA0271, Metric Fasteners, CRES 300 Series, 

Externally Threaded, MJ Thread, 500 MPa Fsu and 700 MPa Ftu; or equivalent. 

 

6.1.1.5  NFC Fail-Safe Fasteners  

 

The checklist in Table 6.1-2, Checklist for NFC Fail-Safe Fasteners, can assist in the evaluation 

of NFC for fail-safe fasteners. To meet this NFC category, all items in the checklist need to be 

met. 

 

Table 6.1-2—Checklist for NFC Fail-Safe Fasteners 

(All requirements must be met.) 

Item Description of Requirement 
Meets 

 (Y or N) 

1 

Assessment shows loss of load path does not result in a catastrophic 

hazard and that risk of loss of the structural redundancy during the 

service life of the structure is not a credible concern. 

  

2 

Failure of the part does not generate pieces or debris that would violate 

the NFC low-released mass requirements in section 6.2.1 of NASA-STD-

5019A: (a) The fracture of the part does not cause a catastrophic hazard; 

(b) The release of the mass does not cause a catastrophic hazard such as 

loss of function and impact with other hardware, equipment, spacecraft, 

and personnel; and (c) External released mass or parts, including those 

that would be subjected to aerodynamic flow, may only be classified 

low-released mass when the program has established an acceptable 

debris field criterion and the parts fall within it. 

  

3 

After loss of any load path, structural capability remains to sustain all 

resulting redistributed loads and environments, including dynamic 

response changes until termination of the mission or until part is 

inspected.  

  

4 
Reflight hardware is verified by visual inspection or other means to be 

intact and free of structural anomalies before being reflown. 
  

5 
Metal fasteners fabricated with high resistance to stress corrosion 

cracking per MSFC-STD-3029. 
  

6 

Fasteners are fabricated, procured, and inspected in accordance with 

NASA-STD-8739.14, NASA Fastener Procurement, Receiving 

Inspection, and Storage Practices for Spaceflight Hardware, and an 
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Item Description of Requirement 
Meets 

 (Y or N) 

equivalent military standard, NAS, proprietary, or commercial aerospace 

specification.  

7 
The fastened joint complies with NASA-STD-5020 without joint separation 

in the nominal configuration. 
  

8 

Fasteners have rolled threads and are assessed to establish that they meet 

the fatigue requirements in NASA-STD-5001 (Fail-Safe section 6.2.3 of 

NASA-STD-5019A). 

  

9 

The fasteners are not made from a low fracture toughness alloy as 

defined in section 3.2 in NASA-STD-5019A (Fail-Safe section 6.2.3 of 

NASA-STD-5019A).  

  

10 
Fasteners are not reworked or custom made unless the application is 

approved by the RFCB (Fail-Safe section 6.2.3 of NASA-STD-5019A). 
  

11 

Fasteners manufactured from titanium alloys require additional 

considerations for this classification, including risk mitigation and 

assessment that are approved by the RFCB (Fail-Safe section 6.2.3 of 

NASA-STD-5019A). 

  

 

6.1.1.6  NFC Locking Devices  

 

This section is reserved. See section 6.2.1 in this Handbook for discussion on NFC Low Release 

Mass. 

 

6.1.2  NFC Shatterable Components and Structure 

 

This section is reserved. 

 

6.1.3  NFC Rotating Hardware 

 

Figure 6.1-1, Flowchart to Classify NFC Rotating Hardware, is presented to assist with 

determining whether rotating hardware is NFC or FC. For NFC rotating hardware, no NDE or 

fracture analysis is required.  
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Figure 6.1-1—Flowchart to Classify NFC Rotating Hardware 

(Note: Computer equipment or computer component) 

 

6.1.3.1  Classification of Rotating Hardware with Kinetic Energy Less Than 14,240 ft-lbs 

 

In the prior revision of this Handbook, an energy threshold of 14,420 ft-lbs was used to guide the 

classification of rotating hardware. This energy threshold requires more study as it can be 

considered quite large. Classification of rotating hardware is instead conducted with the 

flowchart in Figure 6.1-1 for this revision. Nonetheless, it remains informative to calculate the 

energy as it can be used for containment and/or impact analysis.  

 

The Kinetic Energy (K.E.) of a rotating body is computed as 
𝟏

𝟐
𝑰𝝎𝟎

𝟐 where I is mass moment of 

inertia and 𝝎𝟎 is rotational speed in radians per second. A rotating mechanical assembly is 

fracture critical if it has a kinetic energy of 19,310 Joules (14,240 ft-lbs) or greater (based on 
𝟏

𝟐
𝑰𝝎𝟎

𝟐). Rotating machinery with lower kinetic energy levels than stated above may have 

fracture critical components if the conditions in the flowchart in Figure 6.1-1 are met. 

 

An example of a centrifuge inside of a locker is discussed. (See Figure 6.1-2, Picture of 8PU 

Locker with Centrifuge Inside). 

 

Rotating Hardware Item

Is item a computer equipment?

Does the item meet NFC Low Risk (6.2.5)? 

NFC Rotating Hardware

Yes

Yes
No

Is the item within an enclosure?

Does a rotor fracture analysis show fragments are 
contained within the enclosure (6.2.2)?

Does the enclosure and the structural mounts of the item 
meet structural and fracture control requirements? 

Is mount assessment based on credible loads from sudden 
stop of the rotor?

Is sudden stop a non-credible event?
OR

Does item have a non-credible sudden stop catastrophic 
hazard  resulting from a structural failure of rotating 

hardware or adjacent structure caused by flaws?

Fracture Critical

Yes

No

Yes

Yes

Yes

Yes

No

No
No

No

No
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Figure 6.1-2—Picture of 8PU Locker with Centrifuge Inside 

  

The calculation of rotational energy is performed as follows: The weight is 5.7 lbs, the radius is 

0.583 ft, and the maximum rotational speed of the centrifuge is 79.17 rev/s. The energy 

calculation for this system is as follows: 
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 and  = 2N   (Equation 6.1-1) 

 

 

After substitution of all the values, one finds the energy as follows:   
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=  = lbsftE = 3726 (Equation 6.1-2) 

 

This energy is far below the threshold of 14,240 ft-lbs, and the rotating equipment could be 

treated as low energy rotating equipment; additional requirements need to be verified per Figure 

6.1-1.  

 

Since the centrifuge is contained with an enclosure, a further assessment is required to classify 

the part as NFC per the flowchart presented in Figure 6.1-1. Classifying the rotating part as low 

energy based on this calculation is not sufficient criteria for determining part classification. For 

example, crack propagation may cause sudden jamming and stoppage of the rotor generating 

loads that could result in a catastrophic hazard.   

 

The following sections provide examples and guidance for interpretation of fracture criticality 

classification and fracture control implementation of rotating machinery with kinetic energy less 

than 19,310 Joules (14,240 ft-lbs). 
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The centrifuge rotor example described in this section has less kinetic energy than 14,240 ft-lbs 

but has significant rotational momentum and fracture critical parts. The parts are classified 

fracture critical because they have credible structural failure modes due to crack propagation that 

may cause sudden jamming and stoppage of the rotor generating loads that could result in a 

catastrophic hazard. 

 

6.1.3.2  Role of Jamming and Sudden Rotor Stoppage for Fracture Critical 

Classification 

 

For parts to be classified as Nonfracture Critical Rotating Hardware, the following topics (in 

addition to the kinetic energy calculation) should be included in the assessment: 

 

1. Rotating machinery angular momentum does not exceed a threshold based on testing 

or heritage data (e.g., 100 pounds-foot-seconds or 136 N-m-s) and does not present a 

catastrophic hazard if loads generated from a sudden jamming or stoppage of the rotor exceed 

structural allowable loads. 

 

2. Credible rotor sudden-stop jamming events due to structural failure from crack 

propagation are not present in the mechanical assembly components. 

 

a. Sudden-stop or jamming could also initiate from introduction of external jamming 

debris between the rotor and adjacent stationary components, or seizure of 

rotating mechanisms such as bearings. These hazards do not result from 

propagation of preexisting cracks and can be addressed through fracture control 

but are not the focus of this section. These types of hazards may be addressed by 

safety procedures such as design for minimum risk defined in Equation 6.1.3-1. 

b. The structural loads of components in the rotating and nonrotating mechanical 

assembly should include normal loads (not rotor sudden-stop loads) as applicable 

for the hardware service life. These loads are to be utilized for fracture mechanics 

assessments such as crack growth safe-life calculations, structural fail-safe 

evaluations for fracture control, and fatigue life assessments where needed for low 

risk classification of parts.  

 

The sudden rotor jamming or stoppage loads referenced in item (1) may be estimated as 

described in later sections. If the sudden-stop loads exceed the allowable and generate a 

catastrophic hazard on the mechanical assembly support structures, carrier, or vehicle, the 

mechanical assembly is considered potentially fracture critical. If the mechanical assembly is 

classified as a fracture critical assembly, all assembly parts both rotating and nonrotating should 

be assessed for fracture criticality.  

 

6.1.3.3  Angular Momentum and Sudden-Stop Loads Calculation 

 

All further examples in this Handbook regarding sudden-stop loads assume that an angular 

momentum of 100 foot-pounds-second is the threshold for fracture criticality, but this angular 
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momentum threshold should be based on test data. To complete the determination of hazard 

criticality due to rotor sudden-stop induced loads on the mechanical rotor assembly support 

structures, carrier, or vehicle, the impulsive sudden-stop induced loads are needed. The 

impulsive loads generated in a sudden-stop are directly proportional to the angular momentum, 

H, and inversely proportional to the speed of the sudden-stop, t. The angular momentum of a 

rotating body is computed as 𝑯 = 𝑰𝝎𝟎. 

 

𝑲. 𝑬. =
𝟏

𝟐
𝑰𝝎𝟎

𝟐 =
𝟏

𝟐
(𝑰𝝎𝟎)𝝎𝟎 =

𝟏

𝟐
𝑯𝝎𝟎 = 𝟏𝟒, 𝟐𝟒𝟎 𝒇𝒕 − 𝒍𝒃   (Equation 6.1-3) 

 

Note that low speed rotating machinery may have very large angular momentum and not exceed 

these fracture criticality criteria. The torque, T, induced during a sudden-stop into a tangential 

jamming spring for a rotor supported on a base is inversely proportional to the time, t, to reach 

the maximum torque. The equation is: 

 

𝑻 = (
𝝅

𝟐
) 𝑯/𝒕  (Equation 6.1-4) 

 

Aside from the momentum, H, the critical parameter needed to determine rotor sudden-stop 

loads is the time t. The time is assumed to be one second for most of the cited examples for ease 

of calculation and comparisons, but this value is not a generally applicable number. Loads should 

be computed for relevant stop times for the application. It is possible to compute a sudden-stop 

time for some simple rotor jamming models; but for more complex situations such as the 

centrifuge rotor example, more involved analyses or tests may be required. 

 

Once the rotor sudden-stop loads are determined, they can be compared to the allowable for the 

rotating machinery support structures, carrier, or vehicle. Note that in addition to the dynamic 

torque discussed above, dynamic forces may also be generated which have to be assessed. 

 

6.1.3.4  Rotary Mechanical Assembly Example Assessments 

 

To help classify rotating mechanical assemblies, several examples are described in the following 

sections.  

 

Steel Disk Examples 

Two 8-inch diameter disks identified as A and B have only 8% and 32%, respectively, of the 

critical kinetic energy limit value of 14,240 ft-lbs. They represent possible shrouded or enclosed 

fans and require additional evaluations using the flowchart in Figure 6.1-1 before the disks can 

be classified as nonfracture critical. 

 

Two other 12-inch diameter disks C and D were selected to describe hardware that exceeds the 

kinetic energy of 14,240 ft-lbs. After evaluation of the disks per Figure 6.1-1, it was found that 

these disks C and D are both fracture critical and must (1) meet the spin test and NDE 

requirements and (2) show adequate safe life if they are not contained.  
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Centrifuge Rotor Example 

In contrast to the steel disk examples, consider a large centrifuge rotor that possesses only 45% 

of the kinetic energy limit value of 14,240 ft-lbs. It is determined to be a fracture critical part 

because (1) it has a very large angular momentum, and (2) there are credible sudden-stop events 

due to structural or component failures from crack propagation that can result in jamming of the 

rotor. The centrifuge rotor structure is then classified fracture critical as well as the attachments 

holding components which could jam the rotor. 

 

There are events other than structural failure which could lead to sudden-stop hazard of the 

centrifuge rotor such as introduction of debris that jams the rotor or causes seizure of bearings. 

These hazards are controlled by special designs to meet safety requirements. The centrifuge rotor 

sudden-stop maximum torque is computed as 72,700 foot-pounds using a simple model. That 

sudden-stop torque exceeds the allowable torque of 20,500 foot-pounds for the application and 

results in a classification of the CR structure and other components as fracture critical even 

though the centrifuge rotor has only 45% of the kinetic energy limit criteria for fracture critical 

rotating equipment. 

 

6.1.3.5  Simplified Models of Sudden-Stop Induced Loadings 

 

Two types of base supported rotor sudden-stop event configurations shown in Figure 6.1-3, 

Sudden-Stop Simplified Models, were analyzed below with simplified models to determine loads 

and associated parameters. Although more complex analyses may be required for applications 

such as the centrifuge rotor, these simplified models are useful where applicable and can help 

identify the fundamental relationships of the relevant parameters. 

 

 
Figure 6.1-3—Sudden-Stop Simplified Models 

 

Constant Torque Deceleration Model  

In this situation, a constant torque producing a constant deceleration is assumed to act upon the 

rotor, which is assumed to be rotating at initial speed 𝝎𝟎 about a supported central axis as shown 

in Figure 6.1-3(a). This situation may occur if a constant deceleration force is applied to the outer 

radius of a rotating body. A ball or roller bearing seizure may produce this situation if the rolling 

element binds with the bearing races. Bearing failures of this type have been known to continue 

to rotate for appreciable time until heating leads to a complete failure.  
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The conditions resulting from the case of a constant torque, T, deceleration acting for a time 

duration t can be computed from the equation for angular motion as follows: 

 

𝑻 = 𝑰 (
𝒅𝝎

𝒅𝒕
)  → ∫ 𝒅𝝎 = (

𝑻

𝑰
) ∫ 𝒅𝒕  → 𝝎 = (

𝑻

𝑰
) 𝒕 → 𝑻 =

𝑰𝝎𝟎

𝒕
=

𝑯

𝒕
        (Equation 6.1-4) 

 

If the time involved in a rapid stop is known, the torque can be computed from the body angular 

momentum and Equation 6.1-4. If the sudden-stop or deceleration is developed by loading at the 

body outer radius R, the associated force F is equal to T/R. The tangential force induces a force 

acting on the body center of gravity, with a resulting acceleration in Gs equal to the force divided 

by the body weight. For the case where a rotating body is presumed to possess a momentum at 

the fracture critical kinetic energy limit per equation (K1), and a sudden-stop time of one second, 

the torque T can be plotted as a function of initial ro tational speed in revolutions per minute 

(RPM). The number of revolutions required for the body to stop can be determined from: 

 

𝝎 = (
𝒅𝜽

𝒅𝒕
) = (

𝑻

𝑰
) 𝒕 →  ∫ 𝒅𝜽 = (

𝑻

𝑰
) ∫ 𝒕 𝒅𝒕 → 𝜽 = (

𝑻

𝑰
)

𝒕𝟐

𝟐
               (Equation 6.1-5) 

Tangential Spring Deceleration Force Model 

Another type of sudden-stop event may occur if debris or a structural failure causes a rotor 

jamming event at the rotor outer radius. This could be from loads transferred into a nonrotating 

shroud or other grounded body, which can be simulated as loading a tangential spring at the rotor 

outer radius as shown in Figure 6.1-3(b).  

 

The force induced into the spring, and the dynamic loads on the body resulting from this 

deceleration, can be computed from the equation for angular motion. It is assumed the body 

remains supported at the center of rotation and does not translate. (If the body is free to translate, 

such as the centrifuge rotor example, additional coupled equations of motion are involved; and 

this simple model does not apply.) Parameters include the grounded circumferential spring 

stiffness k, and the circumferential spring force F due to the body rotation angle 𝜽 leading to the 

following equations: 

 

𝑭 = 𝒌(𝑹𝜽),   𝑻 = −𝑭𝑹,   𝒂𝒏𝒅   𝑻 = 𝑰 (
𝒅𝝎

𝒅𝒕
) = 𝑰 (

𝒅𝟐𝜽

𝒅𝒕𝟐
)           (Equation 6.1-6) 

 

𝑰 (
𝒅𝟐𝜽

𝒅𝒕𝟐
) + 𝒌𝑹𝟐𝜽 = 𝟎,     (

𝒅𝟐𝜽

𝒅𝒕𝟐
) + 𝒃𝟐𝜽 = 𝟎     𝒘𝒉𝒆𝒓𝒆   𝒃 = √𝒌𝑹𝟐/𝑰         (Equation 6.1-7) 

 

The solution for initial condition 𝜽 equal to zero and 𝝎𝟎 angular speed is: 

 

𝜽(𝒕) = (𝝎𝟎/𝒃)𝐬𝐢𝐧 (𝒃𝒕)             (Equation 6.1-8) 

 

By differentiation the torque is: 

 

𝑻 = 𝑰 (
𝒅𝟐𝜽(𝒕)

𝒅𝒕𝟐 ) = −𝑰(𝝎𝟎𝒃) 𝐬𝐢𝐧(𝐛𝐭) = −𝐇𝐛 𝐬𝐢𝐧(𝐛𝐭)           (Equation 6.1-9) 
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The peak torque is 𝑻𝒎𝒂𝒙 = 𝑯𝒃, and it will occur at time t where sin(bt) is maximum at: 

 

𝐭 =
𝛑

𝟐𝐛
= (

𝛑

𝟐
) √

𝐈

𝐤𝐑𝟐              (Equation 6.1-10) 

 

𝑻𝒎𝒂𝒙 = (
𝝅

𝟐
)

𝑯

𝒕
               (Equation 6.1-11) 

 

All quantities in this simplified problem can be defined based on the rotating body 

characteristics, the angular momentum, and the spring constant k. The spring may be computed 

from the combined stiffness of rotor structures reacting the circumferential force plus stiffness of 

any jamming debris and stiffness of the surrounding structure to ground. Alternatively, if the 

sudden-stop time to the peak load t is known, the associated parameter b and spring stiffness k 

can be computed. The rotation at the time of maximum torque is (𝝎𝟎/𝒃) from Equation 6.1-8. 

 

Note from Equation 6.1-11, the maximum torque is again directly proportional to the angular 

momentum and inversely proportional to the sudden-stop time t to reach maximum torque. The 

peak torque for this model of sudden-stop acting into a spring is a factor of (𝝅/𝟐) larger than the 

value for the constant torque deceleration example.  

 

6.1.3.6  References 

 

MA2-00-057, PSRP letter on Mechanical Systems Safety, September 28, 2000, in NSTS/ISS 

18798b, "Interpretations of NSTS/ISS Payload Safety Requirements." 

 

6.1.4  NFC Sealed Container 

 

A checklist is provided in Table 6.1-3, Checklist for NFC Sealed Container, for NFC sealed 

containers, e.g., a sealed electronics box that is not part of a pressure system and is not a pressure 

vessel. For NFC sealed containers, no NDE or fracture analysis is required. To meet this NFC 

category, all items in the checklist need to be met. 
 

Table 6.1-3—Checklist for NFC Sealed Container  

(All requirements must be met.) 

Item Description of Requirement 
Meets 

 (Y or N) 

1 Does not contain hazardous material.   

2 
Loss of pressure or fluid from the container does not result in a 

catastrophic hazard. 
  

3 Container supports meet fracture control requirements.   

4 

The part is manufactured from metal alloys typically used for 

commercially available sealed containers procured to an aerospace 

standard or equivalent that are not susceptible to crack extension related 

to EAC or SLC. 
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5 The container satisfies the LBB definition in this document at MDP.   

6 
The container does not have an impervious barrier or coating that inhibits 

leakage on either the interior or exterior surfaces. 
  

7 The container is inspected for leaks before repressurization.   

8 Reflight containers are inspected for leaks before being reflown.   

9 
Stored fluid energy < 14,240 ft-lb based on adiabatic expansion of a 

perfect gas.    

10 MDP is less than 44 psi.   

11 

If 22 psi < MDP < 44 psi, then either:  

(i) Positive structural margins against burst factor of 2.5 x MDP is 

predicted  

        OR 

(ii) Container is proof tested to a minimum of 1.5 times the MDP. 

  

 

Example 1. The MDP for a sealed container is less than 30 psi, the container is not proof tested, 

and the minimum structural margins are 12% with a burst factor of 1.5. Criteria in 10 and 11 in 

the checklist are not met, and the container is classified as FC. 

 

Example 2. The container does not satisfy LBB at MDP. The container is classified as FC since 

criteria 5 is not met. 

 

Example 3: The container contains hazardous material and the MDP is 50 psi. Criteria in items 

10, 11, and 1 are not met; the container is classified as FC. 

 

Example 4: Different NASA organizations (e.g., JSC) may have tailored the criteria in Table 

6.1-3, but it does not imply that it will be accepted for all programs and all applications. These 

are typically tailored for payloads and not propulsion systems. In one program, JSC classified a 

hardware as NFC Sealed Container because it utilized common aerospace materials of 

construction and had high fracture toughness [KIc/Fty > 0.33 √in (1.66 √mm)] as these typically 

demonstrate LBB failure modes per JSC 25863C, Fracture Control Plan for JSC Space-Flight 

Hardware.  

 

6.1.5  NFC Tools, Mechanisms, and Tethers  

 

This section is reserved. 

 

6.1.6  NFC Batteries  

 

For the battery to be classified as NFC, the battery cell and enclosure must meet both the 

NHLBB Pressurized Components checklist and the NFC Sealed Container checklist. Because 

some of the requirements are common between the two checklists, a consolidated checklist is 

provided in Table 6.1-4, Checklist for NFC Batteries, to assist in the NFC part classification. To 

meet this NFC category, all items in the checklist need to be met. 
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Table 6.1-4—Checklist for NFC Batteries  

(All requirements must be met.) 

Item Description of Requirement 
Meets 

 (Y or N) 

1 Does not contain hazardous material.   

2 The leak or loss of pressure or fluid does not cause a catastrophic hazard.   

3 Battery enclosure supports meet fracture control requirements.   

4 

The part is manufactured from metal alloys typically used for 

commercially available sealed containers procured to an aerospace 

standard or equivalent that are not susceptible to crack extension related 

to EAC or SLC. 

  

5 The battery cell satisfies the LBB definition in this Handbook at MDP.   

6 
The battery cell does not have an impervious barrier or coating that 

inhibits leakage on either the interior or exterior surfaces. 
  

7 The battery is inspected for leaks before repressurization.   

8 
Reflight batteries are inspected for leaks before repressurization and/or 

before being reflown. 
  

9 
Stored fluid energy < 14,240 ft-lb based on adiabatic expansion of a 

perfect gas.   

10 MDP is less than 44 psi.   

11 

If 22 psi < MDP < 44 psi, then either:  

(i) Positive structural margins against burst factor of 2.5 x MDP is 

predicted  

        OR 

(ii) Battery is proof tested to a minimum of 1.5 times the MDP. 

  

12 

As the hardware item leaks down, there is no repressurization or 

continued pressure cycles that could lead to continued fatigue or crack 

growth related to EAC or SLC. 

  

13 
The hardware is manufactured from metal alloys that are not susceptible 

to crack growth related to EAC or SLC  
  

 

Per section 6.1.5 in NASA-STD-5019A, the guidance indicates that “small batteries in common 

use such as button cells of 200 mA-hr or less and carbon-zinc or zinc-air batteries of size F or 

smaller are exempt from fracture control.” 
 

Example 1: A small button cell battery of 50 mA-hr is part of a design and is considered exempt 

from fracture control.  

 

Example 2: A carbon-zinc battery smaller than size F is used in a design and is considered 

exempt from fracture control. 
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Example 3: The MDP for a battery container is less than 30 psi, the battery is not proof tested, 

and the minimum structural margins are 12% with a burst factor of 1.5. Criteria 11 in the 

checklist is not met, and the battery is classified as FC. 

 

Example 4: The battery does not satisfy LBB at MDP. The container is classified as FC since 

criteria 5 is not met. 

 

Example 5: The battery contains hazardous material and the MDP is 50 psi. Criteria 10, 11, and 1 

are not met; the battery is classified as FC. 

 

Example 6: Externally mounted batteries such as large lithium ion batteries do not fall into a 

strict NFC or FC category. The battery cells are not pressurized during operation but can be 

pressurized during thermal runaway (failure case). These batteries typically meet JSC 20793, 

Crewed Space Vehicle Battery Safety Requirements. There are questions as to whether the 

battery cells need to meet the pressure vessel requirements. The battery enclosure will trap most 

of the released material but can be vented. Consideration for these designs is not to treat it as a 

pressure vessel but rather a designed-to-leak container.   

 

6.2  General Approaches for NFC Parts 

 

This section is reserved. 

 

6.2.1  NFC Low-Released Mass  

 

An assessment of NFC Low-Released Mass can be conducted by analysis or test. Typically, a 

validated analysis methodology can be used in the assessment. In cases where analysis is of low 

confidence, a test approach is recommended. Examples are provided that utilize either an 

analysis approach or test.  

 

An example is provided to illustrate the concept of NFC Low-Released mass. A nonstructural 

heatshield component within a liquid rocket engine cracks and releases mass that travels through 

the system causing no catastrophic hazard. The failure mode was exercised through six engines 

fires for a duration/starts equal to two times the service life per NASA-STD-5012B, Strength and 

Life Assessment Requirements for Liquid-Fueled Space Propulsion System Engines. None of the 

engines experienced an adverse event due to the released mass. Impact analysis of the released 

mass also showed negligible effects on the structural and system performance. Consequently, the 

nonstructural component was assessed as NFC Low-Released Mass.  

 

In the following second example, a piece from a nozzle component breaks loose due to sudden 

pressurization. Several static fire tests and flight experience demonstrates that the loose piece 

does not impact system or structural performance. There is no risk of the piece impacting any 

part of the spacecraft or structure. The part is classified NFC Low-Released Mass. 

 

In this third example, a zip tie attached to a bonded clip is used to attach a part to a 

nonpressurized composite structural interstage. The zip tie can break loose if a flaw is present, 
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but analysis demonstrates that the energy is insufficient to cause damage to the structure; and 

there is no risk of loss of functional, structural, and performance degradation. The part is also 

classified as NFC Low-Released Mass.  

 

There may be a tendency to classify a component NFC Low-Released Mass based on weight, but 

it is important to consider the consequences of impact of the released mass. In the case of 

liberated foam insulation such as in the case of the Columbia accident, although the foam was of 

low mass, the velocity when it struck the leading edge of the Orbiter was high. An excerpt from 

the Columbia Accident Investigation Board (CAIB) report stated:  

 

"The visual evidence taken by launch cameras clearly shows the debris impact velocity 

was between about 500 fps and 800 fps relative to Columbia. Just prior to separating 

from the External Tank (ET), the foam was traveling with the orbiter at about 2300 fps. 

The visual evidence shows that the debris impacted the wing approximately 0.161 

seconds after separating from the ET. In that time, the debris slowed down from 2300 fps 

to about 1500 fps, so it hit the orbiter with a relative velocity of about 800 fps. In essence, 

the debris slowed down and the Orbiter did not, so that the Orbiter ran into the debris. 

The foam slowed down rapidly because it had a low ballistic number. The ballistic 

number of the debris was small because the foam has a low density."  

 

In this case, the impact of the foam on the orbiter could (and did) cause a catastrophic hazard, it 

should have been classified as fracture critical. Note that at that time, the ET foam insulation was 

not under fracture control. 

 

6.2.2  NFC Contained 

 

Parts that are safely confined in an enclosed volume should they become loose because of the 

presence of a flaw may be designated NFC via the contained category. (See Figure 6.2-1, NFC 

Contained Flowchart.) If the part contains hazardous materials or fluids, the containment 

assessment should also establish that no hazardous materials or part fragments are released that 

result in a catastrophic hazard. Also note that composite enclosure impact damage should be 

considered during fracture control classification and assessment of the enclosure. 

 

file:///C:/Users/bes26022/Documents/NASA/report
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Figure 6.2-1—NFC Contained Flowchart  

 

6.2.2.1  Containment Punch Equation Calculation 

 

Methods to assess containments of parts that may come loose inside of “containers” such as 

electrical boxes during payload acceleration for launch or landing or rotation are discussed. The 

so-called “Punch” equation has been used in these assessments, and it is supported by very 

limited test data. The energy required to “punch out” various sizes of circular areas in metals 

with given thickness and tensile yield strength is calculated; but in general, the Punch equation is 

conservative. The punch equation is given as follows: 

 

𝑡 = (
𝑀 𝑉2

2 π 𝐷 𝐹ty 
)

1/2

 

    (Equation 6.2-1) 

 

Fty = Tensile yield strength of the container 

D = Diameter of the projectile 

M = Mass of projectile 

t = Thickness required to contain the projectile 

V = Impact velocity 

 

An effective diameter may be used in the above equation for impact shapes other than a circle by 
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calculating the diameter that will result in a perimeter of a circle equal to the perimeter length of 

the predicted impact area. The predicted area and shape is based on the entire frontal face of the 

part assumed normal to the container on impact. The diameter D is calculated by equating the 

perimeter of a circle of diameter D to the following example cases: 

1.  Perimeter of the smallest face of a rectangular object (2 x [length + width]). 

2.  Perimeter of the circular projection when looking at a conical end. 

3.  The base perimeter of a cone. 

4.  The perimeter of the projected flat edge of a disk (2 x [diameter + thickness]). 

 

6.2.2.2  Discussion on Containment of Rotating Parts 

 

Fracture control requirements for operational safety of rotating devices often necessitate an 

evaluation of containment capability of covers, rings, housings, etc., which surround a rotating 

part such as a fan, motor, gyroscope, etc. For extremely high rotational velocities, other 

additional considerations such as rubbing will likely need to be considered to help dissipate the 

energy. A conservative impact velocity V may be used in the Punch equation by calculating the 

velocity to be equal to the outer radius of the rotating part multiplied by the rotational speed of 

the rotating part. If the calculated thickness is larger than the actual enclosure thickness, the 

rotating part will not be contained in the event of fragment generation of the shape, size, and 

mass assessed. A rotating part, which would not be contained, must be assessed for safe life 

using a conventional fracture mechanics approach. 

 

6.2.2.3  Containment Example Calculation for Rotating Hardware 

 

A small two- (2) blade cooling fan has a diameter of d = 3.06 inches. The fan weighs 0.302 lb 

(137 grams) and rotates at  = 10,000 rpm (1047 rad/sec). The fan and its housing are made of 

Aluminum 6061-T6 alloy. The blades are 0.07 in thick, and the housing is 0.1 in thick. 

Calculations show that the rotating fan does not possess the energy level necessary (14,240 ft-

lbs) to automatically require proof testing, inspection, and safe life assessment. Because of high 

RPM, an analysis must be made for containment. 

 

The impact velocity can be calculated as V =  d /2 = (1.53 × 1047) = 1602 in/sec. The weight of 

the released blade from the two-blade fan is assumed to be half of the fan weight, as it is a 

conservative assumption: 0.151 lbs. The thickness required to contain the projectile is as follows: 

 

 
(Equation 6.2-2) 

 

where:  

 

gravitational acceleration, g = 32.2 ft/sec2 = 386.4 in/sec2 

mass of the fan blade 0.151/386.4 = 0.00039 lb-sec2/in 

impacting edge of the blade assumed to be 1 inch long 
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perimeter of the blade calculated as [(2 x 1.0) + (2 x 0.07)] = 2.14 inches, and 

diameter of the circle with a circumference of 2.14 inch = 2.14/π = 0.68 inch 

 

The wall thickness required to contain the projectile piece is 0.082 in, and the actual one is 0.1 in 

as provided in Figure 6.2-2, Analytical Sketch for Rotating Hardware for the Example Problem. 

Break-up of the fan is contained; and the part is classified as NFC Contained. 

 

 
Figure 6.2-2—Analytical Sketch for Rotating Hardware for the Example Problem 

 

6.2.2.4  General Containment Analysis 

 

Containment analyses should consider such factors as the velocity and energy of the part, worst-

case sharpness/minimum area, elastic and/or plastic deformation, and the resulting stresses on the 

enclosure. For containment, it must be shown that structures or parts will be contained if they 

become detached from the payload because of structural failure of the part or attachment 

fasteners. Analysis must show that no part can attain sufficient kinetic energy to escape a 

container, which completely encompasses the aggregate structures or parts (such that none of 

them or their fragments can escape the confines of their container to cause a hazard to the vehicle 

or crew). The velocity in the “Punch” equation is modified to include other effects associated 

with a preloaded fastener: 

 

𝑉 = 𝑉1 + 𝑉0 = √2𝑎 𝑆𝑑 +  √
𝑃0

2𝐿 

 𝐴 𝐸 𝑀
   

(Equation 6.2-3) 

 

where V1 is the impact velocity of the detached piece due to acceleration a, V0 is the impact 

velocity due to fracture of a preloaded fastener, P0 is the fastener preload in pounds, M is the 

fastener fragment mass, L is the fastener preloaded length in inches, A is the fastener cross 

sectional area in inches, and E is the fastener modulus of elasticity. In addition, Sd is the 

maximum travel distance of the projectile within the container (such as the longest diagonal in a 

rectangular box, minus the smallest dimension of the free part). Note that this only applies to low 
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fracture toughness fasteners weighing more than 0.03 pounds; otherwise, the fastener would be 

considered a low-release mass.  

 

The kinetic energy of the projectile(s) created as a result of a structural failure of contained 

structures or parts is determined by the mass of the detached part (M) and the velocity (V) it can 

attain within the confines of its container. Contributors to the projectile impact velocity that the 

analyst should consider are the impact velocity (V1) due to acceleration and initial velocity (V0) 

of a fastener fragment caused by the sudden release of preload. Neither the relative velocity due 

to the structural dynamic response of the projectile and its mounting prior to release, nor the 

relative velocity due to the vibration response of the impacted wall is generally considered in the 

velocity calculations. These components are required only for special cases of significant 

structural displacements sufficient to generate a whip type action propelling the projectile or wall 

displacements that are an order(s) of magnitude times the thickness. If the failure is that of a 

preloaded fastener, the initial velocity, V0, will be induced by the sudden conversion of stored 

energy (preload) to kinetic energy.  

 

6.2.2.5  Container Fastener Analysis 

 

Fasteners holding containers together often need to be assessed. For example, fasteners that hold 

the lid on a box may require analysis to show that they would not break if the lid was struck by a 

loose part. Both rotating and stationary parts should be assessed. This assessment would be 

required for containment of a relatively large mass with a relatively large contact area whose 

impact would not be expected to penetrate the walls, but would, nonetheless, be a significant 

dissipation of energy. This check may not be required for electronics and similar boxes using 

standard packaging designs. The analyst should coordinate with the RFCB when uncertainty 

exists for analyzing container fasteners. This type of analysis can be quite complex and involve 

several failure modes. The following needs to be evaluated: 

 

1. Does the loose part strike at a single fastener or between fasteners? 

2. Does the fastener fail in tension or extrude the fastener head through the wall 

thickness? 

3.  If a fastener fails, will adjacent fasteners carry the remaining energy? 

4.  If a fastener(s) fails, will the deflection of the cover remain small enough so that the 

loose part does not escape? 

5.  Does the loose part absorb significant energy itself upon impact with the container 

wall? 

 

A simplified method for assessing the tensile capability assuming a loose part impacts directly 

upon a single fastener is given below. This is conservative since a loose part is most likely to 

strike in an area where the load would be shared among more than one fastener. If the fastener 

passes this check, a similar check would be required for extruding the fastener head through the 

cover wall. If both these checks are passed, the analysis would generally be considered complete; 

otherwise, the analyst must investigate further the type of things listed above. The approach is to 

assume that the kinetic energy of the loose part must be absorbed by the strain energy capability 
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of the fastener. This kinetic energy is readily available from the analysis and the following is the 

inequality necessary for containment: 

 

1.6  
1

2
𝑀 𝑉2 <  

1

2
 𝜀𝑢𝑙𝑡 𝑙 (𝑃𝑡𝑦 + 𝑃𝑡𝑢) 

(Equation 6.2-4) 

where the left side of the inequality is the kinetic energy of the loose part and right side of the 

equation is the strain energy capability of the bolt, which depends on the length (l) of the bolt 

strained,  𝜀𝑢𝑙𝑡 is the ultimate strain capability of the bolt material, Pty is the tensile yield strength 

of the bolt, and Ptu is the ultimate strength of the bolt. The “1.6” factor in this equation is the 

dynamic amplification factor and, in the inequality, condition should be applied for the weakest 

fastener holding the container together. 

 

6.2.3  NFC Fail-Safe 

 

Parts with sufficient structural redundancy such that an individual element failure does not 

violate system performance, function, or structural capability may be designated NFC via the 

fail-safe category. Consider a component that is attached to a spacecraft using a four-truss 

system. An analysis without one of the trusses (one truss is fully cracked) shows positive 

structural margins of safety for the remaining trusses. A failure modes effects and analysis 

demonstrated no system impact and that, even if the truss cracked, the truss would not become 

loose or contact any composites. The truss system is classified NFC Fail-Safe. 

 

Note that this classification only applies for structures with redundant members, i.e., the 

remaining members can carry the redistributed load changes due to the loss of one member 

without loss of structural capabilities or causing a catastrophic hazard during the mission 

lifetime. If inspection between reflight is not feasible, alternative rationale is required to 

demonstrate that the structure maintains redundancy for future flight. Possible considerations 

may include fatigue-based rationale, instrumentation and flight data demonstrating no member 

failed, and rationale that the failure of one member of the structure does not result in foreign 

object debris (FOD) loss of function of the structure for reflight. 

 

6.2.4  NFC NHLBB Pressurized Component 

NHLBB components are metallic pressure-bearing walls of containers, trapped volumes, lines, 

fittings, valves, regulators, filters, bellows, or other pressurized hardware that transfer 

nonhazardous fluid under pressure and that would leak down in the presence of a flaw rather than 

burst when used as intended. All items in the checklist in Table 6.2-1, Checklist for NFC 

NHLBB Pressurized Component, need to be met for a pressure component to be classified as 

NFC NHLBB: 
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Table 6.2-1—Checklist for NFC NHLBB Pressurized Component 

(All requirements must be met.) 

Item Description of Requirement 
Meets 

 (Y or N) 

1 
The pressurized item satisfies the LBB definition in this Handbook at 

MDP. 
  

2 The leak does not cause a catastrophic hazard or release hazardous fluid.   

3 

As the hardware item leaks down, there is no repressurization or 

continued pressure cycles that could lead to continued fatigue or crack 

growth related to EAC or SLC. 

  

4 
The hardware is manufactured from metal alloys that are not susceptible 

to crack growth related to EAC or SLC  
  

5 
Structure supporting pressurized hardware also meets fracture control 

requirements. 
  

6 
Hardware does not have an impervious barrier, coating, etc., on either the 

interior or exterior surfaces that inhibits leakage. 
  

7 
Reflight hardware is inspected for leaks before repressurization and/or 

before being reflown. 
  

Guidance is provided on the topic of NHLBB for pressure system components, which is a 

required evaluation listed in the first item of the checklist. Specific considerations relative to 

LBB are discussed in section 11 in this Handbook. When LEFM is applicable, an acceptable 

approach to demonstrate LBB for metallic alloys is to show by analysis that a worst-case surface 

crack will grow into a through-the-thickness crack without unstable crack propagation. This 

presumes the hardware manufacturing process has no credible risk of producing initial flaws 

longer than the crack, and leakage through the crack is shown to reduce pressure before loadings 

could grow the crack to cause fracture. The analysis, considering applied loads and residual 

stress effects, shows that the crack will leak and not be unstable.  

The design safety factor requirements applied to typical pressurized systems and common 

materials of construction tend to ensure that the critical flaw size (CFS) requirements for 

NHLBB are met under operating conditions. NHLBB is characterized by a relatively slow leak 

as opposed to rapid tearing or fragmentary rupture. A general approach is to ensure that the CFS 

be a through flaw of length at least 10 times the thickness (2c ≥ 10t) for the component to be 

NHLBB. Figure 6.2-3, Critical Flaw Size Criteria for Nonhazardous Leak Before Burst for a 2c 

= 10t Flaw, includes design curves to check for this in pressurized tubes. 

To generate the design curves in Figure 6.2-3, a parametric numerical study was performed. 

NASGRO® was run using TC07 taking S0 as the input rather than internal pressure, and the 

thick-walled cylinder stress equation was used because the thin-walled approximation does not 

apply for the higher thickness-to-outer diameter ratio. In the x-axis is the thickness-to-outer 

diameter ratio, and in the y-axis is the ratio of material fracture toughness to pressure. One design 

curve is provided for each outer diameter. If a point for a tube is above the respective optical 

density (OD) curve, the CFS is a through flaw of length at least 10 times the thickness, and the 

CFS requirement for NHLBB is met. If the CFS requirement for NHLBB is not met, a more 
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specific fracture mechanics analysis may be conducted addressing actual component parameters 

and properties. When the 10t fracture analysis check is made, the analyst should make sure that 

any actual through cracks in the hardware will be less than 10t in length. Otherwise, an actual 

crack in the hardware may have grown past 10t potentially leading to an unsafe situation. 

 

Figure 6.2-3—Critical Flaw Size Criteria for Nonhazardous Leak Before Burst for a 2c = 

10t Flaw 

(The y-axis is the ratio of fracture toughness, K, to pressure, P. The x-axis is the ratio of 

thickness, t, to outer diameter, OD. A pressure and geometric configuration above the curve of 

interest indicates the CFS requirement for NHLBB is met. Below indicates a violation of the 

CFS requirement.) 

 

When the analyst or responsible engineer is uncertain about the application of the LBB analysis 

criteria or the prescribed flaw aspect ratios, it becomes prudent to consider the intent of LBB in 

the bigger context of safety, fracture control, production defects, and inspections. See the 

following example: 

A pressure component is evaluated for NHLBB. All the criteria 1-6 are met. There are 

reasonable concerns based on production and inspection experience that low aspect ratio surface 

flaws could exist. Per section 11.1 in this Handbook, it is recognized that low aspect ratio flaws 

can lead to burst rather than leak, despite the analysis results suggesting an LBB failure mode. 

Due to this uncertainty, the pressure component is subjected to a suite of testing while containing 

enveloping low aspect ratio flaws (compared to production data) to show that LBB is met by test. 

For long surface cracks, 10t LBB criterion may be insufficient for such crack geometries. 
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Alternatively, this hardware could be classified as fracture critical and receive safe-life analysis 

and the required NDE. 

Generally, for items other than thin-walled cylinders or spheres dominated by pressure loads, it 

can be challenging to use a LBB justification. Complications can be caused by e.g., thicker 

regions, stiffeners, loads other than pressure, bending in the skin, and stress concentrations.  

 

6.2.5  NFC Low-Risk Parts  

 

6.2.5.1  NFC Low-Risk Metallic Parts  

 

Metallic parts are classified as NFC Low Risk if they meet all the items in the checklist in Table 

6.2-2, Checklist for NFC Low-Risk Metallic Parts. These parts are extremely unlikely to contain 

or develop critical flaws because of (1) extremely low likelihood of flaws being induced by 

manufacturing processes, environmental effects, or service events and (2) large structural 

margins. These parts do not require NDE or fracture analysis based on the NDE detection limit 

per NASA-STD-5009A, Nondestructive Evaluation Requirements for Fracture Critical Metallic 

Components.  

 

Table 6.2-2—Checklist for NFC Low-Risk Metallic Parts 

(All requirements must be met.) 

Item Description of Requirement 
Meets 

(Y or N) 

1 

The part is manufactured from materials with well-characterized strength 

and ductility properties using processes that have been established by 

inspections to be extremely unlikely to produce parts with flaws and that 

have been shown not to fail because of brittle fracture. 

  

2 

Metallic parts have a material property ratio of KIc⁄Fty ≥ 1.66 √mm (0.33 

√in) and do not have sensitivity to EAC, SLC, or stress corrosion cracking 

as defined in NASA-STD-6016. 

  

3 
Aluminum parts are not loaded in the short transverse direction if this 

dimension (from the raw stock part) is greater than 7.62 cm (3 in). 
  

4 

Parts have total net-section stresses, e.g., maximum principal or von Mises, 

whichever is larger, at limit load that are less than 30 percent of the 

ultimate strength. 

  

5 

Fatigue analysis predicts minimum service life factor of 4 with a factor of 

1.5 on local cyclic stresses. 

 

OR 

 

Damage tolerance analysis predicts minimum of 4 service lives with a 

factor of 1.5 on alternating stress using a 0.127-mm (0.005-in) initial crack 

that conservatively accounts for the effects of notches and mean stress. 
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Note that metallic welds, brazes, and castings are manufacturing processes that are likely to 

contain flaws, and  they do not qualify as low-risk parts unless data confirms flaw sizes produced 

in manufacturing processes will not grow, i.e., the crack stress intensity factor is below 

threshold, including consideration of environment and residual stress effects. A part also does 

not qualify as low-risk if any section of it is considered fracture critical. Additively manufactured 

parts are also excluded from the NFC Low Risk category because of the likelihood of the 

manufacturing process to introduce defects in the material. (See NASA-STD-6030, Additive 

Manufacturing Requirements for Spaceflight Systems [AMR-15]. These materials are process-

dependent and may not meet Item 1. 

 

Example 

 

Consider an Aluminum 6061-T6 bracket with the dimensions specified in Figure 6.2-4, 

Dimensions and Loads of the Aluminum 6061-T6 Bracket. Table 6.2-2 is used to determine if 

the bracket can be classified as an NFC Low-Risk metallic part. 

 

 

 
Figure 6.2-4—Dimensions and Loads of the Aluminum 6061-T6 Bracket 

 

The requirements of item 1 from Table 6.2-2 are met because Aluminum 6061-T6 has well-

characterized strength and ductility properties. Additionally, the bracket-forming process has 

been established by inspections to be extremely unlikely to produce parts with flaws; and the 

material formed using this process does not have a history of failure due to brittle fracture. 

 

Next, item 2 of Table 6.2-2 is evaluated using the plane strain fracture toughness (KIc) and the 

tensile yield strength (Fty). The yield strength is 33 ksi, and the plane strain fracture toughness is 

22 ksi √𝐢𝐧𝐜𝐡 at the operating temperature, giving a ratio of plane strain fracture toughness to 

yield strength (KIc/Fty) of 0.67 √𝐢𝐧𝐜𝐡. The ratio is greater than the minimum required value of 

0.33 √𝐢𝐧𝐜𝐡. Additionally, Aluminum 6061-T6 does not have sensitivity to EAC, SLC, or stress 

corrosion cracking as defined in NASA-STD-6016. The requirements of Table 6.2-2, item 2, are 

met. 
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Item 3 of Table 6.2-2 must be evaluated, as the bracket is made from aluminum. The bracket is 

constructed with an aluminum alloy sheet with a thickness of 0.25 inch in the short transverse 

direction, which is less than the 3-inch maximum requirement for the short transverse direction 

of the raw stock. The requirement of Table 6.2-2 item 3 is met. 

 

Table 6.2-2, item 4, requires that the net section stress is less than 30 percent of the ultimate 

strength. The A-basis ultimate strength for Aluminum 6061-T6 at the operating temperature is 42 

ksi, so the net section stress must be less than 12.6 ksi. A stress analysis was completed and 

determined that the maximum net section stress in the bracket is 10 ksi (average stress through-

the-thickness without the crack). This is less than 30 percent of the ultimate strength, so the 

bracket meets the item 4 requirement. While the net section value was calculated numerically, 

NASGRO® provides net section stress solutions for many geometries in the user manual. The 

stress distribution through-the-thickness can be provided as an input to NASA. 

 

Table 6.2-2, item 5, can be satisfied with a fatigue analysis or damage tolerance that shows a 

minimum of 4 service lives with a 1.5 factor on loads. In this example, a fatigue analysis is 

completed based on the mean S/N curve for Aluminum 6061-T6, as seen in Figure 6.2-5, Best-fit 

S/N Curves for Unnotched 6061-T6 Aluminum Alloy. The 10 ksi maximum net section stress is 

multiplied by the 1.5 load factor to get a maximum stress of 15 ksi for the fatigue analysis. The 

bracket undergoes fully reversible loading, so the R ratio of the bracket is -1. This corresponds to 

the red curve in Figure 6.2-5. The bracket is anticipated to undergo 100,000 cycles at this load 

during its service life. Multiplying the number of cycles in the service life by the service life 

factor of 4 gives a required life of 400,000 cycles. At 15 ksi, the S/N data from MMPDS 

indicates 5,000,000 cycles to failure. The fatigue analysis predicts more than 4 service lives with 

a 1.5 factor on loads, so the requirements of Table 6.2-2, item 5, are satisfied. While not 

illustrated here, note that all adjustment factors should be considered in the fatigue analysis to 

account for temperature, surface finish effects, loads, and environmental effects.  

 

The requirements are satisfied for all five requirements of Table 6.2-2, so the bracket can be 

classified as an NFC Low-Risk metallic component. 
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Figure 6.2-5—Best-fit S/N Curves for Unnotched 6061-T6 Aluminum Alloy 

(Reference MMPDS-15, page 3-480.) 

 

6.2.5.2  NFC Low-Risk Composite Parts  

 

Composite parts are classified as NFC Low Risk if they meet the items in the checklist in Table 

6.2-3, Checklist for NFC Low-Risk Composite Parts. These parts are extremely unlikely to 

contain or develop critical flaws because of (1) extremely low likelihood of flaws being induced 

by manufacturing processes, environmental effects, or service events and (2) large structural 

margins.  
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Table 6.2-3—Checklist for NFC Low-Risk Composite Parts 

(All requirements must be met.)  

 

Item Description of Requirement 
Meets 

(Y or N) 

1 

Define the worst-case credible flaw conditions shown to be tolerated by the 

hardware through analysis and test, considering all flaw detection and 

mitigation strategies that are implemented for the flight hardware. 

  

2 

Encompass all worst-case credible damage conditions, except the threats 

that are mitigated by NDE evaluations, the Impact Damage Mitigation 

Plan, and threats accepted by the program or project. 

  

3 
Document the "damage states" the program chose to exclude from the 

design. 
  

4 

The part residual strength with the largest Residual Threat Determination 

flaw based on items 1-3 can sustain Design Ultimate Loads as verified by 

analysis combined with coupon or hardware element test data. 

  

5 

The part strain at limit load with the Residual Threat Determination 

established flaw size based on items 1-3 is below the no-growth threshold 

strain established by test. 

  

6 

Reflight hardware is verified by visual inspection or other means to show 

the hardware is intact and free of structural anomalies before being 

reflown. 

  

 

If a composite part meets NFC Low Risk, it would have to comply with the following 

requirements in addition to the checklist above: 

 

1. A DTA in accordance with section 7.4.1 in NASA-STD-5019A. 

2. An IDMP in accordance with section 7.4.2 in NASA-STD-5019A. 

3. An RTD in accordance with section 7.4.3 in NASA-STD-5019A; this is already 

covered in the checklist. 

4. Perform NDE post-manufacturing according to section 8.1.2 of NASA-STD-5019A 

except for parts classified as NFC low-released mass parts and NFC contained parts. 

5. Establish and maintain traceability for each fracture critical and NFC composite or 

bonded part by providing a unique serial number (or other method when serialization is not 

practical) and a complete life history, including load history, impact damage, repair, materials, 

manufacturing, processing, and environmental exposure.  

6. Meet the material selection and usage requirement of section 8.3 in NASA-STD-

5019A [FCR 22]. 

 

Example application # 1: The worst-case credible flaw condition based on flaw detection 

capability and potential for FOD for a composite camera cover was determined to be 2 inches. A 

threat analysis determined that the composite hardware is unlikely to experience impact damage; 

and if damage were to occur, indications on the paint can point to an impact damage event. The 

program decided not to exclude any damage states; all three items 1-3 have been satisfied. A 

full-scale test of the camera cover with 2-inch flaw survived a design ultimate load condition. 
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Prior to this test, a limit load condition was applied and NDE demonstrated that there was no 

growth. The hardware is not designed for reflights. The camera cover is designated NFC Low 

Risk as items 1-6 are satisfied. The documentation for this work is cited in the FCSR where the 

part is listed as NFC in accordance with NASA-STD-5019A, section 9 requirements. Additional 

action items 1-6 are required for NFC Low-Risk composite parts. 

 

Example application # 2: A raceway cover is inspected after manufacturing and NDE can detect 

flaws greater than 0.5 inch. Based on a complete damage threat analysis from manufacturing to 

flight, it was determined that impact events up to 75 Joules are possible. A flight representative 

raceway cover was subjected to the 75 Joules event, and this damage was determined to be 

greater than manufacturing flaws. The damaged part was immediately loaded to limit load 

conditions and no evidence of damage growth from this load condition was observed based on 

NDE. The part with the damage also survived the design ultimate load condition. The hardware 

is not reflown, and there are no damage states that were excluded in the evaluation. The raceway 

cover is designated NFC Low Risk as items 1-6 are satisfied. The documentation for this work is 

cited in the FCSR where the part is listed as NFC in accordance with NASA-STD-5019A, 

section 9 requirements. Additional action items 1-6 are required for NFC Low-Risk composite 

parts. 

 

6.2.6  NFC Documented Nonhazardous Failure Mode 

 

Note that this category is significantly different from the Exempt classification in section 5 of 

NASA-STD-5019A. Exempt parts are nonstructural and have no hazardous concerns or failure 

modes. This category may have structural or nonstructural parts that are to be addressed by a 

documented hazard assessment that establishes no credible catastrophic hazards exist for the 

failure modes identified. 

 

An example of a situation that could be addressed by this section could be a case where a 

structural member cracks and loses some amount of load-carrying capability, but the 

consequence of the member condition is either minor or controlled such that no catastrophic 

hazard event could occur, and that condition is documented by engineering and safety 

evaluations. 

 

Another example of a situation that may be applicable for this section may be a structure that 

experiences a displacement-controlled loading in a manner such that the structure/material has 

capability to sustain a flaw/crack that causes the loading to redistribute or reduce so that a critical 

crack size that results in fracture cannot be achieved.  

 

Consider a final example involving an experiment that contains a nonhazardous liquid is on the 

flight manifest to ISS. The container with the liquid is triple-bagged and stowed in a locker. The 

levels of containment are reviewed by engineering and safety and determined to be 

nonhazardous. 
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6.3  Additional Activities for Composite or Bonded NFC  

 

See section 6.2.5.2. 

 

7.  ASSESSMENT OF FRACTURE CRITICAL PARTS 
 

7.1  Fracture Critical Parts  

 

This section is reserved. 

 

7.2  Established Approaches for Specific Fracture Critical Hardware Types 

 

This section is reserved. 

 

7.2.1  Fracture Critical Metallic Pressure Vessels  

 

7.2.1.1  Example 1 

 

Consider a cylindrical pressure vessel made of Ti-6Al-4V that is designed to the factors of safety 

in ANSI/AIAA S-080A, Space Systems - Metallic Pressure Vessels, Pressurized Structures, and 

Pressure Components. Assume a 10-inch radius and 2,500 psi MDP. Complete a fracture 

analysis to determine the predicted safe-life if it undergoes dye penetrant NDE before operation. 

 

A pressure vessel must be designed to at least a 1.5 burst factor according to ANSI/AIAA S-

080A. Assuming pressure is the only load, the maximum stress in a cylindrical pressure vessel 

occurs in the hoop direction. This must be less than or equal to the ultimate strength divided by 

the 1.5 burst factor. The ultimate strength for Ti-6Al-4V is 170 ksi, so the hoop stress must be 

less than or equal to 113.3 ksi. Using the thin-walled pressure vessel assumption, the minimum 

required thickness can be calculated as follows: 

 

𝒕 ≥
𝑷𝒓

𝝈𝒉
=

(𝟐, 𝟓𝟎𝟎 𝒑𝒔𝒊)(𝟏𝟎 𝒊𝒏)

𝟏𝟏𝟑, 𝟑𝟑𝟑 𝒑𝒔𝒊
= 𝟎. 𝟐𝟐 𝒊𝒏 

(Equation 7.2-1) 

 

If the thickness is at or above 0.22 inch, the pressure vessel in this example meets the 1.5 burst 

factor. For this demonstration, the thickness is assumed to be exactly 0.22 inch and NASGRO® 

was used for the fracture analysis. Two crack orientations must be considered: an axially aligned 

flaw (SC04 in NASGRO®) and a circumferentially aligned flaw (SC05 in NASGRO®). A 

depiction of these flaws and the corresponding inputs in NASGRO® can be seen in Figures 7.2-

1, NASGRO® Input for an Axially Aligned Flaw in a Hollow Cylinder, and 7.2-2, NASGRO® 

Input for a Circumferentially Aligned Flaw in a Hollow Cylinder. An axially aligned flaw is 

perpendicular to the hoop direction, so hoop stresses drive crack propagation. A 

circumferentially aligned flaw is perpendicular to the axial direction, so axial and bending 

stresses drive crack propagation. 
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Figure 7.2-1—NASGRO® Input for an Axially Aligned Flaw in a Hollow Cylinder 

 

 

 
 

Figure 7.2-2—NASGRO® Input for a Circumferentially Aligned Flaw in a Hollow 

Cylinder 

 

The “NASA std NDE” radio button within NASGRO® was chosen to allow for the entry of 

NDE initial flaws from NASA-STD-5009. As seen in Figures 7.2-1 and 7.2-2, dye penetrant 

NDE can be chosen with either the minimum or maximum dye penetrant crack aspect ratio of 0.2 

and 1.0, respectively. Both aspect ratios should be evaluated. A crack size limit can also be set if 

a through crack is not permissible, which is often the case for pressure vessels. Note that for the 

axially aligned flaw (SC04), the load can be input as the internal pressure by checking the “S0 

from unit internal press” option. If this option is checked, the load in the “load blocks” tab must 

be defined as internal pressure in the ksi units, which is 2.5 ksi in this example. For the 

circumferentially aligned flaw (SC05), there is no option to use the internal pressure as the load. 

Rather, the load must be input as the induced axial stress, which in this case can be calculated 

with the thin-walled pressurized cylinder assumptions as follows: 
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𝝈𝒂 =
𝑷𝒓

𝟐𝒕
= 𝟓𝟔. 𝟖 𝒌𝒔𝒊 

(Equation 7.2-2) 

 

The loads are input with the maximum loads as specified above and a zero R ratio. The material 

must also be selected in the “Material” tab. For this example, the Ti-6Al-4V alloy with the 

material ID of P3EA13AB1 is used. Note that it is NASA policy to change Bk to zero, or to a 

value such that the maximum stress intensity factor is less than or equal to the critical stress 

intensity factor with RFCB approval. In this example, Bk is set to zero and all other material 

properties are unchanged. Note Bk has no influence on the crack growth behavior as the flaw 

considered is a surface flaw. 

 

The analysis was run for both crack cases with the crack aspect ratio at 0.2 and 1.0. The cycles to 

failure at MDP are shown in Table 7.2-1, MDP Cycles to Failure Prior to Life Factor of 4 for 

Different Dye Penetrant Crack Orientations and Aspect Ratios in a Hollow Cylinder. Failure 

occurred either due to reaching a through crack or unstable crack growth. The limiting case is 

428 cycles to failure for the axial crack with a 1.0 aspect ratio. In accordance with ANSI/AIAA 

S080A, the life from a fracture analysis must be divided by a factor of 4 to obtain the safe life. 

The pressure vessel in this example has a safe life of 93 pressure cycles from zero to 2,500 psi. 

 

Table 7.2-1—MDP Cycles to Failure Prior to Life Factor of 4 for Different Dye Penetrant 

Crack Orientations and Aspect Ratios in a Hollow Cylinder 

Crack Orientation Crack aspect 

ratio, a/c 

Dye penetrant initial 

crack depth, a 

MDP cycles to 

failure 

Axial (SC04) 0.2 0.025” 581 

Axial (SC04) 1.0 0.075” 428 

Circumferential 

(SC05) 

0.2 0.025” 8,420 

Circumferential 

(SC05) 

1.0 0.075” 6,781 

 

7.2.1.2  Example 2 

 

Consider a cylindrical pressure vessel designed to the factors of safety in ANSI/AIAA S-080A. 

Examine cases where the pressure vessel wall thickness is outside the limits for the NASGRO® 

built-in NASA-STD-5009 NDE flaw sizes. 

 

NASGRO® contains built-in NDE flaw sizes based on NASA-STD-5009, but many of these 

flaws can only be used if a minimum thickness is met. Table 7.2-2, NASGRO® Thickness 

Limits for Various NDE Techniques in Hollow Cylinders, outlines the NDE inspection 

techniques available. The thickness must be greater than 0.05 inch for eddy current, greater than 

0.075 inch for dye penetrant and magnetic particle, and greater than or equal to 0.1 inch for 

ultrasonic. Note that only radiographic flaws do not have a minimum thickness. This is because 

the radiographic crack size is a function of the thickness and does not have a minimum bound. 
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Table 7.2-2—NASGRO® Thickness Limits for Various NDE Techniques in Hollow 

Cylinders  

(EC = eddy current, P = dye penetrant, MP = magnetic particle, R = radiographic,  

U = ultrasonic. Taken from Table 8a of NASGRO® Main Reference Manual.) 

 

Crack Case 
NDE Inspection 

Technique 

Thickness Range 

(in) 

Crack Size (in) 

a                               c 

SC04, SC05 

EC (ext and int) t > 0.050 
0.020 

0.050 

0.100 

0.050 

P (ext) t > 0.075 
0.025 

0.075 

0.125 

0.075 

MP (ext) t > 0.075 
0.038 

0.075 

0.188 

0.125 

R (ext and int) 
t ≤ 0.107 

t > 0.107 

0.7t 

0.7t 

0.075 

0.7t 

U (ext and int) t ≥ 0.1 
0.030 

0.065 

0.150 

0.065 

 

Consider a Ti-6Al-4V cylindrical pressure vessel with a 10-inch radius and 500 psi MDP. If 

ANSI/AIAA S-080A factors are used, it must be designed to a burst factor of at least 1.5. 

Assuming pressure is the only load, the maximum stress in a cylindrical pressure vessel occurs in 

the hoop direction. This must be less than or equal to the ultimate strength divided by the 1.5 

burst factor. The ultimate strength for Ti-6Al-4V is 170 ksi, so the hoop stress must be less than 

or equal to 113.3 ksi. Using the thin-walled pressure vessel assumption, the minimum required 

thickness to meet this requirement can be calculated as follows: 

 

 

𝒕 ≥
𝑷𝒓

𝝈𝒉
=

(𝟓𝟎𝟎 𝒑𝒔𝒊)(𝟏𝟎 𝒊𝒏)

𝟏𝟏𝟑, 𝟑𝟑𝟑 𝒑𝒔𝒊
= 𝟎. 𝟎𝟒𝟒 𝒊𝒏 

(Equation 7.2-3) 

 

The thickness can be as low as 0.044 inch and still meet ANSI/AIAA S-080A requirements. If 

the thickness is chosen to be 0.044 inch, then only a radiographic NDE flaw is available as an 

input in NASGRO®. This is consistent with the requirements in Table 2, as only radiographic 

NDE flaws are available below 0.05-inch thicknesses. Dye penetrant, eddy current, magnetic 

particle, and ultrasonic NDE flaw sizes are too large to use in quantitative evaluations of 

potential flaws for this pressure vessel. 

 

7.2.1.3  Example 3 

 

In this example, a simple calculation to determine period inspection levels is provided (reference 

Chang and Seibold [ 2005]). A 16-inch diameter helium bottle made of a titanium alloy (Ti-6Al-

4V, STA) has a 0.15-inch membrane wall thickness and 0.25-inch-thick weld. The planned use 

of this helium bottle was in a reusable launch vehicle (RLV), so it will be refilled many times 

during its service life. The maximum expected operating pressure (MEOP) of this bottle is 4,000 
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psig. To achieve safe operation and mission success, a decision was made to use a fracture 

control approach to determine the inspection interval after the bottle is put into use. Assume that 

the weld region is the most critical location on this pressure vessel. No cracks or crack-like 

defects were found using standard dye penetrant NDE methodology. In the fracture mechanics 

safe-life calculation, the initial flaw size based on probability of detection (PoD) established for a 

standard radiographic inspection flaw size: crack depth a = c = 0.7t = 0.175 in.  From 

NASGRO® User’s Manual, the fracture toughness and crack growth rate constants for this 

titanium alloy (Ti-6Al-4V, GTA weld) are: KIe = 50 ksiin, KIc = 42 ksiin, C = 2.28  10–9 

(in./cycle)/(ksiin)3, and n = 3.  

 

A simple formula can be used to estimate the operating stress: 

σop = Pressure × Radius / (2 × thickness) = 4000×8/2×0.25 = 64 ksi. 

The final crack size can be calculated using the formula of a semicircular surface flaw: 

acr = 0.32 (KIe/σmax)
2 = 0.32 (50 ksi√𝑖𝑛 / 64 ksi)2 = 0.195 in. 

The total number of cycles that will be needed to fail the cracked weld region is calculated by 

using the simple version of the Paris Law equation: 

 

(𝑁𝑓 − 0) =
1

C (1 − 𝑛/2)(σop√𝜋)
𝑛 [(acr)1−

𝑛
2 − (a0)1−

𝑛
2] 

 

 

(𝑵𝒇 − 𝟎) =
𝟐

(2.28x10−𝟗)(𝟐 − 𝟑)(𝟔𝟒√𝝅)
𝟑 [(0.195)𝟏−

𝟑
𝟐 − (0.175)𝟏−

𝟑
𝟐] = 𝟕𝟖 𝒄𝒚𝒄𝒍𝒆𝒔 

 

The inspection level can be set to 19 MEOP pressure cycles to satisfy the 4 times the service life 

damage tolerance requirement. 

 

7.2.2  Fracture Critical Composite Overwrapped Pressure Vessels (COPVs) and Composite 

Overwrapped Pressurized Fluid Containers 

 

COPVs are designated as fracture critical.  Cracks and crack like flaws in the metallic liner are 

assessed using damage tolerance life assessment, which is based on either analysis or test.  Many 

COPVs are designed with a liner that responds elastically for all pressure and combined load 

conditions after autofrettage and linear elastic fracture mechanics (LEFM) can be used to assess 

the damage tolerance life by analysis. However, additional checks beyond global elastic response 

of the liner are necessary to determine if LEFM is appropriate.  

 

7.2.2.1  Limitations of LEFM 

 

While LEFM can be used to assess damage tolerance of elastically responding liners that contain 

small cracks relative to the thickness, caution needs to be exercised when predicting life of part-
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through cracks in thin metals where break-through is an end-of-life condition (e.g., COPV 

liners). LEFM assumptions impose limitations on the application as follows: 

 

1. The size of the cyclic plastic zone around the crack tip is small relative to the crack 

size.  

2. The crack-tip plasticity is surrounded by elastically responding material.  

3. The material is a homogeneous continuum and governing microstructural features are 

small relative to the crack size. 

 

The use of LEFM methods may not be appropriate if the liner is relatively thin compared to the 

inspectable crack depth. An example is a detectable crack depth of 0.025 inch in a liner that is 

only 0.035-inch thick, resulting in a ligament that is 0.01 inch. The crack growth rate through the 

ligament may be faster than that predicted by LEFM due to plasticity and microstructural 

features. Specifically, for plasticity, while a far-field analysis shows that thin liners are 

responding elastically, local plasticity in the ligament must be considered as LEFM assumes that 

the cracktip plastic zone is small relative to the size of the crack. Further, the ligament thickness 

may be on the same order as microstructural features such as grain size. The use of crack growth 

rate data obtained from standardized tests (such as that supplied in NASGRO®) may not be 

representative of crack growth in the ligament when the amount of local plasticity is not small 

compared to the remaining ligament. Guidance is contained in ASTM E647, Standard Test 

Method for Measurement of Fatigue Crack Growth Rates, on how to modify standard test 

procedures to characterize the growth of cracks when (1) their length is small compared to 

relevant microstructural dimensions (e.g., grain size), or (2) their length is small compared to the 

scale of local plasticity, or (3) they are merely small (e.g., < 1 mm). Note that all NASGRO® 

data are based on ASTM E647 but for specimens whose cracks are large compared to 

microstructural dimensions and large compared to the amount of local plasticity. The crack 

growth rate of cracks that are small compared to the amount of local plasticity can be 

underpredicted by da/dN data generated from tests of cracks that are large compared to the 

amount of local plasticity. 

 

For COPVs with far-field plastic response, coupon or vessel testing is required per ANSI/AIAA 

S-081A. Such tests may be adequate to address small scale effects by test if the test captures the 

effects of plasticity and microstructure in the remaining ligament.  

 

The following examples are compiled to demonstrate the cases where LEFM assumptions are 

inappropriate. 

 

7.2.2.2  Guidance for Liner-to-Overwrap Debonds 

 

Composite overwrapped pressure vessels (COPVs) with a bonded liner to composite interface 

are commonly used in flight programs.  Liner disbonds can occur due to workmanship issues in 

the manufacturing process and/or due to a geometric feature in the design (e.g. as a liner 

thickness taper at the boss or at a weld) that causes liner and adhesive strain peaks in the 

bondline.  Two conditions that can lead to failure as a result of liner disbond are, excess strain 

due to liner buckling and localization of plastic strains in the unsupported liner, similar to 
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necking.  Both conditions result in local strain peaks in the liner that are usually not addressed in 

damage tolerance analysis or test and can lead to failure of the liner at much lower pressures and 

fewer cycles than expected.  Historically, the bond line between the COPV liner and composite 

is analyzed.  However, this analysis is not highly reliable because bondline stresses cannot be 

directly validated by testing. 

 

Disbond detection approaches include post-proof borescope inspection to detect buckles and 

through-composite inspection methods such as shearography, thermography, and ultrasound.  

However, these methods may not be 100% effective.  For example, borescope is ineffective 

when disbonds do not form buckles or when access to the port is no longer possible.  To close 

this gap, nondestructive evaluation (NDE) to detect disbonds through-composite would be 

beneficial but would require NDE validation testing to confirm that a disbond is reliably 

detectable.   

 

If a buckle is found with borescope, the COPV is typically discarded.  If discarding is not an 

option, testing would be required to establish flight rationale. 

 

Following the detection of a disbond or if a disbond is suspected based on poor bondline process 

control, there are three issues that can develop:  1) liner bondline disbond growth, 2) liner buckle 

due to existing disbond causing liner failure, and/or 3) invalidation of damage tolerance life due 

to liner peak strains that occur local to the disbond.  Mitigation of the first two has been 

accomplished through cyclic testing with disbonds for 4x service life followed by borescope 

inspection and NDE to confirm that no disbond growth or buckling has occurred, the liner does 

not leak, and the tank does not rupture.  While this retires a portion of the risk, additional work to 

confirm damage tolerance life is required which remains after testing. 

 

The guidance in NESC tech bulletin [NASA Engineering and Safety Center Technical Bulletin 

No. 21-04, “Evaluating Appropriateness of LEFM Tools for COPV and Metal Pressure Vessel 

Damage Tolerance Life Verification]  to address issue 3 is also important to retire risk associated 

with issues 1 and 2.  Analysis that explicitly models the adhesive bondline and incorporates an 

elastic-plastic material model for the adhesive is required to fully predict the local strain field in 

the liner due to a disbond in the bondline.  These local strain fields should be verified not to 

invalidate the damage tolerance life or LBB assessments.   

 

7.2.2.3  Liner Inspections 

 

An issue with COPV liners is that using the Standard NDE initial flaw sizes provided in NASA 

5009 seldom results in compliance initial flaw sizes with damage tolerance life requirements.  

For example, the Standard dye penetrant crack size is a through-crack for all thicknesses less 

than 0.150” and most COPV liners are thinner than this.  Therefore, Special NDE per 5009, 

which requires demonstration of 90/95 POD for specific inspectors, can be used to reliably detect 

smaller crack sizes necessary to meet damage tolerance life. 
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7.2.2.3.1   Example 1 

 

A COPV experienced a leak due to cracking at a weld during ground operations. Analysis with a 

through crack demonstrated that leak before burst (LBB) criteria was met. A performance 

analysis indicated that leak rates predicted negligible impact for the mission to be successful. 

This example illustrates the use of LBB and performance analysis to demonstrate adequacy of 

the COPV design to complete the mission. 

 

7.2.2.3.2 Example 2 

 

Part of the qualification program of a COPV design requires demonstration that damage 

tolerance requirements are met. Machining of the flaws into the liner was performed but pre-

cracking was not achieved, raising concerns that the crack-tip may not be sufficiently sharp and 

that the life of the COPV could be overstated. In this example, the issue was addressed by 

repeating the tests after pre-cracking and a thorough characterization of the flaw prior to 

initiating testing.  

 

7.2.2.3.3  Example 3 

 

Linear elastic fracture mechanics was being used to assess damage tolerance life of a liner that 

was plastically strained after each cycle of operation. The analysis did not include any plasticity 

correction factors and could produce invalid results. A full-scale test or coupon-level test was 

required to demonstrate adequate damage tolerance of the COPV. 

 

7.2.2.3.4  Example 4 

 

A hydraulic system COPV had a thickness that per NASA-STD-5009 when standard penetrant 

inspection was used it would require an evaluation of a through-the-thickness crack. Initially, a 

partly through crack (PTC) was used, but this was deemed unacceptable. The liner thickness was 

equal to or smaller than the crack depth when standard penetrant crack size was used. Instead, 

the issue was resolved by a performance analysis demonstrating that an assumed leak can be 

sustained to complete the mission and that the fluid leakage was nonhazardous. 

 

7.2.2.3.5  Example 5 

 

A COPV design had a liner thickness less than the thickness required in Table 1 of NASA-STD-

5009 for standard NDE methodologies. Further, it was advised that special NDE be implemented 

and NASGRO® be used for the damage tolerance analysis as the liner was shown to remain 

linear elastic after autofrettage. The net section stress check in NASGRO® failed. While there 

was a push to accept the analytical results, the results could not be accepted due to the low 

confidence in the analysis. A full-scale test to demonstrate damage tolerance  requirements was 

conducted with a pre-crack. 
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7.2.2.4  Best Practices Based on the NESC COPV Life Test Assessment 

 

Any engineer working on damage tolerance assessments for COPV liners should be familiar with 

the work in NASA/TM−2020-5006765/Volume I, NESC-RP-16-01183, “Composite 

Overwrapped Pressure Vessel (COPV) Damage Tolerance Life Analysis Methodology and Test 

Best Practices. 

 

Best practices were identified during the NESC COPV Life Test Assessment of elastically 

responding COPV liners. This effort generated:  

 

• Data to evaluate the limitation of the LEFM computational methods used to predict crack 

growth behavior. 

• Tests to demonstrate methodology for validating COPV damage tolerance life 

requirements. 
 

In ANSI/AIAA S-081B, damage tolerance life requirements, verification, analysis, and test 

requirements are listed in sections 5.2.13.1, 6.2.1, 7.5.1, and 10.1, respectively. Section 7.1 

addresses the selection of material properties for analysis. The best practices do not address 

every requirement in these sections of ANSI/AIAA S-081B:   

  

Best Practice 1 

ANSI/AIAA S-081B, Requirement 5.2.13.1 

“The region(s) of the COPV to which damage tolerance is applied shall be designed such that 

the COPV liner possesses a minimum damage tolerance life of four (4) times the service life 

without sustained load crack growth, detrimental deformation, leakage, or rupture.” 

Best Practices 

1.   Demonstrate by test and/or validated elastic-plastic fracture analysis that stable tearing 

does not occur during the service life, including autofrettage 

2.   Ensure margin to stable tearing is characterized. 

3.   Margin to stable tearing can be identified by testing with larger crack sizes than NDE 

minimum detectable flaw or larger strains than identified COPV stress analysis. 

4.   A minimum of ten coupons are necessary to establish the margin; five coupons should 

be at crack depths near the NDE minimum detectable flaw and target strain, and five 

coupons should be at larger crack sizes or strain levels. 
Evidence Summary 

Stable tearing leading to failure (i.e., crack growth to the back surface) was observed at 

conditions just beyond the onset of stable tearing. The stable tearing was observed to be 

greater at an angle of about 30 degrees to the surface rather than at the maximum depth 

location (90 degrees to the surface), which appears to be in agreement with the simulations 

based on ASTM E2899. Crack mouth opening displacement (CMOD) measurements appear to 

be sensitive to the onset of yielding, blunting, and stable tearing. 
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Best Practice 2 

ANSI/AIAA S-081B, Requirement 6.2.1 

“The damage tolerance life requirement may be verified by analysis only if both of the 

following conditions are met: (1) The liner (or region of the liner) is shown to be elastically 

responding and characterized by linear elastic fracture mechanics (LEFM) throughout proof 

testing and the operational portion of the service life. (2) The fracture properties of the liner 

materials are determined in accordance with section 7.1.” 

Best Practices 

When NASGRO® analysis is used for damage tolerance life verification, COPV 

designers should address the potential violation of LEFM plasticity assumptions. 

Evidence Summary 

LEFM plasticity assumptions are violated before the transition from a surface crack to a 

through-crack (i.e., before COPV liner leakage). There is a gradual divergence between LEFM 

predicted behavior and measured crack behavior as cracks grow through the uncracked 

ligament. Measured crack growth in 0.032, 0.048, and 0.090-inch-thick AA6061-T6 sheet 

material (i.e., representative of COPV liner thickness) was predominantly higher than 

predicted by common practice LEFM-based computational methods (e.g., NASGRO®). 

 

LEFM plasticity assumption violations are not always flagged in a NASGRO® analysis 

allowing users to mistakenly continue analysis. The COPV Life LEFM limit and knockdown 

failure criteria is a more conservative damage tolerance life analysis approach than the state-

of-practice damage tolerance life analysis approach. 

 

 

 

Best Practice 3 

ANSI/AIAA S-081B, Requirement 7.1 

 

“The test program shall include the effects of all plastic deformation throughout the service 

life, for example, during autofrettage (if one is performed) and any other plastic cycles.” 

 

Best Practices 

Use coupon or tank testing to characterize the amount of crack growth observed during 

autofrettage or plastic cycles. 

 

Evidence Summary 

1. Fracture surface (i.e., pre-crack, autofrettage crack growth, stable tearing, and post-

cracking) regions were distinguished with selection of pre-cracking and post-cracking 

and stress ratio.  
2. The amount of crack growth during autofrettage was small (i.e., < 0.002 inch) and 

relatively independent of crack length and strain level provided that the crack tip 

conditions were below the onset of stable tearing. 
3. The amount of crack extension due to 4 consecutive autofrettage cycles was never 
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measured to be greater than the amount of crack extension in a single autofrettage 

cycle, multiplied by four, provided stable tearing was not present. 
4. The autofrettage cycles provided a distinct mark on the fracture surface that was used 

to determine the amount of crack growth.   
5. CMOD measurements appear to be sensitive to the onset of yielding, blunting, and 

stable tearing. 
 

 

 

Best Practice 4 

ANSI/AIAA S-081B, Requirement  

 

“Sufficient data shall be obtained either from conducting tests or other available sources so 

that meaningful nominal values can be established. The test program shall establish these 

properties for the parent metal, weld joints, and heat-affected zones, all taking into account 

the fluid contents, service life, and expected operating and test environments, as appropriate.” 

 

Best Practices 

1. Demonstrate by test that da/dN vs. K data from a surrogate material (i.e., rolled sheet 

in place of as-manufactured tank) is equivalent to or conservative to liner material. 

Upon modification of the material composition or processing, ensure the equivalency 

check is repeated. 
2. Complete fatigue crack growth tests using coupons extracted from a representative 

COPV liner and with the minimum reliably detectable surface pre-crack. 

These coupons should be extracted from a variety of regions throughout the tank, where the 

number of regions or extraction should be guided by electron backscatter diffraction (EBSD) 

or other microscopy observations. To form a baseline comparison, coupons should be 

extracted from the desired surrogate material (e.g., rolled sheet) with the same geometry as the 

liner coupons. Equivalency or conservatism can then be demonstrated by measuring fatigue 

crack growth rates. Fatigue crack growth testing at this scale should apply loads that induce 

the expected peak net section stress in the liner.   

 

Evidence Summary 

Microstructure variations are observed between different COPV liner regions, and between 

liner and rolled sheet material. In comparing material regions of different microstructure, 

fatigue crack growth tests quantified impact of damage mechanism to damage tolerance life 

(i.e., da/dN) while microscopy and tensile tests did not. 
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Best Practice 5 

ANSI/AIAA S-081B, Requirement 7.5.1 

 

“The analysis shall show that the COPV liner meets the damage tolerance life. The analysis 

may be performed using a crack growth software package.” 

 

Best Practices 

In damage tolerance life analysis, apply service lives in sequence. 

Evidence Summary 

The average da/dN from coupons and liners with the 4 × (autofrettage & 200 MDP) load 

spectrum were faster than those measured from coupons and liner with the 4 × autofrettage 

and 800 MDP load spectrum. 

 

 

 

Best Practice 6 

ANSI/AIAA S-081B, Requirement 7.5.1 

 

“For analysis of the autofrettage cycle (if one is performed), the factor of four may be waived 

provided conservative crack growth properties and methodology are used in the determination 

of crack growth for autofrettage. EXAMPLE The autofrettage cycle might be approached 

through analysis of a single event predicting the potential extension in a conservative manner 

using a lower bound crack extension resistance curve or equivalent technique, rather than a 

nominal resistance curve. This extended defect size thus derived might then be used as the 

starting defect size in the damage tolerance life analysis.” 

 

Best Practices 

Evaluate margin to stable tearing before waiving scatter factor of four for autofrettage. 

Evidence Summary 

Stable tearing leading to failure (i.e., crack growth to the back surface) was observed at 

conditions just beyond the onset of stable tearing. 

The stable tearing was observed to be greater at an angle of about 30 degrees to the surface 

rather than at the maximum depth location (90 degrees to the surface), which appears to be in 

agreement with the simulations based on ASTM E2899. 

  

 

 

Best Practice 7 

ANSI/AIAA S-081B, Requirement 7.5.1 

 

“The analysis shall account for changes in the flaw (crack) a/c and the effects of all 

environment(s) on the crack growth rate.” 
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Best Practices 

For flaws on the inner diameter of a COPV liner, include the contribution of pressure on inner 

mold line (IML) crack faces to the applied stress intensity factor in damage tolerance life 

analysis. 

Evidence Summary 

Liner IML and outer mold line (OML) crack da/dN correlated when the K solution for the 

IML cracks included the influence of crack face pressure. 

 

 

 

Best Practice 8 

ANSI/AIAA S-081B, Requirement 10.1.1 

 

“The coupons shall meet the specimen configuration and size requirements of ASTM E740.” 

 

Best Practices 

Ensure the width of damage tolerance life test coupon is at least 9 times 2c to reduce edge 

effects. 

 

 

 

Best Practice 9 

ANSI/AIAA S-081B, Requirement 10.1.1 

 

“Each coupon shall be pre-cracked.” 

 

Best Practices 

1. Pre-crack at R = 0.1 at 80% of yield or MDP whichever is lower. 

2. Pre-cracks of a/c other than 0.5 can be accomplished using multiple closely-spaced 

notches. 

3. Grow the pre-crack beyond the influence of the notch. Notches are half the size of the 

target pre-crack size. 
Evidence Summary 

Fracture surface (i.e., pre-crack, autofrettage crack growth, stable tearing, and post-cracking) 

regions were distinguished with selection of pre-cracking and post-cracking stress and stress 

ratio. 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

111 of 527 

Best Practice 10 

ANSI/AIAA S-081B, Requirement 10.1.1 

 

“The size of each pre-crack shall be greater than or equal to the minimum flaw size associated 

with the NDT inspection technique(s).” 

 

Best Practices 

1. Demonstrate the pre-cracking procedure on sample coupons prior to starting test. The 

number of cycles required to consistently grow the pre-crack to the NDE length and depth 

should be demonstrated (post pre-cracking fractography) by pre-cracking and examining the 

pre-crack using scanning electron microscope (SEM) prior to pre-cracking the test specimens. 

The notch procedure for inserting a flaw from which to grow a pre-crack should also be 

demonstrated. 

2. CMOD measurements during pre-cracking can be used to achieve target crack depth when 

performing low aspect ratio (i.e., a/c  < 1) damage tolerance tests.  

Evidence Summary 

1. Fracture surface (i.e., pre-crack, autofrettage crack growth, stable tearing, and post-

cracking) regions were distinguished with selection of pre-cracking and post-cracking stress 

and stress ratio. 

2. Evaluating pre-crack CMOD as a function of fracture surface crack depth measurements 

allows for increased ability to achieve target crack depth in  subsequent tests. 

 

 

 

Best Practice 11 

ANSI/AIAA S-081B, Requirement 10.1.1 

 

“Strains equal to or greater than those associated with each load cycle, including the 

compressive liner strains at zero pressure, shall be tested.” 

 

Best Practices 

Use strains that represent the entire cyclic history (i.e., no truncation at zero stress). Guide 

plates can be used to prevent buckling during compressive strain tests. 

 

Evidence Summary 

Crack depth measurements demonstrated that the coupon that was truncated, to exclude the 

compressive loading following the autofrettage cycle, grew significantly slower than the 

coupon with the full loading history. 

Guide plates provided anti-buckling support when compressive loads were applied in coupon 

tests, enabling testing of the full strain profile to measure accurate surface crack lengths. 
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Best Practice 12 

ANSI/AIAA S-081B, Requirement 10.1.1 

 

“Test strains and strain rate shall be verified by measurement.” 

 

Best Practices 

1. Strain measurements for uniaxial tests should be performed using physical or virtual edge 

extensometers or strain gages at the edge. The strain measurement location should be centered 

about the plane of the crack. Physical extensometers should be placed on both edges. Virtual 

extensometers and strain gages should be placed on both edges of both sides (i.e., four 

locations). 

2. Identify global peak test strains using COPV analysis and set it as the target global strain for 

strain-controlled weld tensile damage tolerance tests. 

Evidence Summary 

1. The use of the weld strain from the COPV analysis as the target global strain in an 

autofrettage test resulted in excessive local weld strains for an undermatched weld. In a 

simulated autofrettage coupon test, accurate weld strains were achieved using a target global 

strain that resulted in the measured weld strain in tensile tests (i.e., uncracked coupons) 

matching the COPV analysis. 

 

 

 

Best Practice 13 

ANSI/AIAA S-081B, Requirement 10.1.1 

 

“After completion of cyclic strain testing, the following procedures and measurements on the 

coupons shall be performed. (1) The crack faces will be separated in a way that will allow 

examination of the fracture surfaces produced during testing. (2) The fracture surface will be 

examined to verify that the crack has not grown …. The initial and final crack sizes will be 

measured.” 

 

Best Practices 

Identify and measure regions of notching, pre-cracking, autofrettage growth, cyclic loading, 

and monotonic loading to failure in the SEM. A slight microscopy is not adequate. At least a 

small ligament of material that failed during monotonic loading should exist between the back 

surface and cyclic crack growth region. 

 

Evidence Summary 

1. Multiple physical and virtual extensometers/strain gages located at the coupon edges 

provided consistent far-field strain measurements. 

2. Fracture surface (i.e., pre-crack, autofrettage crack growth, stable tearing, and post-

cracking) regions were distinguished with selection of pre-cracking and post-cracking 

stress and stress ratio. 
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Best Practice 14 

ANSI/AIAA S-081B, Requirement 10.1.2 

 

“At least two liner cracks shall be tested for each condition (location and a/c). Each location 

shall contain a surface crack. Each location shall be pre-cracked. The size of each pre-crack 

shall be greater than or equal to the minimum flaw size associated with the NDT inspection 

technique(s).” 

 

Best Practices 

Perform pre-cracking on an unwrapped liner so that crack length can be measured prior to test. 

Use coupons and/or a nontest liner and extract the cracks to confirm NDE minimum crack 

size. Use NDE (e.g., eddy current inspection) to identify IML cracks during the pre-cracking 

process if cracks nucleate at locations other than the notches. 

Evidence Summary 

1. Liner pre-cracking process via inserting EDM notches and pressure cycling was 

demonstrated to grow flaws to the target initial flaw size. 

2. Long, shallow cracks nucleating from naturally occurring IML defects in an AA6061-

T6 liner were reliably detected from the OML using eddy current inspection 

 

7.2.3  Other Fracture Critical Pressure Vessels and Pressurized Fluid Containers  

 

See section 7.2.1 of this Handbook for examples on the application of NASGRO® analysis to 

metallic vessels. These approaches can be applied to pressure vessels and pressurized fluid 

containers. 

 

There are questions surrounding when a post-proof test inspection is required for pressure 

vessels and habitable modules. The purpose of this section is to provide background and 

rationale for deciding when to carry out such post-proof NDE. The basis for the discussion is 

NASA-STD-5007, Fracture Control Requirements for Spaceflight Hardware (superseded by 

NASA-STD-5019), which requires that hardware that is proof tested as part of its acceptance and 

receives post-proof test NDE at critical welds and other critical sections. These discussions do 

not apply to items that are proof tested to screen for specific flaws, i.e., utilizing proof test as the 

flaw screening method. 

 

Post-proof NDE of welds in pressure vessels or habitable modules can be governed by program 

requirements for human safety or mission assurance involving national assets. Post-proof NDE 

of welds is implemented depending on the mode of failure. 

 

A pressure vessel or a module with an LBB failure mode can eventually develop a slow leak if a 

large enough flaw is present and enough loading cycles are applied during service. The vessel 

can be classified as NHLBB if the following conditions are met: 

a.  The fluid is not hazardous. 

b.  Slow loss of the fluid is not hazardous. 
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c.  The leak unloads the vessel so further crack growth is not possible. 

d.  A leak-before-burst failure mode is demonstrated by test or analysis. 

 

The LBB designation is based on an engineering assessment of the vessel design; an NHLBB 

fracture control classification is based on the consequences of the leak. An NHLBB classified 

vessel does not require post-proof NDE based on safety, but post-proof NDE is strongly 

recommended. 

 

If the design does not meet LBB criteria and fragmentary or abrupt rupture is possible, or a leak 

of the fluid is a hazard, or load is maintained on the vessel, failure would be hazardous and “safe 

life” assurance through fracture control methodology is required. These vessels are designated 

“safe life” designs and require that welds be inspected post proof. 

 

Even in cases where NHLBB criteria cannot be satisfied, verifying LBB behavior is the preferred 

design practice, because a component that can tolerate a through flaw without rupture is 

inherently safer than one that cannot. LBB design practice is encouraged even for components 

that will have safe life inspection requirements due to their contents or operational conditions. 

 

A habitable module whose CFS is a through flaw of length at least 10t is not classified as 

NHLBB because pressure within the module must be maintained during the mission. Pressure 

cycling in the module continues throughout the mission due to the “make up” of air can grow the 

crack, so the module requires safe life classification and post-proof inspection. 

 

Post-proof NDE provides many benefits for detecting as-manufactured problems in hardware 

that are difficult to predict or account for. This is particularly true for unique “one of a kind” 

structures. The proof test enhances the NDE capability to discover problems due to: 

a.  Latent defects. 

b.  Weld repairs, overlaps, intersections, and porosity. 

c.  Weld geometry, including peaking and mismatch. 

d.  Assembly stresses. 

e.  Workmanship. 

f.  Effects of temporary tooling. 

 

In summary, it is good engineering practice that all welds in habitable modules and pressure 

vessels receive post-proof NDE. 

 

Nonwelded critical sections include internal and external fracture critical structure as well as 

fracture critical portions of the nonwelded pressure shell wall, i.e., the pressure shell base 

material. Technically, these areas are governed by the same NHLBB and post-proof NDE 

requirements as the pressure shell welds. An exception is made for pressure vessels of standard 

design with smooth membrane and transition areas and that are within the previous experience 

base. These standard design pressure vessels require only that the welds receive post-proof NDE. 

The NDE approach for other pressure vessels should be coordinated with the RFCB. It is 

recognized that strict implementation of these requirements is not always programmatically 

feasible; deviations must be approved by the RFCB. 
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7.2.4 Fracture Critical Lines, Fittings, and Other Pressurized Components  

 

Lines, fittings, and other pressurized components do not require any additional work if the 

hardware in question meets all of the criteria from Table 7.2-3, Checklist for FC Lines, Fittings, 

and Other Pressurized Components. 

 

Note that AM parts are excluded from this category according to NASA-STD-6030 [AMR-15] 

as this category is considered insufficient to manage the process control risks inherent to AM 

parts. 

 

Table 7.2-3—Checklist for FC Lines, Fittings, and Other Pressurized Components 

(All requirements must be met.) 

Item Criteria Meets  

(Y or N) 

1 Pressurized component is primarily driven by pressure. For loading 

(stresses) to be considered pressure dominant, all other loads (stresses) 

should be no greater than 20 percent of the pressure loads (stresses). 

 

2 Hardware meets the design factors imposed by standards such as NASA-

STD-5001 or ANSI/AIAA S-080. 

 

3 Supports, brackets, or relief loops are not subjected to significant 

structural loads. 

 

4 Parts are produced in large quantities under process controls, are identical 

parts, and are subjected to NDE and qualification testing to ensure the 

parts are reliable and present a low risk of containing detectable flaws that 

result in crack growth. 

 

Obtain RFCB approval that the part is manufactured using processes that 

have been established by reliability or by inspections of many similar 

parts to be extremely unlikely to produce parts with a flaw exceeding 

process specifications. 

 

5 Metallic part is not susceptible to crack extension related to EAC or SLC.  

6 100 percent inspection performed of all fusion joints in fracture critical 

pressure components using a qualified NDE method after proof test to 

inspect for the presence of unacceptable lack of penetration or other 

unacceptable conditions both on the surface and within the fusion joint. 

 

7 Final product with flaw indication(s) that do not meet specification 

requirements is rejected. 

 

8 Lines, fittings, joints, and other pressurized components or parts are proof 

tested to a minimum of 1.5 times the MDP during individual acceptance 

or at the system level. 

 

9 An ECF less than 1.0 is not allowed without prior approval by the RFCB.  
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If the part does not meet ‘Y’ for all of the above, then the part also needs to comply with damage 

tolerance requirements imposed by one of the following combinations: a and b; a and c; or a, b, 

and c. 

a. Develop loading spectra by complying with section 7.3.1 in NASA-STD-5019A. 

b. Perform assessment by analysis to comply with section 7.3.2 in NASA-STD-5019A. 

c. Perform assessment by test to comply with section 7.3.3 in NASA-STD-5019A. 

 

7.2.4.1  Example 1 

 

Dynamic loads analysis of a pressure line in a liquid rocket engine revealed that the stress 

induced by external loads was 10 ksi, while the stress induced by internal pressure was 45 ksi. 

Since the stresses caused by the external load was 22% of the total load, a full damage tolerance 

assessment is required per NASA-STD-5019A, section 7.3. 

 

7.2.4.2  Example 2 

 

Tubing in a launch vehicle is exposed to cryogenic temperatures. To take advantage of the 

increase in strength due to cryogenic temperatures, the tubing was proof tested with an ECF less 

than 1.0 to take advantage of the increase in strength. A full damage tolerance assessment is 

required per section 7.3 of NASA-STD-5019A. 

 

7.2.4.3  Example 3 

 

The resistance of many materials to the initiation and growth of cracks is often substantially 

lower in liquid-metal, aqueous, and hydrogen environments than in inert environments. This 

effect is known in general terms as environmentally assisted cracking and, for specific 

environments, is known as liquid-metal embrittlement (LME), stress-corrosion cracking (SCC), 

and hydrogen-assisted cracking. The materials for a full launch vehicle design were evaluated for 

expected exposure and potential for EAC. After the analysis, it was found that naturally aged 

Aluminum 6061-T4 was used in a pressurized component. Since this material is susceptible to 

stress corrosion cracking, it was determined that a damage tolerance assessment per 7.3 is 

required. 

 

7.2.4.4  Example 4 

 

Forming of a tube during its manufacturing process caused linear crack indications. A dissection 

of a similar tube led to the conclusion that large grain sizes were present through the thin wall. 

While the tubes will undergo proof testing to the proof factors specified in ANSI/AIAA S-080, 

there are concerns that the parts may not be manufactured with a repeatable process and that the 

manufacturing process is likely to cause flaws in the part. A determination was made that a 

damage tolerance assessment per 7.3 is required; but since manufacturing was the culprit for the 

lack of repeatability, a test was required. 
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7.2.4.5  Example 5 

 

Pressure components are usually component driven by pressure. There are instances where 

significant external loads can be present. This example illustrates the approach to assess these 

structures.  

 

Consider a Ti-6Al-4V tube that is designed to the factors of safety in ANSI/AIAA S-080A. The 

component has a 4-inch diameter, 0.125-inch wall thickness, and 3,750 psi internal pressure. 

Additionally, it experiences a 15 ksi cyclic bending stress during flight. The component is 

intended to be reused on multiple flights. Acceptance testing, including proof and leak tests, are 

completed before the first flight. Cycles experienced for each reuse consist of pressurization 

cycles for ground operations, cyclic bending stress with constant pressure during ascent, and 

cyclic bending stress with constant pressure during descent. Assuming dye penetrant NDE is 

completed on the inner and outer surfaces, determine the number of safe flights for the tube. The 

tube experiences pressure only and combined bending and pressure load cases. The combined 

case is shown in Figure 7.2-3, Section View of a Tube, with the Pipe Running Horizontally. 

 

 
Figure 7.2-3—Section View of a Tube, with the Pipe Running Horizontally 

 

Using the thin-walled assumption, the axial and hoop stresses during for the pressure only case 

were calculated as: 

 

𝝈𝒂𝒙𝒊𝒂𝒍 =
𝑷𝒓

𝟐𝒕
= 𝟑𝟎 𝒌𝒔𝒊         𝝈𝒉𝒐𝒐𝒑 =

𝑷𝒓

𝒕
= 𝟔𝟎 𝒌𝒔𝒊 .     

(Equation 7.2-4) 

 

Note that a proof test will be conducted with a 1.5 proof factor on MDP, as specified in 

ANSI/AIAA S-080A. The component is predicted to remain elastic and well below the 165 ksi 

yield strength, so proof testing corresponds to the axial and hoop stresses of MDP multiplied by 

1.5. The bending induces a maximum stress of 15 ksi. This stress is in the axial direction and 

does not affect the hoop stress.  

 

With these stresses, the load history of this component can be defined, as shown in Table 7.2-4, 

Load History of the Pipe. The proof test occurs once with the stresses due to MDP being 

multiplied by 1.5. The leak test occurs once with stresses due to MDP. These two tests occur 

once before the first flight. Each flight consists of ground operations, ascent, and descent. 

Assume ground operations have a maximum of 10 pressure cycles to MDP. Proof test, leak test, 

and ground operations all cycle between the unpressurized and pressurized stage. During ascent 
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and descent, the tube is at constant pressure and sees cyclic bending stress with a 15 ksi 

amplitude. The number of cycles is determined by the frequency of loading multiplied by the 

duration of the event. In this case, 500 ascent cycles and 1,000 descent cycles are assumed. 

 

Table 7.2-4—Load History of the Pipe 

(Steps 1 and 2 are completed once prior to the first flight. Steps 3-5 occur on first flight and on 

every reuse flight.) 

 
 

To determine the safe life, the load history must be converted to load blocks for input in 

NASGRO®. Both axial and circumferential surface cracks must be analyzed, which corresponds 

to SC04 and SC05 crack types in NASGRO®. The crack geometry inputs for each can be seen in 

Figures 7.2-4, Input for Axially Aligned Crack in a Hollow Cylinder, and 7.2-5, Input for 

Circumferentially Aligned Crack in a Hollow Cylinder. Note that for SC04 a stress distribution is 

defined. The stress is defined to be constant through the thickness based on the thin-walled 

assumption. Alternatively, “S0 from unit internal press” can be selected and the internal pressure 

can be used for the load block. 

 

Both the minimum and maximum crack aspect ratios of the dye penetrant NDE built-in flaws are 

selected. This corresponds to a/c of 0.2 and 1.0, respectively. The crack size limit is defined to be 

the thickness of the wall. If a through crack is permissible, this limit does not need to be defined.  
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Figure 7.2-4—Input for Axially Aligned Crack in a Hollow Cylinder 

(The stress is defined to be constant through the thickness using the stress distribution.) 

 

 
 

Figure 7.2-5—Input for Circumferentially Aligned Crack in a Hollow Cylinder 

 

The material must then be selected in the “Material” tab. For this example, the Ti-6Al-4V alloy 

with the material ID of P3EA13AB1 is used. Note that it is NASA policy to change Bk to zero, 

or to a value such that the maximum stress intensity factor is less than or equal to the critical 

stress intensity factor with RFCB approval. In this example, Bk is set to zero and all other 

material properties are unchanged. Note that because this is a surface crack, there is no influence 

of Bk on the safe-life results.   

 

Two load blocks must be defined: first flight, which includes single occurrence acceptance 

testing, and reuse flights, which only include recurring events. Table 7.2-4 is used as a guide for 

defining these load blocks. 

 

The axially aligned flaw (SC04) is driven by hoop stress. The hoop stresses from Table 7.2-4 are 

used in the two load blocks, as seen in Figure 7.2-6, Load Blocks for Axially Aligned Crack 

(SC04). The cycles are multiplied by a 4x factor as required in ANSI/AIAA S-080A. The hoop 
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stress is not affected by bending stress. The internal pressure is constant during flight, so the 

hoop stress is not cyclic, and ascent and descent can be ignored. Note that the number of cycles 

is multiplied by 4 because ANSI/AIAA S-080A requires the component demonstrate a minimum 

damage tolerance life of 4 times the service life. 

 

The circumferentially aligned flaw (SC05) is driven by axial stress and bending stress. For SC05, 

NASGRO® defines axial stress as S0 and bending stress as S1. The values in Table 7.2-4 are 

converted to the load blocks as shown in Figure 7.2-7, Load Blocks for Circumferentially 

Aligned Crack (SC05). The cycles are multiplied by a 4x factor as required in ANSI/AIAA S-

080A. The ascent and descent cycles are now included because of cyclic bending. Once again, a 

factor of 4 is applied to the cycles. 

 

 
 

Figure 7.2-6—Load Blocks for Axially Aligned Crack (SC04) 

(The cycles are multiplied by a 4x factor as required in ANSI/AIAA S-080A.) 
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Figure 7.2-7—Load Blocks for Circumferentially Aligned Crack (SC05) 

(The cycles are multiplied by a 4x factor as required in ANSI/AIAA S-080A.) 

 

The build schedule is applied as shown in Figure 7.2-8, Build Schedule for Initial Flight (Block 

1) and Reuse Flights (Block 2). The first block, which corresponds to the first flight, is applied 

once. The second block, which corresponds to reuse flights, is applied as many times as the 

component is intended to be reflown or is set to a sufficiently large number to see the maximum 

number of reuse flights possible. 

 

 
 

Figure 7.2-8—Build Schedule for Initial Flight (Block 1) and Reuse Flights (Block 2) 

 

The results for a circumferential crack with a 0.2 crack aspect ratio are shown in Figure 7.2-9, 

Depiction of Analysis Results for a Circumferential Crack with a 0.2 Crack Aspect Ratio. The 

crack grew to a through crack during the fourth block. This means the component survived the 

first flight and two reuse flights with a factor of 4, but it failed on the third reuse flight. This case 

demonstrates safe life capability of 3 flights (i.e., one initial flight plus two reuse flights). 
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Figure 7.2-9—Depiction of Analysis Results for a Circumferential Crack with a 0.2 Crack 

Aspect Ratio 

(The crack reached a through crack during the fourth load block, indicating this crack would 

survive the initial flight and 2 reuse flights, including the 4x factor.) 

 

The analysis is run for a/c of 0.2 and 1.0 for both the axial and circumferential flaws to determine 

the minimum number of safe flights. The results are displayed in Table 7.2-5, Safe Flights for 

Different Crack Orientations and Aspect Ratios in the Pipe. The safe life is defined by the 

configuration with the lowest life, which in this case is a circumferential flaw with a 1.0 crack 

aspect ratio. This component has a safe life of 2 flights (i.e., one initial flight plus one reuse 

flight), including the 4x factor. 

 

Table 7.2-5—Safe Flights for Different Crack Orientations and Aspect Ratios in the Pipe  

Crack Orientation 
Dye penetrant crack aspect 

ratio, a/c 

Safe flights (includes 4x 

scatter factor) 

Axial (SC04) 
0.2 92 

1.0 66 

Circumferential (SC05) 
0.2 3 

1.0 2 

 

7.2.4.6  Bellows 

 

The purpose of damage tolerance verification is to demonstrate that the hardware will not fail in 

the presence of defects during the service life. Due to a lack of confidence in analytical 

predictions, damage tolerance verification by analysis is not recommended for bellows 

convolutions. Further, verification by test is challenging. This is because it is difficult to develop 

crack-like flaws in bellows convolutions that are consistent in size and shape to those that can be 

detected with nondestructive inspections to a P90/C95 probability. Typical flaws that can occur 

in bellows include: disbonded seam welds, weld scratches/gouges/dents/inclusions, and 

convolution crown or root scratches/gouges/dents. 

  

Per AIAA S-080A-2018, bellows must be verified to be tolerant to damage when loads other 

than internal pressure are significant. This applies to the complete bellows assembly; it is the 

bellows convolutes that pose the greatest practical challenge. To this end, an approach that can 
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be utilized in the damage tolerance verification of bellows convolutions is discussed (reference 

Goyal, et al. [2021]).  

  

In the case of multi-ply bellows, demonstrating multi-ply redundancy can be a credible approach 

to demonstrating damage tolerance for bellows convolutions. The following criteria is provided 

to establish multi-ply redundancy of bellows convolutions. 

  

Demonstration of Multi-Ply Redundancy 

Life testing (i.e., pressure and external load cycling) to four times the service life and vibration 

qualification testing per SMC-S-016, Test Requirements for Launch, Upper-Stage, and Space 

Vehicles, is performed, with a fully or partially severed ply at the most critically stressed 

location, with the following criteria being met: 

 

1. Bellows stiffness with severed ply remains within design requirements. 

 

2. Failure modes associated with intrusion/entrapment of gasses or liquids are assessed 

and shown to be nonexistent.  

 

3. Failure of one or more plies does not generate debris. 

 

Multiple units (i.e., typically three) are subjected to these life tests using low-frequency loading, 

while the additional vibration tests at higher frequencies provide confidence in the ability of the 

bellows convolutions to be damage tolerant for the service life of the component. 

 

For single-ply bellows designs, damage tolerance is much more challenging to verify. This is 

because small flaws may exist within the bellows convolutes that go undetected by available 

inspections. These flaws may then propagate through the single ply during service and introduce 

a leak path. As a result, the consequence of leakage in single-ply bellows designs should be 

deemed credible and assessed accordingly. 

  

While fatigue testing and stringent process controls do not verify the tolerance to damage in the 

strictest sense, they have been used to mitigate elevated risk for bellows designs that lack 

adequate damage tolerance rationale. The criteria below is provided as an example of this 

approach.  

  

Stringent Process Controls and Fatigue Test Requirements  

After successfully completing the acceptance tests for a given bellows design, dissect a minimum 

of one bellows sample to verify a lack of damaging microstructural features such as pits, surface 

irregularities, microcracks, large grain sizes, and weld defects. 

  

To address process variability in bellows manufacturing, perform life testing on three (3) bellows 

to a life factor of 4-10 times the service life and also perform vibration qualification testing per 

SMC-S-016. The particular life factor that is to be demonstrated is determined based on the 

application and program requirements. 
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Prior to installation, the bellows are to be protected from damage and inadvertent deflections. 

This can be accomplished using protective covers and pre-installation constraints.  

 

To minimize the potential for process drift, bellows fatigue capability is then verified at set 

intervals. Stiffness verification of all production units is also monitored carefully, as stiffness 

variation in flight bellows is usually an indicator of manufacturing variability and/or process 

drift.  

 

It may also be prudent to establish a system design that has fault tolerance in lines containing 

bellows. 

 

Additional requirements such as JSC-67035A, Best Practices and Guidelines (BP&G) for Thin 

Wall Pressure Boundaries (TWPB) for Human Spaceflight Applications, may apply to fracture 

critical bellows. 

 

7.2.5  Fracture Critical Habitable Modules and Volumes  

 

See section 7.2.1 for examples on how to perform NASGRO® analysis. These approaches can be 

applied to pressure vessels and pressurized fluid containers. 

 

7.2.6  Fracture Critical Pressurized Structures  

 

A stage tank is classified as a pressurized structure because it carries internal pressure and 

vehicle structural loads. Stage tanks are all proof tested. NDE (i.e., surface and volumetric) post-

proof inspections were performed on a lap joint friction stir welded regions as the proof test by 

itself was not a sufficient screen for flaws for the service life considered. The service life 

definition is defined as follows: number of flights, hydro proof test, operational contingency 

cycles, and multiple MDP cycles. The damage tolerance analysis evaluated all load cycles after 

proof since the inspection was performed post-proof. The fatigue-fracture data for this alloy were 

available from coupon testing with and without welds. A NASGRO® configuration for this 

loading and geometric configuration was not available. A finite element analysis was performed 

to extract the stress intensity factor as a function of crack length and load, and then this analytical 

curve was used to integrate the Paris fatigue relationship for the alloy. The model was 

conservative relative to lap joint life testing, and the damage tolerance evaluation was accepted.   

 

When NASGRO® geometry is not available, it may be possible to develop an expression for the 

stress intensity factor as a function of load and flaw size. The process is explained for a fatigue 

of a shaft with a surface flaw subject to cyclic torsional loads (reference Goyal, et al. [2018]). 

The following is a summary of the process: 

 

1. Develop finite element models of the structure with various flaw depth sizes. 

  

2. Use an approach such as the virtual crack closure technique (VCCT) to derive an 

analytical expression for the stress intensity factor that is a function of both flaw size and load, 

such that: 
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𝑲(𝒂, 𝑷) = 𝒇(𝒂)  𝒈(𝑷) . 
(Equation 7.2-5) 

 

Alternatively, instead of going through the incremental integration/approximation that 

follows, NASGRO's® built-in tabular stress intensity factor (K) versus crack length (a) 

capability could be leveraged as shown in Figure 7.2-10, Stress Intensity Factor Calculation 

as a Function of Pressure and Various Flaw Sizes.  

 

 
Figure 7.2-10—Stress Intensity Factor Calculation as a Function of Pressure and 

Various Flaw Sizes 

 

1. Prior to proceeding, verify your analysis approach using a known flaw geometry 

that is present in NASGRO® to ensure the stress intensity factor calculation is 

accurate for that geometry. 

 

2. Use fatigue data for the metal and the derived Mode I stress intensity factor 

equation to predict the fatigue life for the structure using the modified Paris 

equation, which is also the following equation used in NASGRO®: 

 

(Equation 7.2-6) 
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(3) Integrate the equations to determine the final flaw size given the initial flaw size: 
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(Equation 7.2-7) 

 

7.2.7  Fracture Critical Rotating Hardware  

 

Rotating hardware such as impellers and turbine wheels in liquid rocket engines are susceptible 

to crack growth either due to a crack initiating due to fatigue or a manufacturing flaw from 

processing. Damage tolerance of these components are challenging to assess using analysis 

approaches due to the complicated vibration environments, fluid oscillations, and centrifugal 

forces. For certain rotating components, the analysis may be straightforward if the boundary 

conditions and vibration and thermal environments are well understood; the fracture analysis can 

be completed starting with the initial flaw size defined by NDE. These components could include 

impellers and rotating shafts. As a result, a test program is used to verify actual hardware 

behavior and uncover errors in the assumed loading. 

 

While proof testing of rotating components is required, the proof test is rarely sufficient to screen 

for flaws that can grow to failure under cyclic loads. Instead, the proof test is considered a 

workmanship screen for the as-built component. Turbine wheel components and other rotating 

components of an engine are usually vetted through full-scale engine testing at worse-case 

operational conditions (e.g., mixture ratio, power-level bin). The components are usually 

subjected to a low number of plastic strain cycles that result from engine start and stop loads, in 

addition to a large number of elastic strain cycles due to fluctuating pressure, vibrations, and 

thermal loads that occur during operation. NASA-STD-5012B requires testing up to six engine 

samples to two times the service life. The extensive test program is capable of surfacing 

vulnerabilities with the design but also vets the stability of the manufacturing program.  

 

High energy rotating hardware such as turbine wheels need to survive challenging environments; 

it is often that cracks initiate prior to reaching two times the service life. 

  

Human-rated applications designs are verified to ensure cracks do not initiate during the service 

life due uncertainty in the crack growth behavior. The Space Shuttle program leveraged NSTS 

07700, Volume X, Book 1, Revision M, NASA Space Shuttle-Flight and Ground System 

Specification-Book 1, Requirements, for the application of damage tolerance to engine 

components such as sections 3.2.2.1.8, 3.2.2.1.9, and 6.1.32. In the Space Shuttle Main Engine 

(SSME) hardware, known cracks on rotating hardware were not allowed. When a crack was 

discovered on rotating hardware, the life capability was defined by the last crack-free inspection. 

 

Damage tolerance analysis for these components tends to be of lower confidence due to the 

complexities involving the geometry, operating conditions, and loading conditions. In some 

nonhuman-rated applications, a test-based approach has been used to ensure crack growth is 

stable and does not lead to mission ending failure. An approach successfully used is to track 

crack growth as the engine test program progresses to increase confidence that the flaws will 
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remain stable over four times the service life of the engine component. During the test program, 

particular attention is required to address operations near Campbell-crossings (e.g., resonant 

conditions). 

 

Note that rotating hardware is proofed by a spin test to a minimum rotational energy factor of 

1.05, i.e., rotational test speed = (1.05 ω2)1/2

, and either NDE is performed in accordance with 

section 8.1 of NASA-STD-5019A before and after the spin proof test, OR it is established that 

the spin proof test adequately screens for flaws (i.e., section 8.1 of NASA-STD-5019A) and that 

this approach for flaw screening is approved by the RFCB. Generally, proof tests are usually 

performed in the operational environment, or the test levels are adjusted via an ECF. 

 

7.2.8  Fracture Critical Fasteners  

 

Fasteners classified as fracture critical need to meet several criteria. The checklist in Table 7.2-6, 

Checklist for Fracture Critical Fasteners, will assist in ensuring that all items have been fully 

evaluated. If any of the criteria below are not met, the fastener needs to comply with section 7.3 

of NASA-STD-5019A; and additional discussion is required with the RFCB. 
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Table 7.2-6—Checklist for Fracture Critical Fasteners 

(All requirements must be met.) 

Item Criteria to Meet Fracture Critical Fasteners Completed?  

(Y or N) 

1 Fasteners are fabricated from a metal with high resistance to stress 

corrosion cracking, as defined in MSFC-STD-3029. 

 

2 Fasteners are fabricated, procured, and inspected in accordance with 

NASA-STD-8739.14, and an equivalent military standard, NAS, 

proprietary, or commercial aerospace specification approved by the 

RFCB. 

 

3 The fastened joint complies with NASA-STD-5020 without joint 

separation in the nominal configuration. 

 

4 Fasteners have rolled threads and are assessed to demonstrate they meet 

the fatigue requirements in NASA-STD-5001. 

 

5 Fasteners manufactured from titanium alloys were coordinated with the 

RFCB for approval. 

 

6 The fasteners are not made from a low fracture toughness alloy.  

7 Fasteners are not reworked or custom made unless the application is 

approved by the RFCB. 

 

8 Include preload and its effect on flaws and cyclic stresses in the damage 

tolerance assessment. 

 

9 Inspect all fracture critical fasteners by the eddy current NDE technique 

or use proof testing to screen for flaws. 

 

10 Assume a flaw in the most critical location of a size consistent with 

NDE sensitivity or proof-test level in the damage tolerance analysis. 

 

11 Proof-load test inserts used in conjunction with fracture critical fasteners 

to a minimum factor of 1.2 after installation. 

 

12 Store and control fracture critical fasteners after inspection or testing to 

keep them isolated from other fasteners. 

 

 

Fasteners should be fatigue-rated. Table 7.2-6 was used to assist in an evaluation of an engine 

rotary component that used a single custom-made fastener. It is observed that Item 7 is not met. 

The fastener needs to also meet the requirements in section 7.3 of NASA-STD-5019A. Note that 

the custom-made bolt was the only viable option in this example, the design did not have load 

redundancy, and the single-bolt configuration was a key feature of the rotary design. 

 

7.2.9  Fracture Critical Shatterable Components and Structures  

 

An example is provided on how to approach the fracture assessment of a shatterable component. 

Consider a fracture critical annealed glass component made with fused silica in a human-rated 

space vehicle. The component is 0.25 inch thick and 12 inches wide. During flight, the 

component undergoes a stress with a 0.0 margin of safety for 72 hours. In this example, the 

component is analyzed and verified to meet the design life requirements of NASA-STD-5018, 

Strength Design and Verification Criteria for Glass, Ceramics, and Windows in Human Space 

Flight Applications, and the proof ratio needed to screen for initial flaws is determined. 
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NASA-STD-5018 requires that a life factor of 4 be applied to the design life to account for 

scatter. For this example, an initial flaw depth of 0.0018 inch with a length to depth ratio of 20 is 

assumed. This is consistent with the minimum initial flaw depth and minimum length to depth 

ratio required in NASA-STD-5018. 

 

An initial flaw depth is chosen for the analysis based on the manufacturing process and 

inspections. NASA-STD-5018 specifies that the initial total flaw depth must be at least 0.0018 

inch. This corresponds to the requirement that the inspection process can identify all flaws that 

are at least 0.0018 inch in total depth. NASA-STD-5018 also requires that the flaw used for the 

structural life prediction has a length to depth ratio of at least 20. 

 

Note that the total flaw depth is different from the visible flaw depth, as it has been shown that 

an invisible crack tail can extend twice the distance past visible crack depth. The inspection must 

identify visible flaws that are at least 0.0006 inch, which corresponds to a total flaw depth of at 

least 0.0018 inch. The manufacturing grinding schedule is implemented to limit flaws to less 

than or equal to the initial design flaw depth (see NASA-HDBK-6007, Handbook for 

Recommended Material Removal Processes for Advanced Ceramic Test Specimens and 

Components).  

 

NASA-STD-5018 outlines two methods for verifying the life requirement of annealed glass. The 

first is the use of NASGRO®, which is outlined in NASA-STD-5018, section 4.7.3. The second 

is using hand calculations of flaw growth velocity and stress intensity factor to determine the 

time to failure. The procedure for the second method is outlined in NASA-STD-5018, section 

4.7.4. In this example, NASGRO® is used. 

 

The sustained stress crack growth (NASGLS) module is used, as structural degradation occurs 

for glass in sustained tension. A semi-elliptical surface crack in a plate (SC30) is chosen for the 

crack geometry. The inputs for this example are shown in Figure 7.2-11, Geometry Input for a 

Semi-elliptical Surface Crack in a Plate. Note that the 0.1 a/c corresponds to a length to depth 

ratio of 20. 

 

 
Figure 7.2-11—Geometry Input for a Semi-elliptical Surface Crack in a Plate 
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Next, the material is defined. The flaw growth properties and critical stress intensity (KIc) can 

either be obtained from test or from the NASGRO® built-in database. NASA-STD-5018 

specifies that the exponential equation of flaw growth shall be used rather than the Paris 

equation. The standard also requires that the flaw growth properties should assume 100 percent 

moisture. Additionally, the KIc used for the life analysis should be the average KIc minus three 

standard deviations. 

 

In this example, the NASGRO® built-in properties for fused silica in distilled water are used, as 

shown in Figure 7.2-12, Material Input for Fused Silica in Distilled Water. There is no option for 

using the KIc minus three standard deviations, so the database input properties are transferred to 

the manual input with an adjusted KIc. [Note that a 3-sigma option is being introduced with 

NASGRO® V10.0, in development as of this writing]. The final material properties used are 

displayed on the right in Figure 7.2-12. 

 

  
 

 
Figure 7.2-12—Material Input for Fused Silica in Distilled Water 
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The top image shows the properties from the built-in NASGRO® database, which does not allow 

for using KIc minus three standard deviations. [Note that a 3-sigma option is being introduced 

with NASGRO® V10.0, in development as of this writing.] The bottom image shows the data 

transferred to the manual input, which keeps the same exponential equation constants but now 

uses KIc minus three standard deviations. The bottom input is used in this example. 

 

After entering the material properties, the load blocks must be defined. In this example, the 

component undergoes stress with a 0.0 margin of safety held for 72 hours. NASA-STD-5018 

requires that annealed glass is designed to a 3.0 ultimate factor of safety at the beginning of life 

and a 1.4 ultimate factor of safety at the end of life. Glass fails due to fracture, so the margin is 

calculated with stress to achieve KIc as the allowable stress. The stress intensity factor is 

calculated as follows: 

𝑲𝑰 = 𝟏. 𝟏 ∙ 𝝈 ∙ (
𝝅𝒂

𝑸
)

𝟏/𝟐

 

(Equation 7.2-8) 

 

σ is the stress, a is the flaw depth, and Q is the shape factor. Q is equal to 1 for flaws with a high 

length to depth ratio (length/depth ≥ 20). The allowable stress for this example can be calculated 

as follows: 

 

𝝈𝒂𝒍𝒍𝒐𝒘𝒂𝒃𝒍𝒆 =
(𝑲𝑰𝑪 − 𝟑 ∙ 𝑺𝒕𝒅 𝑫𝒆𝒗)

𝟏. 𝟏
∙ (

𝑸

𝝅𝒂
)

𝟏
𝟐

=
𝟎. 𝟓𝟐 𝒌𝒔𝒊 √𝒊𝒏

𝟏. 𝟏
∙ (

𝟏

𝝅 ∙ 𝟎. 𝟎𝟎𝟏𝟖 𝒊𝒏
)

𝟏
𝟐

= 𝟔. 𝟐𝟗 𝒌𝒔𝒊 

 

(Equation 7.2-9) 

 

The margin of safety is calculated as follows: 

 

𝑴𝑺 = (
𝝈𝒂𝒍𝒍𝒐𝒘𝒂𝒃𝒍𝒆

𝝈 ∗ 𝟑. 𝟎
) − 𝟏 

(Equation 7.2-10) 

 

The margin of safety is 0.0 when a 2.10 ksi stress is applied. This stress is applied for 72 hours.  

 

Note that a proof test should be conducted that screens for flaws greater than that used in the life 

analysis, which is 0.0018 inch in this example. NASA-STD-5018 requires that the initial flaw 

depth screened by proof is calculated with KIc plus one standard deviation. The required 

minimum stress achieved in the proof to screen for flaws of at least 0.0018-inch depth is 

calculated as follows: 
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𝝈𝒑𝒓𝒐𝒐𝒇,𝒎𝒊𝒏 =
(𝑲𝑰𝑪 + 𝑺𝒕𝒅 𝑫𝒆𝒗)

𝟏. 𝟏
∙ (

𝑸

𝝅𝒂
)

𝟏
𝟐

=
𝟎. 𝟓𝟗𝟐 𝒌𝒔𝒊 √𝒊𝒏

𝟏. 𝟏
∙ (

𝟏

𝝅 ∙ 𝟎. 𝟎𝟎𝟏𝟖 𝒊𝒏
)

𝟏
𝟐

= 𝟕. 𝟏𝟔 𝒌𝒔𝒊 

(Equation 7.2-11) 

 

This corresponds to a proof factor of 3.41 over the stress seen during flight. NASA-STD-5018 

requires that the proof factor is the larger of 3.0 or the value to screen for the initial flaw depth. 

This component requires a proof test that achieves a stress 3.41 times that seen in flight. 

 

The proof test does not need to be included in the load blocks because an inspection for flaws 

with depths greater than 0.0018 inch is required before each flight. The load blocks consist solely 

of the 2.10 ksi stress applied for 72 hours. An uncertainty factor must be used on the stress based 

on the duration of the time life. The uncertainty factors are outlined in Table 7.2-7, Flaw Growth 

Analysis Uncertainty Factor Base on Design Life.  

 

Table 7.2-7—Flaw Growth Analysis Uncertainty Factor Base on Design Life 

Design Life Uncertainty Factor 

Design Life ≤ 1 week 1.4 

1 week < Design Life ≤ 1 

month 

1.3 

1 month < Design Life ≤ 1 

year 

1.2 

Design Life > 1 year 1.1 

 

The design life is less than 1 week, so the stress is multiplied by a 1.4 uncertainty factor to get 

2.94 ksi. This is applied in the NASGRO® load block as shown in Figure 7.2-13, Load Block 

Definition for this Example. The block is applied 4 times to meet the required life factor. 

 

 
 

Figure 7.2-13—Load Block Definition for this Example 

(Uniform tensile stress (S0) is used with the bending stress (S1) set to zero.) 

 

With the geometry, material, and load block fully defined, the analysis can be run. The output for 

this example is shown in Figure 7.2-14, Analysis Results for this Example. The analysis 
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indicates that there was no failure, as the critical crack size was not reached through the 4 applied 

load blocks. The glass component in this example meets the design life requirements of NASA-

STD-5018. 

 

 
Figure 7.2-14—Analysis Results for this Example 

(There was no failure over the 4 load blocks, indicating that the design life requirements are 

met.) 

 

The output also indicates that the flaw depth increased to 0.001826 inch. Annealed glass must 

maintain a 1.4 factor of safety at the end of life. The stress allowable for this larger flaw is 

calculated in the same manner as for the original flaw, giving a value of 6.24 ksi. The end of life 

margin with the 1.4 factor of safety is +1.12, meeting this requirement. Note that if the material 

is tempered glass, a factor of safety of 3.0 is required for the duration of the design life. 

 

Overall, this example demonstrates that this component meets the design life requirements and 

margin of safety requirements of NASA-STD-5018. 

 

7.2.10  Fracture Critical Tools, Mechanisms, and Tethers  

 

This section is reserved. See sections 7.3 and 7.4 as well as NASA-STD-5017 for guidance. 

 

7.2.11  Fracture Critical Batteries  

 

Design efforts should be put in place to meet NFC criteria for batteries as any leak may not be 

acceptable as they tend to adversely impact the mission or the leak itself tends to be hazardous. A 

containment could be designed to mitigate any failure modes related to a propagating flaw. 

 

In the event that the battery cell cannot achieve the NFC criteria, a fracture critical classification 

is required. The approach is to develop an NDE technique that can be perceptible to flaws to a 

90% probability of detection with 95% confidence. This flaw must be demonstrated to survive 

four times the service life of the battery.  

 

7.3  General Approach for Fracture Critical Metallic Parts Assessment  

 

7.3.1  Loading Spectra 

 

See section 11. 
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7.3.2  Assessment by Analysis 

 

Several examples are provided in this Handbook on how the damage tolerance can be performed 

using NASGRO® or other means. An assessment by analysis requires the following: (1) High 

confidence in the material properties and fracture properties; and (2) An anchored analysis 

methodology and software that has been validated against test data. Lack of confidence in either 

factor may require an assessment by test. 

 

Generally, nominal part dimensions will suffice for fracture control analyses. An exception is for 

detected cracks. Worst-case dimensions, including worst-case positional tolerances, are required 

for analysis of detected cracks. In cases of extreme criticality, it is prudent to exercise caution; in 

these cases, the analyst should coordinate the dimension used with the RFCB. Actual dimensions 

that conservatively allow for the measurement accuracy may always be used. Table 7.3-1, 

Dimensions Used in the Assessment of Hardware, shows what type of conservatism should be 

used for each parameter in the evaluation of the hardware. Per section 8.1.5 of NASA-STD-

5019A, analysis for metallic components should evaluate the following: 

 

1. Upper bound flaw size.  

2. Upper bound crack growth rate.  

3. Lower bound critical stress intensity factor or residual strength.  

4. Lower bound cyclic fatigue crack growth threshold stress intensity range (Kth). 

 

Table 7.3-1—Dimensions Used in the Assessment of Hardware 

 
 

7.3.2.1  Assessment by Closed-Form Solution 

 

When the closed-form solution for a flaw with known geometry and loading is available, the 

following blueprint provides a straightforward analytical linear elastic fracture mechanics 

assessment. LEFM methodology is based on a principle that assumes that fracture behavior for a 

homogeneous and isotropic body loaded within the linear elastic region is dominated by the 

crack tip stress intensity factor, K. For example, consider a panel uniformly loaded with elastic 
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tensile stress, , that contains a centrally located through-crack with length 2a, the stress 

intensity factor can be expressed as 

 

   
πaβσ=K

                                                          (Equation 7.3-1) 

where  = geometry correction factor. 

 

This is the so-called opening mode (Mode I) stress intensity factor, or KI. Besides Mode I, a 

crack can extend in two other independent modes: shearing (a.k.a., sliding) mode, Mode II, and 

tearing (a.k.a., antiplane) mode, Mode III. K used without a subscript (i.e., I, II, or III) usually 

refers to Mode I. 

 

For a pressure vessel, the opening mode, Mode I, is usually the predominant fracture mode. 

Many methods have been used to derive stress intensity factors. Among them, the finite element 

method is the most popular, especially for three-dimensional (3-D) cases. Quite a few stress 

intensity factor handbooks have been published that document various K factors with different 

crack geometries and loading conditions. A compendium of closed-form solutions can be found 

in the following references: Sih, G. C., (Ed.), Mechanics of Fracture, Noordhoof International 

Publishing, Leyden, 1973; Tada, H., P. C. Paris, and G. R. Irwin, The Stress Analysis of Cracks 

Handbook, Del Research Corp., St. Louis, Missouri, 1973; Rooke, D. P., and D. J. Cartwright, 

Compendium of Stress Intensity Factors, 1976. 

 

For a cracked panel under cyclic elastic tensile loading, many investigators have observed that 

the stress intensity factor range, K, is the controlling parameter. In terms of K, the stress 

intensity factor range can be expressed as 

 

K = Kmax - Kmin ,                                       (Equation 7.3-2) 

 

where Kmax and Kmin are the maximum and minimum stress intensity factors, respectively. They 

correspond to the maximum stress (max) and minimum stress (min) in a stress cycle.   

 

More than 30 fatigue crack growth rate models have been proposed since the mid-20th century. 

The most popular is the “Paris Law” (reference Paris, et el. [1961]). In the early 1960s, Paris 

observed that for an aluminum alloy, the da/dN versus K plotted in log-log scale is a straight 

line and can be described as follows: 

( )n
ΔKCda/dN = ,                                        (Equation 7.3-3) 

where n = the slope of the straight line, C = intersection of the straight line with the vertical axis 

at K = 1 ksiin. Fatigue crack growth life can be determined by solving the first order 

differential equation. Several integration techniques can be used to provide a solution to this type 

of differential equation: (1) Direct integration, (2) Runge-Kutta integration, (3) Taylor series 

approximation, or (4) Linear approximation schemes. 
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Of the above methods, the direct integration method is the simplest.  is a function of crack 

size “a” and other concepts of geometry, and the application is limited to the  = 1 

condition.  For a center crack, with a length 2a contained in a wide plate subject to zero-tension 

constant amplitude cyclic loading, the stress intensity factor range can be expressed as: 

 

( ) ( ) πaR1σπaσσβΔ maxminmax −=−=K ,                              (Equation 7.3-4) 

where the geometry correction factor  = 1 and min = 0. The crack growth rate is then: 

 

( ) n

max πaR1σCda/dN −=
 .                                            (Equation 7.3-5) 

Through direct integration, the crack growth life is: 

( )( ) ( )
( ) ( ) 2n1

o

2n1

fn

max

n
aa

πσR1n2C

2
ΔN

−−
−

−−
=  ,                        (Equation 7.3-6) 

where ao and af are the initial and final crack sizes, respectively. 

 

The final crack size is usually calculated by using the fracture toughness, Kc, of the material: 

 
2

max

c

2
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2

c
cr

σ
0.32

πσ
a 










==

KK                                              (Equation 7.3-7) 

When the initial crack is known (usually determined by nondestructive inspection), the number 

of cycles that will be required for the crack to grow from ao to acr can be calculated. 

 

7.3.2.2  Assessment by Crack Growth Computer Code 

 

Another approach is to use a crack growth computer code for flaws in metallic structures that is 

approved by the RFCB. NASGRO® (see NASGRO® User’s Manual) is typically the 

recommended fatigue crack growth application for the analytical assessment of human-rated 

spaceflight hardware. There are other fatigue crack growth applications that may be used, and the 

RFCB may recommend demonstration of equivalency with NASGRO®.   

For space-flight pressure vessels, the current trend is to use NASGRO® since it contains a vast 

array of stress intensity factors for crack models that represent pressure vessel geometries. It also 

contains a large fracture and crack-growth rate (da/dN) database for materials used in fabricating 

pressure vessels, including titanium, corrosion-resistant steel (CRES), Inconel®, etc. 

 

7.3.3  Assessment by Test  

 

Typically, an assessment by test is required when the evaluation by analysis is low confidence. 

This situation arises when workmanship sensitivity occurs, or analysis tools are not fully 

validated. 
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An example of this application is discussed. There were challenges associated with evaluating 

the damage tolerance of friction stir welds in a pressurized structure application. A threat 

assessment was assembled that listed all the potential weld defects that could occur based on 

manufacturing of coupons, first article inspection, and several development articles. An 

investigation was performed to understand the cause for these flaws, and it was determined that 

residual stresses in the heat affected zone was the key driver for causing these flaws. There were 

several concerns with using an analytical approach: 

 

a. Geometry was not available in NASGRO®, 

b. Plasticity was expected in that region, and 

c. Residual stresses could not be fully characterized. 

 

Only one type of flaw was deemed as critical and concerning, as the direction of the flaw was 

through the thickness. The flaw could propagate and cause failure of the pressure wall. First, a 

full-scale finite element model was used to determine the worst-case axial and azimuthal stress 

driving this flaw. A fatigue-life spectrum was developed based on the stress history expected 

during transportation, ground operations, wet rehearsals, contingency cycles, proof cycles, leak 

checks, and flight. The stress history was converted to a meaningful load history that could be 

applied to weld lap joints with worst-case manufactured flaws. In-service environments in this 

case only improve crack growth behavior, but these beneficial effects were not accounted for. At 

least twelve samples with various flaw sizes were subjected to cyclic loading based on the 

fatigue life spectra until the samples exhibited catastrophic failure, i.e., flaws propagated 

unstably. Even with the scatter observed in the fatigue crack growth test results from these tests, 

and using a factor greater than 4, the weld joint was verified to be damage tolerant to worst-case 

flaws expected during manufacturing. Further, the drawing requirement was modified to tie the 

initial flaw size from these tests. Due to low confidence in analysis, sections 7.3.2.c.(1) and 

7.3.2.c.(2) of NASA-STD-5019A were not verified as the damage tolerance demonstration was 

performed by test alone. 

 

7.4  General Approach for Fracture Critical Composite or Bonded Hardware 

Assessment 

 

Fracture critical composites require undergoing an extensive evaluation. Table 7.4-1, Criteria for 

FC Composite Hardware, contains the criteria that need to be met for the composite hardware 

fracture critical classification. 

 

Table 7.4-1—Criteria for FC Composite Hardware 

(All requirements must be met.) 

Item  Criteria Completed?  

(Y or N) 

1a DTA 

7.4.1 

Provide information for residual strength sensitivity to 

impact damage and manufacturing flaws based on test 

data. 

 

1b Define and quantify the flaws from any source that may 

occur to the hardware during its service life. 
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Item  Criteria Completed?  

(Y or N) 

2a IDMP 

7.4.2 

Define, document, and implement impact protection 

and/or detection strategies for the flight hardware to 

diminish the targeted damage threats identified by the 

DTA. 

 

2b Prescribe when and how impact protection and/or 

detection strategies are to be used for flight hardware to 

mitigate credible damage or threats. 

 

3a RTD 

7.4.3 

Define the worst-case credible flaw conditions that are 

shown to be tolerated by the hardware through analysis 

and test, considering all applicable flaw detection and 

mitigation strategies that are implemented for the flight 

hardware. 

 

3b Encompass all possible worst-case credible damage 

conditions, except the threats that are mitigated by NDE 

evaluations, the IDMP, and the threats where risk is 

accepted by the program or project. 

 

3c Document the damage states the program or project has 

chosen to exclude from the design. 

 

4 Load Spectra 

7.4.4 

Develop full loading spectra all the loads and the 

number of cycles or duration during the service life of 

the part at the appropriate environment are included to 

develop loading spectra. 

 

5a DTT of 

Coupons 

7.4.5 

Perform damage tolerance tests that represent flight 

hardware materials, manufacturing methods, and layups. 

 

5b Perform damage tolerance tests that contain induced 

flaws and damage that encompass the worst-case 

credible-flaw conditions as determined by the RTD. 

 

5c Perform damage tolerance tests that represent the modes 

of failure expected in the flight hardware. 

 

5d Perform tests in a quantity sufficient to define design 

values for the relevant critical failure modes, e.g., 

residual strength, fatigue life, using the B-basis 

statistical techniques as defined in CMH-17-1G or an 

equivalent approach approved by the RFCB. 

 

5e Develop or use coupon data to establish the sensitivity of 

residual strength to impact and manufacturing damage 

 

6a DTT of 

Hardware 

Elements 

7.4.6 

Damage tolerance tests of hardware elements are to 

include both residual strength and life-based testing. 

 

6b Perform damage tolerance tests sufficient in number to 

guide the design and provide confidence that the tests 

performed encompass the worst-case credible 

conditions, locations, and orientations. 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

139 of 527 

Item  Criteria Completed?  

(Y or N) 

7a Strength/Life 

7.4.7 

Perform analysis to establish that the B-basis residual 

strength after 1 service lifetime is sufficient to support 

DUL, after which the hardware will perform as intended. 

 

7b Establish that the hardware performs as intended after 

experiencing a B-basis number of spectrum loading 

service lifetimes followed by one DLL cycle. 

 

8a DTT of Full-

Scale 

7.4.8 

Perform damage tolerance tests of full-scale flight-like 

hardware . 

 

8b Induce flaws into test hardware as specified by the RTD 

in the worst credible location and orientation.  

 

8c Perform NDE on test hardware before test to verify that 

the RTD flaws have been imposed and to record any 

new flaws. 

 

8d Account for the effects of environments and flight 

hardware structural conditions to simulate performances 

throughout the specified service lifetime. Adjusted via 

an ECF if not performed at operational environments. 

 

8e Establish ultimate load capability in the test hardware 

after a minimum of 1 service lifetime loading. 

 

8f Subject test hardware to a minimum of 4 service lives of 

spectrum loading with appropriate LEF necessary to 

establish B-basis reliability followed by 1 DLL cycle. 

 

8g Establish that the test hardware does not experience 

structural failures and is capable of performing its design 

function after both spectrum service life testing and 

DUL testing (functional test or other tests) and perform 

NDE as part of this assessment. 

 

9a BBA 

Evaluation 

7.4.9 

Evaluate any anomalies during BBA testing by 

evaluating unexpected flaws or unusual growth or a new 

failure mode observed during BBA testing. 

 

9b Evaluate any anomalies during BBA testing which could 

drive additional actions such as test, retest, or redesign 

as appropriate. 

 

9c Discrepancies between the anticipated and observed test 

responses to damage initiation or growth are reconciled. 

 

9d Include RFCB involvement with all assessments and 

evaluations if anomalies during BBA testing occur. 

 

10a NDE 

8.1.2 

Provide the NDE methodology and rationale in the FCP.  

10b Perform flaw screening by NDE on all composite or 

bonded part regions. 

 

10c For hardware that is proof tested, perform pre-proof and 

post-proof test NDE at critical locations identified in the 
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Item  Criteria Completed?  

(Y or N) 

FCP for all hardware, i.e., critical hardware locations not 

screened for specific flaws with the proof test. 

11 Detected 

Flaws 

8.1.5 

Spaceflight hardware with detected flaws that is used for 

flight without being repaired or replaced shall have a 

specific detailed assessment approach documented with 

rationale in the FCP that contains the following: The 

approach and rationale provided to the RFCB for 

approval before implementation AND Documentation of 

the approved approach in the FCP. 

 

12a  

 

 

 

 

 

 

 

 

 

 

 

 

Proof test 

7.5.3 

Proof test the flight article to 1.2 times the limit load 

using one of the following: Either conduct the proof test 

in the appropriate environment OR adjust the test loads 

using a coupon or hardware element test verified ECF. 

 

12b Perform pre-proof and post-proof NDE, including 

special visual inspection if necessary, on the hardware. 

 

12c Repair or replace hardware with indications of flaw 

growth or initiation that are discovered during proof test 

or with post-proof NDE:  

(1) Repeat the proof test to 1.2 times the limit load for 

repaired hardware. 

(2) Perform pre-proof and post-proof NDE, as well as 

special visual inspection if necessary, on the repaired 

regions. 

 

12d Define the threats that may cause flaws from any source 

that may occur to the hardware during its service life, 

considering all applicable flaw detection and mitigation 

strategies that are implemented for the flight hardware. 

 

12e Develop and implement an IDMP for the hardware that 

assures a complete record of hardware impact or damage 

status and mitigates the risk of undetected damage from 

the threats identified in section 7.5.3.d (above) for the 

period between post-proof NDE and launch. 

 

12f Establish that the largest remaining residual threat after 

post-proof NDE through the remainder of the service life 

can create damage no larger than the flaw size screened 

by NDE. 

 

12g Repeat the proof test, repair, or replace the hardware if 

any incidents of impact or other damage occur after 

post-proof NDE and before launch. 

 

12h For reflight hardware, repeat the proof test approach 

activities before the hardware is reflown. 

 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

141 of 527 

7.4.1 Damage Threat Assessment/Damage Protection Plan 

 

In this section, an example of a damage threat assessment is provided. The damage threat 

assessment is intended to provide information for residual strength sensitivity to impact damage 

and manufacturing flaws based on test data. Quantity of flaws and their sources are determined 

that may occur to the hardware during its service.  

 

In the DTA, information about the part should be documented and includes: 

1. Part number 

2. Hardware name 

3. Hardware to be flown on (e.g., Ares I-X) 

4. Function 

5. Material constructions 

6. Operating loads (e.g., pressure, temperature, loads) 

7. Summary of design structural margins for all relevant failure modes 

8. Summary of structural qualification tests 

9. Acceptance tests (e.g., proof test, NDE, etc.) 

10. Applicable/Reference standards applicable to the hardware 

 

Many parts are susceptible to damage due to mishandling during manufacturing, handling, test, 

storage, transportation, in-service use, and maintenance, including integration, launch, re-entry, 

landing and reflight. Each phase should be assessed as to the potential damage sources and 

mitigations. A table as shown in Table 7.4-2, General Example of a Threat Assessment and 

Accompanying Protection Plan, should be developed. All the failure modes associated with the 

part need to be identified (failure mode and effects analyses [FMEAs]). JSC 66901, Damage 

Threat Assessment and Damage Control Plan Template for Composite Overwrapped Pressure 

Vessels, provides a useful template for developing an assessment and plan for COPVs. A 

generalized example template is provided in Table 7.4-2. 

 

Table 7.4-2—General Example of a Threat Assessment and Accompanying Protection Plan 

Threat Operation Condition Protection Plan 

Overpressurization of 

the component due to 

inadequate pressure 

relief or venting 

Filling  Up to 

MDP 

Fill procedure was qualified and provides 

fault tolerance. A relief valve prevents 

over-pressurization. 

Contamination or 

debris  

Filling Up to 

MDP 

System to be internally cleaned to X level 

as prescribed in the specification [Insert 

Here]. A filter will be installed during the 

filling process, and verification will be 

performed to ensure purity content does not 

exceed threshold.  

Incompatible 

materials 

Filling Up to 

MDP 

Material compatibility analysis and testing 

were performed in accordance with M&P 

document [Insert Here]. 
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Threat Operation Condition Protection Plan 

Improper 

workmanship or 

assembly 

Assembly Up to 

MDP 

The component is integrated with [Insert 

here] assembly per approved design and 

process controls. Inspections and 

acceptance tests in [Insert Here] will verify 

proper workmanship.  

Handling damage All Up to 

MDP 

Use of protective covers will aid in 

hardware protection. The hardware will be 

handled and transported in an approved 

shipping container per [Insert Here]. The 

hardware is protected by commercial 

packing material such as [Insert Here, e.g., 

foam, bubble wrap] or a combination of 

materials which is capable of absorbing the 

indentation and deflection damage. The 

shipping container will be instrumented to 

identify any peak forces during the 

shipping process. 

Moisture damage All Up to 

MDP 

Desiccant bags are placed to prevent 

moisture buildup on sensitive components 

during shipping process and storage.  

Tool impact All Up MDP All potential tools that could impact the 

hardware have been identified. The 

potential of impact damage has been 

minimized by removing any tools in the 

vicinity of the hardware per [Insert Here] 

procedure. The hardware and assembly are 

classified fracture critical and are to be 

handled according to manufacturer’s and 

hardware owner’s instructions [Insert 

Here]. All movement of COPV is covered 

by approved lifting and handling 

procedures for lifting and handling 

hardware [Insert Here]. 

External Corrosion Handling, 

storage, 

testing, and 

in-service 

use 

Up MDP The materials used in the hardware will be 

subject to exterior corrosion control and 

maintained according to cleanliness threat 

mitigation in the M&P procedure [Insert 

Here]. The hardware will be inspected by a 

qualified inspector before installing 

protective covers per Inspection Plan 

[Insert Here]. 

Ultraviolet (UV) 

damage 

All Up to 

MDP 

Assembly is kept in shipping container or is 

shielded from UV light until installation 
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Threat Operation Condition Protection Plan 

into the pressure system per Specification 

[Insert Here]. 

Interface damage and 

damage to the sealing 

surface 

All Up MDP Inspections are performed before and after 

interface connections are made. 

Composite surface 

abrasion 

All Up MDP The hardware is restrained using 

manufacturer-recommended corrosion 

resistant mounting bracket. The structural 

system requires to accommodate expansion 

and contraction without inducing excessive 

loads to the bracket or causing abrasion. 

The nut used in the mounting bracket is not 

installed when the tank is pressurized. 

Undetected damage All Up MDP Approved and qualified inspection 

techniques are used. Inspections are 

performed and a qualified inspector at the 

inspection points is defined in the 

Inspection Plan [Insert Here]. 
 

7.4.2  Impact Damage Mitigation Plan 

 

An impact damage mitigation plan is developed to establish strategies that ensure the hardware is 

not damaged beyond a level known that the hardware can tolerate during use. The plan can also 

include measures to identify if any damage has occurred by using damage indicators. The plan 

develops mitigations by addressing any damage threats identified in the damage threat 

assessment. The plan can utilize protection, surveillance, or inspections to accomplish those 

alternative goals.  

 

7.4.2.1  Example Impact Damage Mitigation Plan for Generic Hardware 

 

An example plan for some Hardware A is as follows: 

 

1. Standard practice must be followed to the greatest extent possible in the 

manufacturing and handling of Hardware A. In the case of deviations from that practice, the 

induced damage must be reported and evaluated using appropriate NDE techniques. Processes 

used in manufacturing, handling, and shipping should include whatever measures necessary to 

minimize the threat of damage to the hardware. 

 

2. Protection against impact damage from FOD is required. Document X-Y-Z provides 

the planning and guidance for the control of contamination and FOD for the Hardware A. That 

plan presents requirements for identifying the cleanliness and protection needs and for including 

inspections in the process planning.  
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3. Hardware A must be evaluated using appropriate NDE techniques before the proof 

test and again after the proof test. The post-proof NDE, in conjunction with the pre-proof NDE, 

is intended to identify any changes in the Hardware A induced by the proof test operations. The 

two inspections together also serve to find and quantify any damage input prior to the respective 

NDE inspections.  

 

4. Hardware A will be visually inspected upon arrival at the launch facility following 

Document X-Y-Z. Any significant damage arising from handling and shipping subsequent to the 

post-proof NDE will be found by a visual inspection upon arrival at launch facility. Hardware A 

has been previously shown to be tolerant to large disruptions of section, and so visual inspection 

to identify any potential damage should be effective for risk mitigation of undetected damage in 

the hardware.  

 

5. Immediately prior to integration of Hardware A into the rocket stack, a visual 

inspection of the hardware is performed. After integration, the access covers will be installed; 

and there is no plan to access the space any further. The IDMP does not provide any guidance 

beyond that point, because the parts are expected to be protected in the enclosed volume. If 

further access is required, an appropriate IDMP for that activity should be generated. After 

integration, the hardware is protected in the rocket vehicle stack; no further effort should be 

required unless the hardware volume is accessed. 

  

7.4.2.2  Example Impact Damage Mitigation Plan for COPVs 

 

A set of impact damage control (IDC) procedures for COPVs has been proposed by NASA JSC 

White Sands Test Facility under an Air Force/NASA–funded Research and Development 

Program (reference Tapphorn [1998]). A more comprehensive and updated template is JSC 

Damage Control Plan template document (JSC 66901). An illustrative example is presented here. 

The specific areas covered in this set of proposed procedures are IDC plan, manufacturing IDCs, 

shipping IDC, COPV receiving inspection requirements, installation and system-level impact 

control, impact control plan (ICP) implemented with impact indicators, and ICP implemented 

with impact protectors.  

 

Impact Damage Control Plan 

The following are the three basic steps in the development of the IDC plan: 

 

1. A quality assurance (QA) program, based on a comprehensive study and engineering 

requirements (e.g., drawings, material specifications, process specifications, workmanship 

standards, design review records, and fail mode analysis) for the COPV, should be established to 

assure that the necessary NDE and acceptance tests are effectively performed to verify that the 

flight article meets the requirements of the IDC Plan. The QA program should ensure that the 

COPVs conform to applicable drawings and process specifications; that no damage or 

degradation has occurred during material processing, fabrication, inspection, shipping, storage, 

operational use, and refurbishment; and that defects that could cause failure are detected or 

evaluated and corrected. Figure 7.4-1, Relationship of QA and NDE to BAI of COPVs, shows 
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how QA and NDE efforts relate to burst-after-impact (BAI) of COPVs. As a minimum, the 

following considerations should be included in structuring the QA program. 

 

QA Surveillance
Personnel Certification

Training

Qualification

Reject COPV

Flight Readiness Review

MRB

Accept COPV

Apply Accept/Reject Criteria

BAI Prediction
Analytical Predictions

Test Data Correlation

Perform NDI
Visual Inspection

IR Thermography, UT A-Scan, EC Scan

AE During Pressurization & Other Methods

Review Impact History

Assess BAI

 

Figure 7.4-1—Relationship of QA and NDE to BAI of COPVs 

2. An inspection plan should be established prior to the start of fabrication. The plan 

should specify appropriate inspection points and inspection techniques for use throughout the 

program, beginning with material procurement and continuing throughout fabrication, assembly, 

acceptance proof test, operation, and refurbishment, as appropriate. In establishing inspection 

points and inspection techniques, consideration should be given to the material characteristics, 

fabrication processes, design concepts, structural configuration, and accessibility for inspection 

of flaws. 

 

3. Personnel Qualifications, Training, and Certifications. QA and NDE inspectors should 

be trained and certified in the visual recognition of impact damage to a COPV. For visual 

inspections, the inspectors should be trained to identify impact damage indentations, cuts, matrix 

cracking, delaminations, and fiber breakage on representative COPV surfaces prior to 

performing the required COPV inspection. In addition, the inspectors should also be trained to 

differentiate benign discontinuities (e.g., scuff marks, adhesive films, and superficial abrasions) 

from the detrimental defects listed above. Personnel involved in specialized NDE should be 

trained in the application of the technique and data interpretation. Specialized training should be 
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conducted using representative impact damage on COPVs. All personnel handling the COPV 

should be familiar with handling procedures associated with spaceflight hardware. At a 

minimum, this should include training in the damage susceptibility of the COPV and methods of 

preventing potential impacts during handling. Discrepancy reporting should be defined as part of 

the QA program and inspection plan procedures. Discrepancies in terms of impact damage, 

indications, overwrap or liner discontinuities, anomalies, or other flaws should be reported and 

dispositioned on approved forms. Jurisdictional authority should give approval prior to 

pressurizing the COPV to MDP levels or above. 

 

Manufacturing Impact Damage Controls 

Figure 7.4-2, Manufacturer’s Impact Control Requirements, illustrates how the IDC Plan should 

be implemented during the manufacturing stage of the COPV. Handling procedures for 

manufacturing plant operations depend on the size of the COPV. For small cylindrical or 

spherical COPVs, manual handling should be accomplished with 100 percent QA surveillance 

using procedures that specify the use of gloves and foam pads to prevent scuffing of the 

composite overwrapped surface. For large COPVs, lifts and slings should be required to move 

the COPV. Prevention of COPV impact damage should be controlled procedurally with 100 

percent QA surveillance when using lifts and slings. 

 

QA Surveillance
Personnel Certification

Training

Qualifications

Discrepancy Reporting

Proof Testing

Curing Operations

Winding Operations

Linear Fabrication

Tools
Tethered and Inventoried

Mfg. Operations

Restraints

Slings

Fixtures

Pallet & Forklift

Manual Lift & Carry

Transporting

Handling Procedures

Optional Methods
For Example

UT, IR Thermography,

EC, AE during Proof

X-ray of Liner

Visual
External/Internal

NDE Inspections

Manufacturer Impact Control Requirements

Impact-Damage Control Plan

 

Figure 7.4-2—Manufacturer’s Impact Control Requirements 
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Impact control (IC) for manufacturing operations should include the identification of tool 

impacts, floor drop conditions, and threat environments that could potentially contribute to or 

cause COPV impact damage. Since impact protective covers may not be practical for all stages 

of COPV manufacturing operations, the plan requires that the IDC be implemented via 

procedural controls with 100 percent QA surveillance. Tools in the IDC area of manufacturing 

plants should be inventoried and controlled by the QA program. Tethered tools on lanyards 

should be required for any situation that potentially may result in accidental dropping of tools 

that may strike the COPV during the manufacturing process. These processes include, but should 

not be limited to, filament winding, curing, autofrettage, leak testing, NDE, proof testing, and 

preparation for shipping or storage. 

 

Impact control should include handling procedures for protective covers or fixtures used during 

all stages of manufacturing. The handling procedures should identify the certification 

requirements for lifting items such as slings, restraints, foam-padded chocks, fixtures, forklifts, 

or hoist assemblies. Manual handling of COPVs in manufacturing plants should be performed 

with surveillance QA inspectors monitoring for any floor drops or transportation collisions. 

Likewise, COPV transportation requiring forklift or hoist mechanical aids should be performed 

using a trained team of personnel to guide the COPV and avoid collision impacts with objects, 

walls, or floors. Protective measures, including impact protection covers, foam pads, foam-

padded chocks, and foam-lined transportation containers, should be used to reduce the likelihood 

of anomalies or discontinuities (e.g., scuff marks or light abrasions) associated with various 

handling operations. 

 

Impact Damage Controls During Shipping 

Figure 7.4-3, Shipping ICP Requirements, illustrates the IDC Plan that should be implemented 

for COPV shipping. Handling procedures for shipping and receiving depend on the size of the 

COPV. For small cylindrical or spherical COPVs, handling should be performed under 100 

percent surveillance using procedures that specify the use of gloves and foam pads to prevent 

scuffing of the composite overwrapped surface. For large COPVs, lifts and slings should be 

required for moving the COPV. Prevention of COPV impact damage should be controlled 

procedurally when using lifts and slings. 
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QA Surveillance
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AMP-3000 ShockWriter

Temperature
AMP-3000 ShockWriter

Shipping Recorder

Active

Acceleration Limit Temperature  Limit

Passive

Environmental Controls
Mositure Barrier & Liner Plug

Temperature Specs

Shock Specs

Tracking

Handling Specifications

Carrier Requirements

Shipping Requirements

Manufacturer Impact Control Requirements
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Figure 7.4-3—Shipping ICP Requirements 

Transportation containers should be designed to protect the COPV from the threat environments 

encountered during shipping to assure that damage is not afflicted to the COPV. For small 

spherical COPVs, the shipping container should be foam lined per MIL-PRF-26514, 

Polyurethane Foam, Rigid or Flexible, for Packaging. Sufficient foam thickness is required to 

prevent COPV damage resulting from shipping container drops or collision impacts to the 

shipping container structure. The shock case defined by FED-STD-101C(4), Test Procedures for 

Packaging Materials, Method 5007.1, Level B, should be used to design the shipping container. 

 

Note: FED-STD-101C(4), Test Procedures for Packaging Materials, has been cancelled and 

superseded by MIL-STD-3010, Test Procedures for Packaging Materials. Appendix A in MIL-

STD-3010 states that Method 5007 has been superseded by American Society for Testing and 

Materials (ASTM) D4169-04, Standard Practice for Performance Testing of Shipping 

Containers and Systems. The shock test procedure in cancelled FED-STD-101C(4) is clear, 

detailed, and preferred. Although it has been cancelled, this document remains available on 

DOD’s Acquisition Streamlining and Standardization Information System (ASSIST) Web site  

< http://assist.daps.dla.mil/online/start/ > at no charge. 

 

Frequently, larger or cylindrical COPV containers are suspended on foam chocks or foam-lined 

saddle fixtures. ASTM D1974–98(2003), Standard Practice for Methods of Closing, Sealing, and 

Reinforcing Fiberboard Boxes, provides standard practices for closing, sealing, and reinforcing 

fiberboard shipping containers of types suitable for COPVs. 

 

Shipping containers with multiple compartments should be permitted for the shipment of a 

plurality of small COPVs, but each compartment should be individually lined with sufficient 

foam to preclude impact damage during shipment. The entire crate should be designed to survive 

a drop from a height consistent with the threat environment (minimum 4 ft) without inflicting 

damage to the COPV. 

 

http://assist.daps.dla.mil/online/start/
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For large COPVs, shipping containers should be constructed to survive a minimum (4 ft) drop 

while protecting the COPV. This includes suspending the COPV in foam pads, chocks, or 

saddles. The lid of the shipping container should be secured with metal clamps held in place with 

banding straps. The thickness of foam required to preclude COPV damage depends on the size 

and weight of the COPV. Small vessels may require only l-in thick foam, while the large vessels 

require foam pads up to 6 in thick or greater. The foam lining specification should be in 

accordance with MIL-PRF-26514. ASTM D1083-91(1998), Standard Test Methods for 

Mechanical Handling of Unitized Loads and Large Shipping Cases and Crates, provides 

appropriate test procedures, although it was withdrawn in 2001 and not replaced. 

 

If the shipping container cannot be qualified by similarity to a previously qualified design, the 

new container design should be subjected to drop testing from a height consistent with the threat 

environment (minimum 4 ft), with the COPV installed. The results of these drop tests should 

demonstrate that the BAI of the COPV does not degrade to below its design burst strength. 

ASTM D775-80(1986), Method for Drop Test for Loaded Boxes, provides standard guidelines 

for drop testing loaded boxes, while ASTM D4169-04, Standard Practice for Performance 

Testing of Shipping Container and Systems (section E.3.1 above), provides standard guidelines 

for performance testing of shipping containers and systems. [Note: ASTM D775-80 was 

withdrawn in 1993 and replaced by ASTM D5276-98(2004), Standard Test Method for Drop 

Test of Loaded Containers by Free Fall.] 

 

The shipping container should be designed to protect the COPV from environmental factors that 

may degrade the performance of the COPV. The COPV should be sealed in a moisture barrier 

with an independent port boss seal that protects both the COPV overwrap and the liner from 

environmental exposure to high-humidity environments or from corrosive airborne contaminants 

during shipping and handling. Desiccants should be permitted, provided the chemical materials 

are compatible with the COPV overwrap and liner. ASTM D895-94, Standard Test Method for 

Water Vapor Permeability of Packages, provides appropriate test procedures, although it was 

withdrawn in 1999 and has not been replaced. 

 

The shipping container may also be equipped with active or passive acceleration and temperature 

recording devices to monitor the environmental shock conditions and temperature conditions 

during shipment. In situ health monitoring of shipping containers can be implemented with both 

passive and active devices. Passive monitors include shock-sensitive indicators that unload a 

configuration of spring-loaded balls or shock-sensitive strips that change color when the 

indicator has been subjected to a shock event. Active monitors include units such as the AMP-

3000 ShockWriter, which is capable of storing up to several hundred events logged over a 

shipping duration of up to 90 days. 

 

The shipping carrier should be qualified to ship and handle flight hardware. The shipping and 

handling documents should specify the acceptable ranges and limits with respect to shock, 

impact sensitivity, and temperature. The COPV cargo should be tracked throughout all stages of 

the shipping process. 
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COPV Receiving Inspection Requirements 

Figure 7.4-4, Receiving Inspection ICP Requirements, illustrates the ICP that should be 

implemented with respect to COPV receiving inspection requirements. Handling procedures for 

receiving inspection depend on the size of the COPV. For small cylindrical or spherical COPVs, 

manual handling should be accomplished with 100 percent QA surveillance using procedures 

that specify the use of gloves and foam pads to prevent scuffing of the composite overwrapped 

surface. For large COPVs, lifts and slings should be required to move the COPV. Prevention of 

COPV impact damage should be controlled procedurally with 100 percent QA surveillance when 

using lifts and slings. 
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Training
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Figure 7.4-4—Receiving Inspection ICP Requirements 

COPV receiving inspections should be performed to assess the integrity of the COPV as 

received. These inspections should include a visual inspection of the composite overwrap, a 

visual inspection of the COPV liner using a borescope, and an X-ray radiographic inspection of 

the metal liner.  

 

Pedigree information, shipped with the COPV, should be reviewed as part of the receiving 

inspection process to ensure that the COPV meets the program requirements. The manufacturer’s 

NDE data should be reviewed and compared to procurement agency requirements for the COPV 

and the receiving inspection NDE records. The manufacturer’s COPV logbook should be 

reviewed to determine if any suspected impact damage conditions have been reported. 
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Visual inspection of the shipping container should be performed to determine if there are 

indications of a drop during shipment. Shipping container damage indications include crushed 

corners or impact indentations on the external surface. Internally, unusual foam deformation or 

compaction will provide clues of potential damage from shipping container drops. If the shipping 

container is equipped with active or passive shock and/or temperature monitors, data from these 

units should be used to assess the environmental conditions during shipment of the COPV. 

 

All COPVs not installed on spacecraft or launch vehicle hardware should be stored in a Bonded 

Stores facility with access controls defined by the program QA requirements. The Bonded Stores 

facilities should have environmental controls to maintain the COPV within the required 

temperature and humidity specifications. 

 

Installation and System-Level Impact Control 

Figure 7.4-5, Installation and System-Level Procedures for Procedural-only ICP, illustrates the 

ICP overview that should be implemented during the installation and system-level operations of 

the COPV mounted on the spacecraft hardware or the launch vehicle. COPV handling 

procedures for the spacecraft or launch vehicle installation and test phase depend on the size of 

the COPV. For small cylindrical or spherical COPVs, manual handling should be accomplished 

using procedures that specify the use of gloves and foam pads to prevent scuffing of the 

composite overwrapped surface. For large COPVs, lifts and slings should be required to move 

the COPV. Prevention of COPV impact damage should be controlled procedurally with 100 

percent QA surveillance when using lifts and slings.

 

Figure 7.4-5—Installation and System-Level Procedures for Procedural-only ICP 
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The following options are discussed: 

 

1. ICP by Procedure Only: Figure 7.4-5 also illustrates the procedural-only ICP option that, if 

selected, should be used during the installation and test of the COPV mounted on the spacecraft 

hardware or the launch vehicle. Handling procedures for installation depend on the size of the 

COPV. For small COPV cylindrical or spherical vessels, manual handling should be 

accomplished using procedures that specify the use of gloves and foam pads to prevent scuffing 

of the composite overwrapped surface. For large COPVs, lifts and slings should be required to 

move the COPV. Prevention of COPV impact damage should be controlled procedurally when 

using lifts and slings. 

 

2. ICP procedures for Unpressurized COPVs: Require access control and authorization by the 

jurisdictional authority for personnel to work within close proximity to the COPV and should be 

performed with 100 percent QA surveillance. Caution signs should be displayed near the COPV 

to make personnel aware of the impact sensitivity. Inventoried and tethered tools should be 

required when this work is performed. Torque or leverage tool operations within close proximity 

to the COPV should be performed under procedural control with 100 percent QA surveillance. 

Scuff-protective materials in the form of high-density foam or equivalent should be used to 

reduce the potential for false impact indications resulting from small tool scuffs and abrasions. 

Period inspections by trained and certified NDE inspectors should be performed prior to the 

installation of scuff-protective materials and after the removal thereof. 

 

3. ICP Procedures for Pressurized COPVs: Access control for working in close proximity to a 

pressurized COPV (< MDP/10) should be controlled and authorized by the jurisdictional 

authority. Hazard warning signs should be displayed near the COPV to warn personnel of the 

impact sensitivity and the potential burst hazard of the COPV. ICP procedures for COPV 

pressurized to < MDP/10 should require inventoried and tethered tools. Torque or leverage tool 

operations within close proximity of the COPV should be performed under procedural control 

with 100 percent QA surveillance. Scuff-protective materials in the form of high-density 

Ensolite® foam or equivalent should be used to reduce the potential for false-positive impact 

indications resulting from small tool scuffs and abrasions. Periodic inspections by trained and 

certified NDE inspectors should be performed prior to the installation of scuff-protective 

materials and after the removal thereof. Pressurization of a COPV from 0.1  MDP to MDP or 

above should require authorization by the jurisdictional authority, and personnel access should 

be restricted. Hazard danger signs should be displayed near the COPV to warn personnel of 

impact sensitivity and the potential for catastrophic burst. In addition, any tool activity 

performed within proximity of the pressurized COPV should require mandatory use of impact 

protector devices. 

 

ICP Implemented with Impact Indicators 

Figure 7.4-6, Installation and System-Level Procedure for Implementation of ICP with Impact 

Indicators, illustrates the impact indicator ICP option that, if selected, should be implemented 

during the installation and test of the COPV mounted on the spacecraft hardware or the launch 

vehicle. Handling procedures for installation depend on the size of the COPV. For small 

cylindrical or spherical COPVs, manual handling should be accomplished using procedures that 
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specify the use of gloves and foam pads to prevent scuffing of the composite overwrapped 

surface. For large COPVs, lifts and slings should be required to move the COPV. Prevention of 

COPV impact damage should be controlled procedurally when using lifts and slings. 
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Figure 7.4-6—Installation and System-Level Procedure for Implementation of ICP 
with Impact Indicators 

Impact indicators should be capable of detecting any impact condition that could result in a 

5 percent or greater degradation of COPV nominal burst strength. Piezoresistive film, commonly 

used as strain and force sensors, sandwiched between two 0.25-in thick high-density Ensolite® 

foam layers provides an excellent active impact indicator with impact force discrimination. By 

using an electrical comparator circuit on the active indicator, a threshold can be set to respond 

only to detrimental impacts and ignore all low-energy events. 

 

Other types of passive indicators include bubble dye wraps, pressure-sensitive films, deformable 

covers (e.g., metal honeycomb and polystyrene foam), and thin plexiglass or glass covers. The 

passive indicators should have the means for discriminating detrimental impacts from low-
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energy events (tapping, touching, scuffing) that will not compromise the burst strength of the 

COPV. 

 

ICP procedures for unpressurized COPVs using impact indicators should require access control 

and authorization by the jurisdictional authority to work within close proximity to the COPV. 

Caution signs should be displayed near the COPV to make personnel aware of the impact 

sensitivity. Inventoried and tethered tools should be required when this work is performed as a 

prudent means of avoiding impact situations that require disposition. Periodic QA surveillance 

should be performed to monitor the impact indicators. 

 

Torque or leverage tool operations within close proximity to the COPV should be performed 

under procedural control with 100 percent QA surveillance. 

 

Scuff-protective materials in the form of high-density Ensolite® foam used with an impact 

indicator should be used to reduce the potential for false impact indications. Periodic inspections 

by trained and certified NDE inspectors should be performed prior to the installation of the 

impact indicator device and after the removal of such materials. Any impact indicator device 

should be installed with protective high-density Ensolite® foam to preclude any scuff or abrasion 

marks that may have to be analyzed as suspected impact conditions. 

 

Pressurization of a COPV from 0.1 x MDP to MDP or above should require authorization by the 

jurisdictional authority, and personnel access should be restricted. Hazard danger signs should be 

displayed near the COPV to warn personnel of impact sensitivity and the potential for 

catastrophic burst. In addition, any tool activity performed within proximity of the pressurized 

COPV should require mandatory use of impact protector devices. 

 

ICP Implemented with Impact Protectors 

Figure 7.4-7, Installation and System-level Procedure for Implementation of ICP with Impact 

Protectors, illustrates the impact protector ICP option that, if selected, should be implemented 

during the installation and system-level operations of the COPV mounted on the spacecraft 

hardware or the launch vehicle. Handling procedures for installation depend on the size of the 

COPV. For small cylindrical or spherical COPVs, manual handling should be accomplished 

using procedures that specify the use of gloves and foam pads to prevent scuffing of the 

composite overwrapped surface. For large COPVs, lifts and slings should be required to move 

the COPV. Prevention of COPV impact damage should be controlled procedurally when using 

lifts and slings. 
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Figure 7.4-7—Installation and System-Level Procedure for Implementation of ICP with 
Impact Protectors 

The following are considerations for design requirements for impact protectors and procedures 

for unpressurized and pressurized COPVs: 

 

1. Design Requirements for Impact Protectors: Impact protectors should be capable of 

shielding a COPV from impact damage consistent with the threat environment or at least up to 

the load limits for the integral boss and mounting fixtures. An impact inflicting any damage that 

potentially degrades the burst strength of the COPV more than 5 percent from its nominal burst 

pressure is unacceptable. 

 

The minimum design cross-section of an impact protector cover should include the shielding 

layers depicted in Figure 7.4-8, Cross-Section of COPV Impact Protector. The indentation 

damage from a credible impact should be completely absorbed by a hard shell fabricated from 

fiberglass/epoxy, Kevlar®/epoxy, or equivalent material sufficiently thick to absorb the 

indentation energy without penetration. The potential deflection damage should be mitigated by 

spreading the peak loading transmitted through the hard shell over an area consistent with the 

dimensions of the COPV. Deflection damage should be further mitigated by introducing an 

energy-absorbing material between the hard shell and the COPV. Aluminum mesh foam (20 

pores/in, 0.5 in thick), manufactured by ERG Materials, Inc., is an example of energy-absorbing 

material that has been qualified for this application. Other materials with equivalent energy-

absorbing properties can be qualified for this application. Finally, if an impact indicator is used 

in combination with the impact protector, it should be bonded to a thin (1/16-in thick) layer of 

interface material (e.g., fiberglass/epoxy composite or polymeric materials). The laminated 
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impact protective cover should be installed over a layer of high-density Ensolite® foam mounted 

directly on the COPV. 

 

 

Figure 7.4-8—Cross-Section of COPV Impact Protector 

The impact protector device should be qualified by testing on a representative qualification 

COPV to provide adequate protection up to a specified or credible impact condition (e.g., 35 ft-lb 

impact with a 0.5-in hemispherical tup or tool). The impact protector should then be labeled 

accordingly and controlled procedurally for impact protection within the specified limits. 

Periodic QA surveillance should be required to ensure that the impact protector is used in 

accordance with its specifications and that a damaged impact protector is not used for primary 

protection of a COPV. Any impact protector subjected to an impact that crushes or deforms the 

energy-absorbing material should be rejected for further use and discarded. 

 

2. Procedures for Unpressurized COPVs: ICP procedures for unpressurized COPVs using 

impact protectors should require controlled access authorized by the jurisdictional authority to 

work within close proximity of the COPV. Caution signs should be displayed near the COPV to 

make personnel aware of the impact sensitivity and to utilize the impact protective covers. 

Periodic QA surveillance should be performed to monitor that the impact protectors are being 

used. 

 

Impact protector devices should be installed with scuff-protective high-density Ensolite® foam 

to preclude any scuff or abrasion marks that may be mistakenly identified as a suspected impact 

discontinuity. Periodic inspections by trained and certified NDE inspectors should be performed 

prior to the installation of the impact protector device and after the removal of such materials. 

3.  Procedures for Pressurized COPVs: Access for working in close proximity to a COPV 

pressurized below MDP should be controlled and authorized by the jurisdictional authority. 

Hazard warning signs should be displayed near the COPV to warn personnel of the impact 

sensitivity and the potential burst hazard of the COPV. 
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Scuff-protective materials in the form of high-density Ensolite® foam (either used directly as 

part of the impact protector or as additional scuff-protection measures) should be used to reduce 

the potential for false impact indications. Periodic inspections by trained and certified NDE 

inspectors should be performed prior to installation of scuff-protective materials and after 

removal thereof. 

 

Pressurization of a COPV from 0.1  MDP to MDP or above should require authorization by the 

jurisdictional authority, and personnel access should be restricted. Hazard danger signs should be 

displayed near the COPV to warn personnel of impact sensitivity and the potential for 

catastrophic burst. In addition, any tool activity performed within proximity of the pressurized 

COPV should require mandatory use of impact protector devices. 
 

7.4.3  Residual Threat Determination 

 

In the following bonded joint example, the application of residual threat determination 

requirements is illustrated. The objective of the RTD is to identify flaws or damage conditions 

that are not screened by a combination of inspection, protection, and detection strategies. Access 

limitations are one reason why it may not be possible to implement an inspection in certain 

regions of the structure. The example consists of a bonded composite joint with an obstruction 

that does not permit inspection of a certain zone of the bonded joint (reference Goyal and 

Lundgren [2015]). The bonded joint consists of two sandwich structures that are joined by an 

internal prefabricated insert and external doublers; refer to Figure 7.4-9, Bonded Joint under 

Consideration.   

 

 

 
Figure 7.4-9—Bonded Joint under Consideration 

 
 

The damage threat assessment and impact damage protection plan were developed. Second, 

various NDE techniques were evaluated through extensive studies to understand the limitations 

but also to select the most appropriate technique for inspecting flight hardware, shown in Figure 

7.4-9. The ultrasound technique was selected as the primary inspection technique and, through 

many studies, the damage detection levels by nondestructive inspections were able to produce a 

similar level of reliability as expected from metallic fracture critical parts, which is to find a flaw 

with 90% probability and 95% confidence.  
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After considering all applicable flaw detection and mitigation strategies implemented for the 

flight hardware, there was still potential for flaws that could lead to structural failure. Two types 

of flaws were identified for this structure: (1) A worst-case credible flaw was assumed in a 

region of no inspections due to access limitations (see Figure 7.4-10, Material Obstructs the 

Ability to Perform NDE on a Composite Joint), and (2) A worst-case credible flaw equal to the 

minimum detectable flaw size. The worst-case flaws were located between the external doubler 

and the composite sandwich structure. The size was defined by the area of no inspection. A 

second worst-case flaw was assumed at the edge of the external doubler and the composite 

sandwich structure, but this time the size was defined by the limits of the inspection capability of 

the NDE. 

 

 

Figure 7.4-10—Material Obstructs the Ability to Perform NDE on a Composite Joint 

 

In this bonded joint application, all possible worst-case credible damage conditions were 

considered except the threats mitigated by NDE evaluations and the IDMP. These worst-case 

flaws need to be defined as part of the RTD and the structure needs to be demonstrated to be 

robust to these flaws by performing damage tolerance testing. 

 

Table 7.4-3, Evaluation of Various NDE Techniques for the Bonded Joint Application in Figure 

7.4-9, provides evaluation of various NDE techniques. 
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Table 7.4-3— Evaluation of Various NDE Techniques for the Bonded Joint Application in 

Figure 7.4-9 

NDE Technique Coverage Penetration 

Suitable for 

the bonded 

joint in 

Figure 7.4-9 

Ultrasound 
Point-to-

point 
Volume Y 

Acoustic emission Entire part Volume 

Monitoring 

Crack 

Growth 

Eddy current 
Point-to-

point 
Variable 

Not for 

Debonds 

Microwave 
Point-to-

point 
Volume N 

X-Ray Full-field Volume 
Tangential 

inspections 

Thermography Full-field Variable Y 

 

7.4.4  Loading Spectra 

 

See section 11 in this Handbook. 

 

7.4.5  Damage Tolerance Tests of Coupons 

 

A bonded joint system with a cross section like that shown in Figure 7.4-9 had to be 

demonstrated to be tolerant to worst-case credible flaws for a single-use application. A subscale 

coupon test geometry was designed with the intent of performing damage tolerance tests by 

replicating the modes of failure expected in the flight. The coupons were fabricated using flight 

hardware materials, manufacturing methods, and layups. The flaws inserted in the coupons were 

representative of the worst-case flaws as determined by the RTD. The tension limit load from the 

flight model was extracted, and it was calculated to be 6,200 lbs. A tension load was applied to 

the bonded joint coupon of the configuration shown in Figure 7.4-9. Twelve (12) coupons 

environmentally conditioned to flight conditions were tested in tension and were judged to be a 

quantity sufficient to establish high confidence that the design can tolerate worse-case flaws. 

Testing of all twelve coupons with the embedded flaws demonstrated no flaw growth up to a 

tension load of 9,600 lbs, which represents a significant margin above the limit loads expected 

for the structure.  

 

For bonded joint systems such as this one, the flight hardware should undergo an inspection prior 

to proof test, a proof test, and a post-proof inspection to gain confidence in the workmanship of 

the build that no critical flaws exist and that any flaws remained stable during the proof test. 
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7.4.6  Damage Tolerance Tests of Hardware Elements 

 

Damage tolerance tests of full-scale flight hardware can be significantly expensive, so it is often 

preferred to demonstrate damage tolerance on subscale tests. In this example, an illustration is 

provided how the requirements can be applied to a hardware element rather than the full-scale 

structure.  

 

A bonded joint system with a cross section like that shown in Figure 7.4-9 had to be 

demonstrated to be tolerant to worst-case credible flaws for a reuse application up to 100 flights. 

A subscale coupon test geometry was designed with the intent of performing damage tolerance 

tests by replicating the modes of failure expected in the flight. The coupons were fabricated 

using flight hardware materials, manufacturing methods, and layups. The flaws inserted in the 

coupons were representative of the worst-case flaws as determined by the RTD. The tension 

limit load from the flight model was extracted, and it was calculated to be 6,200 lbs. A twelve 

(12) coupons environmentally conditioned to flight conditions were tested in tension and was 

judged to be a quantity sufficient to establish high confidence that the design can tolerate worse-

case flaws.  

 

In this instance, damage tolerance tests to be performed at the subcomponent level were 

representative of the flight designs and have the properly induced RTD determined flaws. Both 

residual strength and life-based testing were performed as follows: 

 

1. An NDE of all the coupons was performed before the test to verify that the RTD 

flaws were properly imposed.  

 

2. Tests were performed at worse-case flight temperatures and moisture conditions so no 

additional ECF was applied. 

 

3. The coupons were subjected to 1 times the service life based on the load spectra 

definition. In this instance 100 cycles of tension loads were applied to the joint at 6,200 lbs. The 

coupons were then subjected to 1.4 times the DLL.  

 

4. The test hardware was then subjected to a minimum of 4 service lives of spectrum 

loading with a LEF to establish B-basis reliability. The LEF was calculated using the following 

equation (reference MIL-HDBK-17F and DOT/FAA/CT-86/39, Report No. NADC-87042-60): 
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L = Weibull shape parameter of the fatigue life distribution (typical value = 1.25 for 

composites), 

R = Weibull shape parameter of the residual strength distribution (typical value = 20 for 

composites), 

 reliability required, 0.9 for B basis, 0.99 for A basis, 

 = confidence level, 0.95 for both A and B basis, 

N = test duration in lifetimes, 

n = sample size, i.e., the number of test articles tested, 

 = the gamma function, and 


2 (2n) = chi-squared function with 2n degrees of freedom at a probability of  

 

For composites, the typical values are as follows: L = 1.25, R = 20. The B-basis reliability is 

the target used in the calculation, so the value is 0.9. The test duration in lifetimes is usually 

selected as 4. Based on this information, the LEF can be calculated as a function of sample size 

and it produces Table 7.4-4, Load Enhancement Factor as a Function of Sample Size Based on 

the Following Assumptions: L = 1.25, R = 20,  0.9,  = 0.95: 
 

Table 7.4-4—Load Enhancement Factor as a Function of Sample Size Based on the 

Following Assumptions: L = 1.25, R = 20,  0.9,  = 0.95 

Sample Size, n Load Enhancement Factor, LEF 

1 1.21 

2 1.20 

5 1.18 

10 1.17 

15 1.17 

30 1.16 

 

It is noted that the value of LEF varies from 1.15 to 1.21 and that there is no significant influence 

on LEF based on the sample size. In this case, the sample size was 12; so an LEF used was 1.17. 

Visual inspection of the coupons after completion of the test did not reveal any damage due to 

the life-cycle test. 

 

5.  The coupons were subsequently subjected to 1 design limit load cycle with no 

evidence of damage. NDE was used to establish that the coupons were not damaged due to the 

cyclic tests.  

 

7.4.7  Strength and Life Assessments 

 

Sections 7.4.6 and 7.4.8 in this Handbook highlight the application of the requirements in this 

section. 
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7.4.8  Damage Tolerance Tests Full-Scale Flight-Like Hardware 

 

Damage tolerance tests of full-scale flight hardware can be significantly expensive, so it is often 

preferred to demonstrate damage tolerance on subscale tests. In this example, an illustration is 

provided on a how damage tolerance requirements are applied to a large cylindrical composite 

sandwich structure.  

 

First, a comprehensive RTD assessment was performed on the cylindrical composite sandwich 

structure. The minimum detectable flaw sizes were determined for all the regions of the cylinder. 

Certain regions of the aft joint were not inspectable, so a worst-credible flaw was assumed to 

exist in this joint. The DTA, IDMP, and RTD revealed that there is one operation during 

assembly that could expose the composite sandwich structure to a tool drop in the acreage region 

at a 275-degree azimuth.  

 

Based on this assessment, a flight-like cylindrical structure was manufactured with worst-case 

flaws near door cutouts, the acreage region, the aft joint, and forward joints of the cylindrical 

structure based the comprehensive RTD assessment. After manufacturing, damage was induced 

to the composite in the region where tool drop could occur.  

 

An NDE on test hardware was performed before the test to verify that the RTD flaws have been 

imposed. NDE revealed an additional manufacturing flaw associated with a backing paper that 

was left behind. Corrective action was taken to update the manufacturing planning to avoid this 

issue in the future. 

 

All relevant load cases were identified, and it was determined that a compression load case could 

introduce the worst-case stresses to all the regions of the structure. A flight-to-test margin 

comparison was performed that demonstrated that the test margins were lower than flight. 

Because the test was performed at room temperature, an ECF was applied to the test load. The 

ECF was determined based on the most critical failure mode under consideration, which was 

delamination. The ECF was calculated as 1.2, and it was based on the ratio of the Mode I 

fracture toughness at room temperature to the Mode I fracture toughness at the highest flight 

temperature of 200 degrees F. 

 

Prior to initiation of the test campaign, the load spectra was determined and further simplified 

conservatively so that compression loading could be the only load applied. The following tests 

were performed in sequence: 

 

1.  Thirty percent of the design compression limit load was applied to the structure to 

verify proper load introduction, to verify strain-gauge measurements compared to analysis, and 

to verify stiffness. 

 

2.  The cylindrical composite structure was subsequently subjected to 1 times the service 

life based on the load spectra definition. 
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3.  Following the test, the cylindrical composite structure was subjected to 1.4 times the 

DLL. After the test, visual inspections were performed to ensure that the ultimate load capability 

did not cause any damage to the structure. One suspect region in the aft joint was inspected using 

NDE, but there were no findings. 

 

4.  The test hardware was then subjected to a minimum of 4 service lives of spectrum 

loading with an LEF to establish B-basis reliability. The LEF was calculated as explained in 

section 7.4.6 of this Handbook. In this case, the sample size was 1; so the load enhancement 

factor applied was 1.25 for simplicity. While more than 4 lifetimes of testing may be performed 

to reduce the LEF, that was not the method selected. Visual inspection of the test hardware after 

completion of the test did not reveal any damage due to the life-cycle test. 

 

5.  The hardware was subsequently subjected to 1 design limit load cycle with no 

evidence of damage. NDE was used to establish that the test hardware did not experience 

structural failures and could perform its design function.  

 

7.4.9  Evaluate Flaws or Damage that Occurs during Building Block Approach (BBA) 

 Testing 

 

BBA is intended to increase confidence in the design evaluation as the design matures and 

testing of higher-level assemblies progresses. Unexpected flaws or damage, significant or 

unusual flaw growth, and any new failure modes observed during the BBA test program should 

be addressed.  

 

For example, a bonded bracket on a spacecraft was classified fracture critical. BBA testing of the 

bonded bracket prior to stepping to full-scale damage tolerance testing demonstrated issues 

where the load at failure was significantly lower than expected. After an extensive investigation, 

it was found that incorrect surface treatment prior to applying the bond had caused a reduction in 

bondline strength. After corrective action was implemented, the bondline strength was as 

expected, and the BBA test program continued as expected. 

 

7.5  Optional Approaches for Fracture Critical Parts 

 

The purpose of section 7.5 is to offer alternatives to meet fracture critical part requirements. 

Examples are provided for the elements in NASA-STD-5019A, FCR 14.  

 

7.5.1  Single-Event Fracture Critical Components 

 

A fracture critical sandwich composite cylinder, part of a spacecraft, will be subject to single 

event load event. Coupled Loads Analysis demonstrated that the composite cylinder is subject to 

one main load event during boost phase, and there are no other cyclic loading conditions. 

Verifying a life factor of 4.0 to demonstrate damage tolerance is not applicable because the 

failure mode is driven by the single dominating load event and not fatigue. Sections 7.5.1a and 

7.5.1b are satisfied. A small deviation against 7.5.1d needs evaluation by RFCB as this is not a 

metallic component and it was composite component. The following steps were followed: 
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1. Define the rejectable/acceptable flaw size that will be utilized in the composite drawing, 

considering all potential locations of the defect within the thickness of the sandwich structure. 

 

2. Identify the nature of the dominant load condition and design subscale tests with all credible 

flaws and apply a load factor of 1.4 to demonstrate stability of the flaw. An uncertainty factor 

should be applied to the flaw size, as introducing flaws can result in different flaw sizes due to 

potential unintended bonding surrounding the flaw perimeter. 

 

3. Process controls were implemented to ensure the flight hardware is represented by tests 

conducted on identical samples 

 

The part was demonstrated to satisfy damage tolerance requirements for the single load event via 

the test approach. 

 

7.5.2  High-Cycle Fatigue (HCF) Components 

 

Typical components subject to HCF are rotary machinery such as turbine blades, rotors, 

impellers, and other high-speed elements that are subject to local modes of high-frequency 

vibration and large numbers of loading cycles. Impeller analysis is usually of less certainty than 

the turbine wheel analysis. For this hypothetical example, the fatigue crack growth threshold was 

set based on the material used. An initial NDE flaw size was determined for the impeller, and it 

was located at the root of the blade. A flaw was simulated in the analytical model; and the final 

flaw size was calculated based on the loading spectra which was a combination of oscillating 

pressure, thermal gradient fluctuations, and with superimposed centrifugal forces after four 

lifetimes. 

 

A safe life analysis on a fracture critical impeller is performed for an engine pump. An initial 

flaw forms during acceptance ground testing from starts and stops induced by thermal loading 

caused the initiation of the flaw. Once the flaw forms, the stress relieves, and the stress state is 

such that LEFM applies. The flaw could propagate during steady-state operation. It is also 

assumed that the impeller is made with Inconel® 718 and flaws are screened with dye penetrant.  

 

The impeller in this example is acceptable if the flaw that exists after acceptance test loading 

does not grow during operational loading, as per NASA-STD-5019A, section 7.5.2. To verify 

this, the initial NDE flaw in the worst location and orientation should be propagated with the 

larger start and stop loads for 4 times the required design life. Using the final flaw size from the 

analysis, the stress intensity factor range from the operational loads should be calculated. If the 

HCF stress intensity factor range during operational loads is below the RFCB approved stress 

intensity factor threshold, the flaw will not grow under operational loads and the impeller is 

acceptable. 

 

First, the initial flaw must be established. In this example, flaws are screened with dye penetrant 

NDE. The minimum detectable flaw is used in NASGRO® for the initial life analysis. A finite 

element model (FEM) should be used to determine the loads and worst-case flaw orientations. In 
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this example, a FEM was used to determine the mean stress state during operation as well as 

alternating stress states due to dynamic effects such as pump pressure oscillations. The impeller 

geometry is an open source design. The stress distribution for a simplified static mean pressure 

loading is shown in Figure 7.5-1, Stress Distribution and Critical Crack Orientation of the 

Impeller. The maximum principal tensile stress of 20.7 ksi occurs at the root of the leading edge. 

This stress state is driven by the rotational centrifugal load and uniform pressure load on the 

blade surfaces. A crack perpendicular to the maximum principal stress is chosen for the critical 

crack orientation. 

 

 
Figure 7.5-1— Stress Distribution and Critical Crack Orientation of the Impeller 

 

The high stress location is on the leading edge of the blade at the impeller inlet, so a through 

crack at the edge is the critical flaw orientation. This is shown in Figure 7.5-1. This is 

represented by the TC12 geometry in NASGRO®. The driving stress and direction of crack 

propagation is more clearly shown in Figure 7.5-2, Stress Distribution at the Critical Crack 

Orientation. The driving stress acts in a radial direction due to the rotation of the impeller. This 

drives a crack parallel to the base of the impeller blade. 
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Figure 7.5-2—Stress Distribution at the Critical Crack Orientation 

(The node label and stress (psi) are called out for each node along the path of the crack.) 

(Reference Liquid Rocket Engine Turbopump Inducers, NASA Space Vehicle Design Criteria 

(Chemical Propulsion), NASA SP-8052, 1971) 

 

The geometry input for TC12 is shown in Figure 7.5-3, Geometry Input for a Through Crack at 

the Edge of a Plate. A large width is chosen because there is no free edge opposite the crack. The 

“NASA std NDE” radio button is chosen to use dye penetrant NDE initial flaws from NASA-

STD-5009. The FEM results in Figure 7.5-2 show that the stress drops off away from the edge, 

so the “User input” option is selected to define the normalized tensile stress, S0, as a function of 

the normalized distance, x, from the edge. Note that the stress values are obtained from the FEM 

without a crack.  
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Figure 7.5-3—Geometry Input for a Through Crack at the Edge of a Plate 

 

The values obtained are outlined in Table 7.5-1, Stress Distribution from the FEM and the 

Corresponding Normalized NASGRO® Input. The distance from the edge is normalized by the 

maximum width specified in the TC12 input, which is 2 inches. The stress is normalized by the 

peak value seen, which is 20.7 ksi. During the analysis. the normalized stress values are 

multiplied by the inputs in the load blocks in the analysis. 
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Table 7.5-1—Stress Distribution from the FEM and the Corresponding Normalized 

NASGRO® Input 

(Reference Blach, Harry., Turbo Charger Impeller, GrabCAD, 2020, 

https://grabcad.com/library/turbo-charger-impeller-2) 

Obtained from FEM Input into NASGRO® 

Distance from edge 

(inch) 

Stress normal to 

crack (ksi) 

Normalized distance, 

x 
Normalized stress, S0 

0 16.7 0 0.81 

0.03 19.1 0.015 0.92 

0.06 20.7 0.03 1.00 

0.1 19.3 0.05 0.93 

0.14 16.8 0.07 0.81 

0.19 15.5 0.095 0.75 

0.24 13.3 0.12 0.64 

0.29 12.3 0.145 0.59 

0.35 10.6 0.175 0.51 

0.4 8.3 0.2 0.40 

2 8.3 1 0.40 

 

Next, the relevant material properties for Inconel® 718 are assigned in the “Material” tab. These 

should be representative of the behavior at the operating temperature of the impeller. Note that it 

is NASA policy to change Bk to zero, or to a value such that the maximum stress intensity factor 

is less than or equal to the critical stress intensity factor with RFCB approval. Since Bk scales 

down KIc when is nonzero, this policy ensures that results for a through-crack are conservative 

with respect to unstable crack growth in Region III of the Paris Law. 

 

After assigning the material, the start and top load cycles must be defined in the “Load Blocks” 

tab and consider the starts and stops during ground testing and the initial start for flight. For this 

example, assume that the impeller undergoes 25 start and stop cycles before operational loading. 

The stress normal to the crack goes from 0 ksi to 20.7 ksi during these cycles. The minimum 

stress is 0 ksi because a portion of the load is driven by rotation, which can only induce a tensile 

load normal to the crack. These loads are input into NASFLA as shown in Figure 7.5-4, Load 

Blocks Input, with a factor of 4.0 applied to the number of cycles.  

 

https://grabcad.com/library/turbo-charger-impeller-2
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Figure 7.5-4—Load Blocks Input 

 

With the input fully defined, the analysis can now be run. The output for this example is shown 

in Figure 7.5-5, Output of 4 × Life Analysis of Low-Cycle Loading. The critical crack size was 

not reached during the impeller start and stop loads. The crack had little growth during the 

application of 4x the start and stop loads, with the final calculated crack size of 0.150 inch. 

 

 
Figure 7.5-5—Output of 4 × Life Analysis of Low-Cycle Loading 

 

Now, it must be demonstrated that the operational loads do not lead to propagation of the crack 

after the start and stop loads. The crack will not propagate if the stress intensity factor range is 

below the RFCB approved stress intensity factor threshold. 

 

The NASSIF module in NASGRO® can be used to calculate the stress intensity factor at the 

maximum and minimum stress states. Note that NASFLA can also be used to check for an 

exceedance of crack growth threshold during operational loads, but special care should be taken 

to ensure that the threshold is properly calculated by NASGRO® in the analysis. 

 

As previously discussed, the mean stress is 20.7 ksi. During operation, the impeller experiences 

an additional 4.1 ksi alternating stress from a 20% pressure load oscillation (see Figure 7.5-2). 
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During operation, the stress normal to the crack oscillates between maximum values of 16.6 ksi 

and 24.8 ksi. 

 

The NASSIF geometry input matches the input previously used in NASFLA, as shown in 

Figure 7.5-6, NASSIF Geometry Input for Through Crack at the Edge of a Plate. In the “Output 

Options” tab, the material yield stress, the applied stress S0, and the crack size c are entered. 

These are shown in Figure 7.5-7, Output Options for NASSIF. After defining the inputs, the 

analysis can be run. The outputs for the minimum and maximum stress intensity factor cases are 

shown in Figure 7.5-8, Results of NASSIF for the Minimum (Left) and Maximum (Right) Stress 

Intensity Factors. 

 

  
 

Figure 7.5-6—NASSIF Geometry Input for Through Crack at the Edge of a Plate 
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Figure 7.5-7—Output Options for NASSIF 

 

 

 
 

Figure 7.5-8—Results of NASSIF for the Minimum (Left) and Maximum (Right) Stress 

Intensity Factors 

 

The results indicate that during operational, the crack undergoes a minimum and maximum stress 

intensity factor of 12.0 and 17.9 ksi sqrt(in), respectively. This corresponds to a stress intensity 

factor range of 5.9 ksi sqrt(in). For this particular material and loading environment, the stress 

intensity factor threshold (ΔKth) is 6.46 ksi sqrt(in). 
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The stress intensity factor for the impeller example is below the threshold value, so the crack 

does not propagate during operational loading. With this analysis, the fracture critical impeller 

meets the requirements of NASA-STD-5019A, section 7.5.2, for HCF fracture critical 

components. 

 

7.5.3  Proof Test Approach for Composite or Bonded Hardware  

 

Example: A component is bonded to the wall of the structure. An ultimate strength test on a 

dedicated hardware unit that will not be flown was performed to establish a 1.5 greater capability 

on limit load, thus providing margin against potential for damage during proof test, which is 

conducted on a 1.2x limit load.  

 

An ambient proof test load of 1.2x limit load is applied to the component to verify for 

workmanship, and an additional environmental load correction factor is applied to account for 

the 12% strength reduction found through bondline testing at ambient versus at the maximum 

bondline temperature in flight of 120 oF. Pre-proof inspection found a flaw; and during post-

proof inspection, the flaw was found to be slightly larger. A repair was performed by reinforcing 

the through-the-thickness direction with a pre-loaded fastener. The proof test was repeated, and 

the flaw did not grow based on post-proof examination. While a full DTA is not required, it was 

performed. It was concluded that no additional threats after proof test would be a detriment to the 

hardware. An IDMP was constructed regardless to prevent any detrimental contact events (e.g., 

impact) on the bonded component. Since no remaining residual threats were determined to be 

present, the hardware was acceptable for one flight. Since the hardware needs to be reflown, all 

the proof test activities were repeated prior to the next flight. 

 

7.5.4  Fleet Leader Testing  

 

The Fleet Leader Testing classification is typically applied for highly complicated problems 

where damage tolerance predictions are low confidence and the use of fracture analysis, discrete 

fracture test, or increased proof test levels may not be able to provide evidence that the hardware 

is sufficiently robust against flaws. As discussed in section 7.2.7 of this Handbook, the turbine 

wheel components and other rotating components of an engine are usually vetted through full-

scale engine testing at worse-case operational conditions (e.g., mixture ratio, power-level bin).  

 

Example #1: Human-rated applications designs are verified to ensure cracks do not initiate 

during the service life due to uncertainty in the crack growth behavior. When a crack was 

discovered on rotating hardware, the life was set by the last crack-free inspection. 

 

For nonhuman-rated application, the approach outlined has been utilized in the assessment of 

turbine wheels. An example application for a fleet leader test is demonstrated for an engine 

turbine wheel. Frequently, turbine wheel blades experience flaws from either manufacturing 

issues or from operation. Here is an example step-by-step process explaining the general 

approach on how a fleet leader test may look like: 
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1. Types of flaws that were found during manufacturing or during the engine test 

program were fully characterized. 

 

2.  Root-cause investigation identified the nature and cause of the flaws. 

 

3.  Defined the service life of the engine to include acceptance tests and flight duration, 

starts, and stops. 

 

4.  Inspections during the engine test program characterized flaws as a function of 

duration and starts/stops. 

 

5.  Selected the engine with the worse-case flaws at 2 times the service life, then 

established an engine test program to exercise the flaws such that the environments are bounding 

to expected operation. 

 

6.  Performed extended duration and starts/stops testing. 

 

7.  Performed periodic inspections during extended duration testing. 

 

8.  Measured flaws as a function of duration and starts/stops to assess stability of flaw 

growth. 

 

9.  Assessed data and determined fleet leader testing sufficiently demonstrated damage 

tolerance of the engine against flaws. 

 

10.  Established reject/accept flaw acceptance criteria based on test/inspection results. 

 

Typically for human-rated applications, the fleet leader approach is utilized to prevent the 

initiation of cracks because of the uncertainty in the crack growth rates and impact to the 

mission. 

 

Example #2: Thermal protection systems (TPS) experience challenging environments and are 

usually constructed of materials that exhibit high variability and can make it very difficult to 

assess damage tolerance. TPS are used in the rocket nozzles, on the exterior of launch vehicles, 

and on heatshields. In these instances, accumulated flights can be used to establish confidence in 

the hardware relative to damage tolerance. An approach that has been adopted is to develop an 

acceptance criterion tied to manufactured flaws into the TPS, fly the worse-case trajectories 

relative to thermal and mechanical loads, and then inspect the flaws post-recovery. The flight 

unit that has been reflown several times becomes the fleet leader for the design that will be 

flown. Ideally, the fleet leader has experienced flights that are four times the service life of the 

vehicle that will be flown. 
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7.5.5  Hazardous Fluid Containers for Payloads and Experiments  

 

A checklist is provided in Table 7.5-2, Hazardous Fluid Containers for Payloads and 

Experiments Checklist, for hazardous fluid containers on payloads and experiments to assist the 

engineer in the evaluation. 

 

Table 7.5-2—Hazardous Fluid Containers for Payloads and Experiments Checklist 

(All requirements must be met.) 

Item Requirement Meet 

(Y or N) 

1 The container is limited to an MDP of 152 kPa (22 psi, 1.5 atm) and a 

maximum volume of 0.05 m3 (1.76 ft3). 

 

2 Analysis shows positive margin against burst with a factor of 2.5 on MDP.  

3 Performed proof test to 1.5 MDP.  

4 Verified that no damage or detrimental deformation exists after the proof 

test. 

 

5 Establish damage tolerance against rupture and leak by satisfying sections 8 

and 9, section 7.3 for metallic parts, section 7.4 for composite or bonded 

parts in NASA-STD-5019A, and by test or analysis as approved by the 

RFCB for other materials. 

 

6 In addition to section 8 requirements in NASA-STD-5019A, perform an 

NDE inspection of all fusion joints in the container after proof test to 

determine acceptable conditions both on the surface and within the fusion 

joint. 

 

7 Performed a leak test to 1.0 times the MDP.  

 

In instances where NDE is not feasible, the manufacturer may employ a process-control program 

that assures the quality of the uninspectable welds and obtain approval of the RFCB. Proof tests 

are usually performed in the operational environment, or the test levels are adjusted via an ECF. 

Inertial load effects (including attach points) may necessitate additional assessments beyond the 

items in this category. 

 

Note that each NASA Center or program may have alternate approaches to satisfy this 

requirement. An alternate approach is provided in JSC 25863C, section 6.2.2, for hazardous fluid 

containers: “A container that has a pressure less than 22 psia (151.7 kPa), a minimum factor of 

2.5 times MDP on burst pressure, and is proof tested to a minimum proof factor of 1.5 X MDP 

can be classified nonfracture critical.” 

 

8. FLAW SCREENING, TRACEABILITY, AND MATERIAL  

SELECTION  
 

This section is reserved. 
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8.1  Flaw Screening 

 

The purpose of this section of the Handbook is to ensure the responsible design engineers and 

analysts recognize the interconnectedness of fracture critical classifications and the role that 

NDE plays in the assessments of fracture critical hardware. A fracture assessment cannot even 

begin without mutual involvement from NDE experts and a baseline understanding of the 

inspection techniques eligible to the parts in question. NASA-STD-5009B was developed to 

establish NDE requirements for metallic hardware where fracture control is a requirement 

(NASA-STD-5019 A, [FCR 16] and [FCR 17]). NASA-STD-5009B requires an NDE Plan 

which allows for proper planning, especially for complex engineering systems.  

 

Parts classified as Fracture Critical must undergo testing or analysis with the associated initial 

flaw sizes based on the NDE technique used to inspect the parts after production. Because part 

durability and structural life are directly affected by the quality and presence of build defects, the 

assurance that production parts are of a certain quality is paramount to their safety and longevity. 

Further, fracture critical parts that are verified by analysis are subject to errors in the life 

predictions if incorrect NDE defect sizes are used in the analysis. As such, NDE must be 

involved in the fracture critical assessments to ensure correct methods and flaw sizes are being 

employed. 

 

8.1.1  NDE for Metallic Parts 

 

Section 7.2 of this Handbook presents examples of fracture critical metallic hardware undergoing 

assessments to meet fracture control requirements. These examples leverage NDE flaw sizes 

associated with those set forth by Figure 8.1-1, Minimum Detectable Crack Sizes for Fracture 

Analysis Based on Standard NDE Methods [NASA-STD-5009B], and Figure 8.1-2, Assumed 

Flaw Geometries, as established in NASA-STD-5009B. Some NDE methods are more conducive 

to certain types of hardware. For example, it is generally not feasible to conduct dye penetrant 

NDE on the inner surface of a spun formed pressure vessel dome. This is because the penetrant 

must be wiped away to reveal the surface defects, and access to removing the penetrant is not 

possible on the inside of the vessel after forming.  
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Figure 8.1-1—Minimum Detectable Crack Sizes for Fracture Analysis Based on Standard 

NDE Methods [NASA-STD-5009B] 
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Figure 8.1-2—Assumed Flaw Geometries 

 

In other situations, the fracture analysis may demonstrate adequate capability for only a certain 

NDE initial flaw size but not for the remainder of techniques.  If the NDE technique is not 

practical or not feasible for the part manufacturing process or dimensionality, it may be prudent 

to redesign the part or manufacturing order to accommodate a different NDE method that is more 

compatible with verification using fracture analysis. 

 

To successfully design and analyze a fracture critical part, an overall understanding of the 

recommendations in this Handbook and the requirements from NASA-STD-5019A and NASA-

STD-5009B is needed. 

 

The NDE flaw sizes in NASA-STD-5009B are provided in NASGRO®. Care must be taken to 

ensure that NASGRO®-provided values are consistent with NASA-STD-5009B and that the 

orientation of the flaws is consistent with the application. This is particularly important for 

corner cracks where NASGRO® could assume a particular aspect ratio that may be inconsistent 

with the actual application. It is recommended that even though the flaw sizes are provided 

within NASGRO® in the module, that the users always verify consistency and applicability. 

Otherwise, the users should override the inputs that are automatically provided by NASGRO®.  
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8.1.2  NDE for Composite or Bonded Parts 

 

To perform a composite damage tolerance assessment, characterization of the inspectable flaw 

sizes is needed. In this section, guidance is provided regarding NDE of composite structures. 

 

NDE reference standard(s) should be representative of the part and should have known sizes of 

representative flaws (e.g., programmed delaminations or disbonds) at various depths through-

the-thickness locations and in-plane spatial locations. Representative flaws in the laminate 

sections must be located at minimum 3 depths providing adequate coverage for flaws within the 

laminate thickness. Typically, in laminates, flaws should be on the nearside, middle, and farside 

of the reference standard. Nearside and farside flaws may be between the second and third ply 

from the nearside and farside laminate surfaces, respectively. For thinner laminate thicknesses, 

where more than two to three plys of separation between flaw depths is not possible, less than 

three depths of flaws may be used. Representative disbonds should be located on both sides of 

the film or paste adhesive for bonded parts. Pull tabs may be used for core structures. The 

representative flaws should be spaced so that they do not overlap in the plane of the laminate. A 

minimum of six (6) target size flaws and a minimum of six (6) size flaws smaller than the target 

sizes are recommended for each flaw type domain. Flaws used for validation of NDE procedures 

may be located on one or multiple physical test specimens.  

 

Both target flaws and the smaller flaws should provide adequate and uniform flaw detectability 

(i.e., indication size and signal response). Flaws with out-of-family flaw indications caused by 

either bonding of flaw partially or wholly should not be used in the validation. Flaws with out-

of-family flaw indications that are larger than the expected area of the indications should not be 

used in the validation.  

 

Application Example of NDE Techniques for COPVs 

Six NDE methods suitable for assessing impact damage to COPVs are discussed below 

(reference Johnson and Nokes [1998]) and Chang and Seibold [2005]). They are visual 

inspection, ultrasonic inspection, shearography, thermography, eddy current, and acoustic 

emission. Details about these techniques are discussed in the following sections. 

 

1.  Visual Inspection: The easiest method for inspecting COPVs for mechanical damage 

is to perform a visual inspection. The outside of the COPV can be examined for signs of fiber 

damage using the unaided eyes. There is no quantitative reliability and confidence level 

associated with visual inspection capability. The impact energy level producing a damage state 

that cannot be detected by visual inspection is often called visual damage threshold (VDT). 

The capability for visual inspection can be enhanced using magnification loupes. Also, the use of 

dye penetrant or alcohol wipes can sometimes accentuate indications. With a borescope, the 

inside liner of the COPV can be visually inspected for dents caused by impact. All these visual 

inspection techniques are hampered by any circumstances that limit visual access to the surface 

in question and by the poor surface contrast that typifies graphite/epoxy COPVs.  
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2.  Ultrasonic Inspection: Ultrasonic inspection has been used in the aerospace industry 

for many years for detecting delamination or debonding of composite structures. Two ultrasonic 

techniques that can be used for detecting mechanical damage, including impact, are through-

transmission and pulse-echo. With the through-transmission technique, a sound pulse generated 

by one transducer is received by a second after passing completely through the pressure vessel. 

With the pulse-echo technique, a reflection rod is inserted into the center of the vessel. Figure 

8.1-3, Pulse-Echo C-Scan of a COPV Subjected to a 7.5 ft-lb Impact, shows a C-scan 

representation of a COPV after a 7.4 ft-lb impact. The impact left no visible indication on the 

surface of the COPV; the impact site can be clearly identified by the dark region in the scan. 

 

 

Figure 8.1-3—Pulse-Echo C-Scan of a COPV Subjected to a 7.5 ft-lb Impact 

3.  Shearography: Electronic shearography is a noncontact interferometric method for 

measuring changes in the out-of-plane slope of a surface. The application of shearography to 

COPVs requires an initial image of the vessel to be acquired and stored in the digital memory of 

a computer. After storing the initial image, a small load is applied to the vessel. Best results can 

be achieved by pressurizing the vessel to some small amount of pressure. A second image of the 

loaded or slightly deformed vessel is acquired and subtracted from the initial image. The result is 

a family of high contrast fringes indicative of the deformation due to the pressure differential. 

Mechanical damage such as impact to vessels can cause subtle changes in load-carrying 

characteristics and, hence, the contours of the vessel that are effectively detected using 

shearography. 

 

The shearography inspection technique is particularly effective in detecting impact in spherical 

COPVs because of the relatively uniform stress field, as shown in Figures 8.1-4(a), Initial 

Shearography Image. The fringes presented in Figure 8.1-4(a) represent the nominal deformation 

of a spherical COPV under 40-psi pressure. These fringes can be contrasted with the fringes in 

Figure 8.1-4(b), Post-Impact Shearography Image, that clearly indicate the location of a 15 ft-lb 
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impact. A drawback to the use of the shearography in this application is the need for a matted 

surface to scatter the laser, creating the necessary speckle pattern. During testing, the vessels 

might have to be prepared using either a strippable paint or a spray powder. This approach 

should be evaluated for specific space applications. 

 

 

 

 

Figure 8.1-4—(a) Initial Shearography Image (b) Post-Impact Shearography Image 

4.  Thermography is an NDE technique for measuring the surface temperature of an 

object based on the emission of infrared (IR) radiation. Using an IR camera, the complete 

temperature profile of a target can be recorded at video frame rates (30 Hz). Variation in the 

surface temperature profile can occur as the result of internal discontinuity of flaws within the 

hardware. Flaws that produce localized variation in the thermal properties of a composite such as 

delamination or porosity can often be easily detected via thermography. 
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For a COPV, one possible consequence of an impact event is the creation of a disbond between 

the liner and overwrap of the impact site. In the damage area, significantly high thermal 

impedance can be formed. An increase of thermal impedance translates to higher surface 

temperature when the COPV is exposed to a transient heat source. The location of surface hot 

spots can then be mapped using an IR camera. Evaluation of IR data showed a bruised area to be 

as much as 4-degree F hotter than surrounding areas shortly after transient heating with a quartz 

lamp. Images obtained during the thermography inspection of a cylindrical COPV with both 

11 ft-lb (13 J) and 25 ft-lb (20 J) impact sites are shown in Figure 8.1-5, Thermography 

Indications on a COPV Subjected to Two Impact Levels. 

 
 

 

Figure 8.1-5—Thermography Indications on a COPV Subjected to Two Impact Levels 

5.  Eddy Current Inspection: Eddy current inspection is a commonly used NDE 

technique for detecting cracks in metallic parts of hardware. While the graphite fibers are 

conductive, the Gr/Ep COPVs are essentially transparent to the eddy current probes at standard 

inspection frequencies (i.e., less than 1 MHz). Within the COPV composite overwrap and metal 

liner, the overwrap acts as a spacer between the probe and the metal liner. Eddy currents that are 

very sensitive to the gap between the probe and the liner can be used to detect impact-induced 
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dents in the liner. A simple eddy current image is shown in Figure 8.1-6, Eddy Current Image of 

a COPV Subjected to Various Impact Levels. 

 

  

 
Figure 8.1-6—Eddy Current Image of a COPV Subjected to Various Impact Levels 

 

6.  Acoustic Emission Inspection: Loaded structures typically produce sound as the 

materials and components within the structure respond to the load. For composite hardware, 

matrix cracking or fiber breaking produces this sound. Acoustic emission (AE) monitoring is a 

method for evaluating the structural integrity of a structure based on the generation of sound 

during loading of the structure. 

 

To detect impact damage that occurred in a COPV, the COPV can be subjected to an initial AE 

screening and then pressurized again after being subjected to an impact. Changes in the acoustic 

activity are noted, with the COPV exhibiting significantly more AE after impact above a given 

threshold. The energy threshold required for AE monitoring to detect impact varies significantly 

between and among COPV types. Figure 8.1-7, Acoustic Emission Data: (a) Before Impact and 

(b) After Impact, demonstrates change activity that occurred after a 25 ft-lb impact on a 

cylindrical COPV. 
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Figure 8.1-7—Acoustic Emission Data: (a) Before Impact and (b) After Impact 

In summary, a number of NDE techniques have been shown to be effective for detecting impact 

damage sites of Gr/Ep COPVs even if the impact energy is below VDT. Selection of the most 

appropriate technique(s) depends on a number of factors, including: 

 
a. Specific type (size, shape, material thickness, coatings, etc.) of COPV to be inspected, 

b. Accessibility constraints during inspection, and 

c. Required sensitivity. 

Anytime inspection methods are developed for a COPV, a guide similar to Figure 8.1-8, COPV 

Example Comparisons of Various NDE Methods, can be helpful in guiding inspection methods. 

In the figure, “whole field” refers to how the data are taken: point-by-point as in a scan versus 

whole field as in an acquired image. “Flaw characterization” is an assessment of how well the 

flaw is sized. “COPV preparation” refers to what must be done to the COPV to enable it to be 

inspected (e.g., coating the surface). “Field use” refers to how amenable the technique is to 

deployment in the field. 
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Figure 8.1-8—COPV Example Comparisons of Various NDE Methods 

8.1.3  Proof Test 

 

See discussion in Section 11.2. 

 

8.1.4  Process Control 

 

Reserved. 

 

8.1.5  Detected Flaws 

 

See Section 7.3 of this Handbook. 

 

8.2  Traceability for Fracture Control 

 

Reserved. 

 

8.3  Material Selection and Usage for Fracture Critical Parts 

 

Reserved. 

 

9.  FRACTURE CONTROL DOCUMENTATION AND VERIFICATION 
 

9.1  Fracture Control Documentation 

 

The primary documentation in fracture control is the FCP and the FCSR (see sections 9.1.1 and 

9.1.3 of NASA-STD-5019A). Additional documentation is maintained by the hardware 

developer in support of fracture control activities such as analysis to demonstrate a part is 

nonfracture critical or damage tolerance analysis for a fracture critical part. Other documentation 
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would include a load history log of a fracture critical pressurized component. See Table 9.1-1, 

Load History Log for a Pressurized Component such as a Valve on an Upper Stage Engine, for 

an example. 

 

Table 9.1-1—Load History Log for a Pressurized Component such as a Valve on an Upper 

Stage Engine 

Sequence Pressure Cycles* 

Proof test 1.5 x MDP 2 

Leak test MDP 2 

Engine acceptance firing tests MDP M 

Launch MDP N 

*Includes contingency cycles for re-proofing, and M and N depend on program requirements and 

number of firings expected during ground and flight operations.  

 

9.1.1  Fracture Control Plan (FCP) 

 

Two examples of FCPs are presented in Appendices A and C. 

 

9.1.2  Engineering Drawings 

 

Figure 9.1-1, Drawing for a Fracture Critical Part with a Note Providing the Expected 

Inspections and Associated Acceptable Flaw Size, offers an example of an engineering drawing 

with notes tagging the part as Fracture Critical and providing the NDE requirement in the notes 

section. Fracture critical parts typically have a unique serialization. 

 

 

Figure 9.1-1—Drawing for a Fracture Critical Part with a Note Providing the Expected 
Inspections and Associated Acceptable Flaw Size 

FRACTURE
CRITICAL

Dye penetrant inspection:  acceptable flaw size no greater than 0.05 inch
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9.1.3  Fracture Control Summary Report 

 

Two examples of FCSRs are presented in Appendices B and D. Although the FCSR summarizes 

what activities have been performed to meet fracture control requirements, a whole set of 

activities and documentation in support of these activities should be available to the Technical 

Authority and RFCB. The FCSR would contain a parts list, their fracture control classification, 

and describe how fracture control requirements have been met. Additional supporting 

documentation would include, but is not limited to, structural analysis reports, fracture analyses 

such as NASGRO® runs, test results, checklist as presented in this Handbook for various NFC 

and FC categories of hardware, NDE certifications (such as AIA/NAS NAS410), NDE 

inspection results, load history logs, among others. 

 

10.  ALTERNATIVES 
 

Alternative approaches that meet the intent of NASA-STD-5019A can be developed and 

submitted to the fracture control board for approval. Examples are provided to illustrate 

alternative approaches for composite structures damage tolerance assessments. 

 

10.1  Example 1: Impractical Full-Scale Testing 

 

The following example is from “Damage Tolerance Approach for Composite Space Structures 

with Curved Bends” (https://arc.aiaa.org/doi/abs/10.2514/6.2020-1214). In this example, it was 

found to be impractical to perform cyclic testing on a large-scale composite space structure 

containing complicated geometries such as bends with small-radii. Further, inspecting these 

features using traditional NDE techniques was not feasible. The following approach was utilized 

to increase confidence in the composite design and reduce risk of a flaw propagating to failure: 

 

a. A pre-proof NDE of all the inspectable regions was implemented, a flight-enveloping 

proof test was performed, and post-proof NDE was performed to determine whether any flaws in 

uninspectable areas propagated into inspectable regions and exceeded acceptance flaw criteria. 

 

b. Acceptance criteria for flaws were established with a combination of a simple 

analytical tool validated by test, full-scale finite element models, and global-local models, thus 

reducing the necessity for a costly and uncertain full-scale damage tolerance test program for 

composite systems containing such features. 

 

c. Subscale cyclic tests were designed to mimic flight conditions and to demonstrate 

robustness of the design to manufacturing flaws. 

 

d. An impact damage threat assessment was made and, because of protective measures 

that were implemented, no additional testing associated with impact damage was performed. 

 

https://arc.aiaa.org/doi/abs/10.2514/6.2020-1214
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10.2  Example 2: Proof Test of Full-Scale Composite Structures 

 

The following example is from “Proof Test Methodology for Reducing the Risk of Unvented 

Honeycomb Core Failures in Aerospace Structures” 

(https://arc.aiaa.org/doi/pdfplus/10.2514/6.2018-1709). Trapped air in unvented honeycomb core 

and the surrounding environment can induce a pressure differential across the facesheet during 

launch ascent. Combined with the presence of a defect, the pressure differential across a 

facesheet in combination with external loads can cause facesheet failure or unstable facesheet 

debond growth. The following activities aided in the mitigation of concerns associated with this 

failure mode: 

 

a. Because of the honeycomb construction, impact damage was of concern for this 

design. The worst-case credible damage was imposed on representative samples that were 

subsequently subjected to cyclic loading, and then followed by an ultimate load.  

 

b. Nondestructive inspection techniques were developed to detect flaws between the 

facesheet and the honeycomb core; and then a pre-proof NDE was implemented to detect any 

manufacturing flaws. 

  

c. Subscale tests with detectable flaws subjected to a combination of internal pressure 

and external loads mimicking flight conditions were performed to demonstrate robustness of the 

design. 

 

d. Since the number of expected ground-to-air cycles was expected to be less than one 

hundred (100), cyclic testing was not expected to reveal the limiting failure mode. Regardless, 

testing was performed that demonstrated robustness of the design to cyclic loading (“Composite 

Damage Tolerance Approach for Reusable Launch Vehicle Applications.” AIAA 2021-1166). 

 

10.3  Example 3: Thermal Protection System Challenges 

 

The bondline attaching a TPS to the composite was deemed fracture critical, as bondline failure 

could cause TPS detachment and potential burn-through. The following activities were 

performed to gain confidence in the design’s damage tolerance: 

 

a. All potential damage threats were identified, and measures were taken to protect the 

hardware from the identified threats. Further, the design was such that any contact such as 

impact would produce an indication on the surface paint. The only concern remaining was 

manufacturing flaws or weak bonds. 

  

b. The loading spectra was fully characterized, and it was determined through extensive 

dynamic/thermal analysis that only a few load events would be critical for the bondline so that 

fatigue (i.e., cyclic testing) was less of a concern. 

  

c. Extensive materials and fracture testing via coupon-level tests were performed to 

characterize the fracture toughness to cover the full temperature range. 

https://arc.aiaa.org/doi/pdfplus/10.2514/6.2018-1709
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d.  Extensive analyses were performed to determine the critical bondline flaw sizes 

across the heatshield design and analysis that demonstrated the critical flaw size was greater than 

the detectable size using NDE. 

 

e. NDE performed before and after a proof test that mimicked flight-like stresses at the 

bondline was implemented to ensure manufacturing flaws did not grow in size. 

  

f. Thermomechanical tests that replicated flight conditions were performed to validate 

the design robustness with flaws. 

  

A combination of acceptance testing, extensive coupon/subscale testing, development of NDE 

procedures to inspect for flaws, and analysis helped to reduce the risk that a bondline flaw could 

cause catastrophic failure. 

 

10.4  Example 4: Catastrophic Composite Failure Risk Mitigation  

 

A composite design for a launch vehicle is designed for significant load cycling. The following 

activities were performed to reduce the risk that a flaw could cause catastrophic failure: 

 

a. The composite structure was designed to be robust against open hole allowable 

strengths, which enveloped any strength reduction from composite impact damage from all 

potential identified damage threats. 

 

b. NDE was developed to enable detection of manufacturing flaws. 

 

c. Full-scale testing with no flaws was performed to validate the predicted load paths by 

the analytical models. 

 

d. Subscale cyclic tests with flaws greater than the NDE minimum detectable flaw size 

were performed, followed by an ultimate load condition, demonstrating robustness of the design 

to manufacturing flaws. 

 

e. An acceptance proof test was implemented to verify the manufacturing. 

 

The combination of NDE, acceptance testing, test-validated analysis to guide subscale tests, 

subscale cyclic testing, and design robustness to impact damage reduced risk of a flaw leading to 

a failure event. 

 

10.5  Example 5: Composite Damage Tolerance – Analysis Validated by Test  

 

Due to geometric complexities of a human-rated structural component, Figure 10.5-1, 

Complicated Sandwich Structure is Subject to Internal Core Pressure during Ascent, shows the 

stress field in this structure is complicated and damage tolerance of the component was 
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challenging to perform. The spacecraft panel consisted of a sandwich construction with a carbon-

fiber/cyanate-ester fabric facesheet and aluminum Flexcore® that was unvented.  

 

 

 
Figure 10.5-1—Complicated Sandwich Structure is Subject to Internal Core Pressure 

during Ascent 

(The stress field in this structure is complicated.) 

 

Damage tolerance analysis of composite or bonded hardware is generally considered 

insufficiently mature to certify flight hardware without the support of a test program and a 

mature BBC. When a test-verified approach exists and is applicable, an analysis approach that 

minimizes some of the testing detailed below may be submitted to the RFCB for consideration 

and approval. The structural component was covered in thermal tiles during service so any 

damage during service would be visible. The fabrication was tightly controlled and verified 

through multiple audits that identified issues and corrective actions. Finally, the system was 

under a comprehensive impact damage protection plan. 

 

A residual threat determination found that the only flaw of concern during service was core-to-

facesheet debonds. The primary concern is that core pressure coupled with a manufacturing flaw 

can cause the facesheet to detach from the core. Due to the complexity in the design, structural 

testing would be challenging to implement. Rather, the approach was to implement an NDE 

procedure that could identify flaws with a high-degree of confidence and to determine the 

acceptable flaw sizes by an analysis approach that was validated by test. The acceptable flaw size 

was determined to be 0.5-inch in diameter for the facesheet-core debonds failure mode. A finite 

element model, the VCCT, and an estimated value of fracture toughness determined through 

testing were used to assess the structure. The testing for feature-specific fracture toughness 

consisted of a test where the structure was pressurized until failure occurred, representing a 

pseudo “burst test.” A finite element model was used to perform a virtual test of the experimental 

configuration to estimate the fracture toughness that was present in test. This fracture toughness 

was then utilized to develop the acceptable flaw sizes in the structural spacecraft component for 

the flight analysis case. While this test was not typical test standard to measure toughness, it was 

a practical approach to validate the acceptable flaw size. Note that “test verified” analysis is 

permitted in NASA-STD-5019A to aid in fracture control implementation, but it does require 

RFCB approval for the approach.  
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10.6  Example 6: Delaminations in Composite Overwrapped Pressure Vessels  

 

Delaminations occasionally occur in COPVs. The objective of this section is to describe a 

method used to evaluate these defects by using a pre-processor in conjunction with progressive 

failure analysis. An example is used to illustrate this approach for a typical COPV. COPVs store 

highly pressurized gases in launch vehicles and spacecraft. Typical COPV construction consists 

of high-strength fiber composites wrapped around a thin metal liner. The purpose of the liner is 

to act as a leakage barrier while the composite carries most of the load from pressurization. This 

combination leads to lighter weight designs for the same pressure capability, which is valuable 

for space applications. 

 

Structural integrity and conformance to safety requirements demand accurate stress, fatigue, and 

fracture mechanics analyses. Typically, netting analysis has been used as a design tool for 

COPVs but is a highly simplified method that cannot always be used to evaluate the structural 

integrity of a discrepant COPV. Accurate analysis is particularly important since the 

consequences of a local defect propagating can lead to catastrophic failure and possibly complete 

mission loss.  

 

In this example, damage tolerance evaluation of a COPV is illustrated. This case study was taken 

from Goyal and Rome (2021). 

 

The COPV Stress Analysis Program (COSAP), began in the 1990s under Air Force and NASA 

sponsorship. COSAP is primarily comprised of pre-processing software code that was designed 

to work with Abaqus™ commercial finite element software. COSAP is flexible enough to model 

various vessel configurations, winding patterns and peculiar situations resulting from 

manufacturing considerations, including delaminations. COSAP was validated through 

experiments (reference Goyal and Rome [2012]). Although COSAP was designed for analysis of 

COPVs, it may also be used for analysis of other filament-wound vessels such as composite solid 

rocket motor cases. 

 

COSAP was designed to handle the complicated features such as the continuously changing local 

wrap angle and thickness resulting from the filament winding process. Although the local wrap 

angle changes as a function of axial position, it is self-consistent circumferentially which enables 

the convenient use of analysis by 2D axisymmetry. As such, COSAP was designed to 

automatically generate an axisymmetric finite element model for a COPV, while calculating the 

effective three-dimensional composite material properties. The input file requires major 

dimensions, basic material properties and definition of the winding pattern. The dome geometry 

can be specified by the user directly or optimized by the pre-processor. Depending upon the 

winding method (e.g., geodesic or planar), COSAP will automatically determine the local wrap 

angle and thicknesses of composite layers based on the input data and then generate the finite 

element mesh. To limit the total number of elements, groups of composite layers defined at a 

sublaminate level can be incorporated into a row of elements.  
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COSAP generates a finite element model suitable for analysis with Abaqus™. Abaqus™ can 

then be used to perform a multi-step analysis that may include fabrication, sizing, and burst 

cycles. Sizing or autofrettage is part of a typical manufacturing process, whereby the COPV is 

pressurized to yield the metal liner and, as a result, the liner retains compressive residual stresses 

at lower operating pressures. This increases the number of cycles the tank can sustain before 

leaking. Upon completion of the multi-step analysis, the results are processed to evaluate burst 

pressure capability, fatigue life, and the leak-before-burst failure mode. Prediction of the burst 

pressure is based upon progressive failure analysis. The ultimate failure of the COPV is often 

fiber breakage. Preceding the global failure, delaminations may propagate into the boss region or 

into other regions, resulting in decreased capability.  

 

Damage may propogate along the plies, either as delaminations between adjacent composite 

plies or as disbonds between the liner and the overwrap. While different techniques may be used 

to model this sort of damage growth, usage of cohesive elements with embedded fracture 

mechanics properties holds a particular advantage; since the path of delamination growth can be 

established a priori and cohesive elements can be readily inserted along these boundaries. 

 

In the example described here, each layer or ply of composite is modeled by one solid element 

through the thickness. A layer of zero-thickness cohesive elements can be inserted between any 

two layers, either during the initial creation of the COPV model using software like COSAP that 

automates the process, or with standard finite element modeling tools. Alternatively, if multiple 

ply layers are grouped together as sublaminates within a given element, cohesive elements can 

only be placed between these elements. Cohesive elements may not be placed within a 

sublaminate, so care must be taken to ensure that likely delamination interfaces are modeled. 

 

Fracture and strength properties of the composite are embedded into the material properties of 

the cohesive elements to predict delaminations. The interlaminar tensile and shear strength of the 

composite are used to establish when failure initiates, while the Mode I and Mode II fracture 

toughness are used to predict fracture growth. For standard material systems, these values are 

often available. Likewise, the fracture and strength properties of the adhesive can be embedded 

in those cohesive elements along the liner-to-overwrap interface. Since these properties are 

dependent upon the surface preparation, liner material, adhesive and composite, good data are 

seldom available and must instead be measured experimentally. If that is not practical, using 

bounding estimates is the next best course of action. 

 

The objective of this section is to demonstrate how COSAP or equivalent tools can be used to 

evaluate the burst strength reduction due to the presence of a delamination. A typical COPV with 

a 20-inch diameter and alternating hoop and helical plies with a total thickness of up to 0.5 inch 

is analyzed is shown in Figure 10.6-1, A Typical COPV with Boundary Conditions. In this 

example, the model development consisted of the following steps: 

 

1.  The liner contour was found by digitizing the available drawings and using software 

to determine the exact shape. 
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2.  Ply thickness and initial ply angle at the tangent point were specified in the winding 

program, which then generated the remaining ply angle and thickness throughout. 

  

3.  The modeling also considered the inclusion of ply drop-off geometry and location. 

Data were obtained from a cross section of a fabricated component. 

 

4.  Candidate delamination locations were identified in critical ply interfaces as shown in 

Figure 10.6-2, Delamination Location for this Example. 

 

5.  With the above geometric information, COSAP was used to generate an axisymmetric 

finite element model with cohesive elements located at candidate locations, including the liner-

to-overwrap interface. 

 

The analysis was performed in Abaqus™ and included elastic-plastic material properties of the 

metallic liner, and contact modeling was used to prevent delaminated surfaces from penetrating. 

Three load steps were required to evaluate the COPV: (1) load to autofrettage pressure of 4000 

psi, (2) unload to 0 psi, and then (3) load to MEOP at 3000 psi. Progressive failure analysis was 

active during these analysis steps. To build confidence in the model, strain gauge data were 

gathered and found to be in good agreement with the predicted strains from the model. 

Calculated axial and radial growth values were also found to be in agreement with measurements 

from the autofrettage cycle. 

 

Two failure modes that could result from an initial delamination were evaluated. The first failure 

mode was a decreased burst capability due to a hypothetical fiber defect occurring directly above 

the delamination as shown in Figure 10.6-3, Hypothetical Fiber Defect near Delamination. The 

concern was that the delamination growth could amplify the effects of local fiber damage. The 

fiber defect was modeled by substantially reducing the elastic modulus in the hoop direction. The 

analysis showed that while the fiber defect itself could substantially reduce the burst capability, 

the addition of a delamination near this hypothetical fiber damage resulted in a strength reduction 

of less than 5%. Based on previous experience, the effects of delamination can be much larger 

than in this example, arising from multiple factors. 

 

The second failure mode examined was delamination propagation towards the boss as shown in 

Figure 10.6-4, Direction of Delamination Growth in this Example. A delamination in this region 

could have uncertain effects due to the large external loads that exist in this region. Progressive 

failure analysis was used to predict delamination growth. Fracture toughness properties were not 

available from test data, so values that varied between 1.0 and 5.0 lb/in were assumed. The 

analysis predicted delamination growth in the ply drop-off region, which can be explained by the 

high transverse shear stresses present in this region. Once the delamination grew outside of the 

drop-off region, the delamination growth rate slowed substantially. Further, results showed that 

this growth was insensitive to the fracture toughness chosen as shown in Figure 10.6-5, Predicted 

Delamination Growth for Low and High Fracture Toughness Values. Based on previous 

experience, delamination growth characteristics are driven by multiple factors; and this example 

should not be used for the assessment of any other structure, especially considering that 

delamination growth to the boss is plausible. 
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In summary, an example was used to demonstrate how progressive failure analysis in 

conjunction with state-of-the-art pre-processing tools can be used to evaluate delaminations in 

COPVs. A limitation of this example is that not all failure modes were considered. While these 

tools can be used as part of an assessment of other failure modes, additional analysis may be 

required. Particular to liner buckling, analysis tools need to be improved and validated through a 

program that consists of testing, NDE, and analysis. 

 

In nonaxisymmetric problems where a delamination does not run the full circumference, using an 

axisymmetric assumption may be too conservative. In these situations, a wedge model or a three-

dimensional approach may be more acceptable. 
 

 

 
 

 

Figure 10.6-1—A Typical COPV with Boundary Conditions 

 

 

 
Figure 10.6-2—Delamination Location for this Example 

 

P

5” Delamination
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Figure 10.6-3—Hypothetical Fiber Defect near Delamination 

 

 
 

 

Figure 10.6-4—Direction of Delamination Growth in this Example 

 

 

 
Figure 10.6-5—Predicted Delamination Growth for Low and High Fracture Toughness 
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10.7  Impact Damage of Composite Structures  

 

Composite failure analysis is complicated and requires validation by test. Many software 

packages exist that can simulate impact damage; but in general, validation by test is required due 

to complexities related to the impactor, the composite system, and other considerations. In 

practice, the potential damage events are assessed via the damage threat analysis; and those are 

generally simulated in a test program. Analysis can help guide the test program, especially when 

the analysis has been validated with an initial set of tests.  

 

10.7.1  General Impact Damage Approach 

 

The damage tolerance design approach that is generally used for many space vehicles may be 

summarized as follows (reference NASA/TM-2003-2 12420).  

 

1.  Identify fracture critical components. 

  

2.  Determine the possible damage states that could exist in the fracture critical 

component.  

 

3.  Determine the size of damage that could be missed (i.e., is undetectable) by the initial 

manufacturing quality assurance inspection and by subsequent in-service inspections. This 

process sets the design allowable damage limit values. 

  

4.  Assume that the undetectable damage is present in each fracture critical component at 

the most critical location.  

 

5.  Determine the residual strength of the structure with undetectable damage that is 

required at the design limit load condition and the associated critical damage state.  

 

6.  Determine the extent to which the undetectable damage may grow during the service 

life of the vehicle and the point in life when the damage becomes critical for design limit loads. 

This process sets the critical damage threshold. The vehicle with critical damage may also need 

to survive a discrete source damage event such as an uncontained rotor burst.  

 

7.  Develop an in-service inspection program (i.e., method and inspection intervals) that 

will detect the damage before it reaches the critical damage threshold so that the structure can be 

repaired and restored to its original strength. 

 

10.7.2  Compression-After-Impact Strength Testing 

 

Typically, tests can be performed to determine the compression-after-impact (CAI) strength 

reduction due to various energy levels and diameter impactor sizes as shown in Figure 10.7-1, 

Compression-After-Impact Test Data Shows Reduction in Residual Strength due to Foreign 

Object Impact Damage. The CAI strength reductions are typically characterized through testing. 

There can be instances where the strength reduction is significant when impact damage is not 
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visible. An impact damage protection plan to avoid any impact damage in those instances should 

be implemented, or mitigation approaches such as redesigns should be pursued. 

 
Figure 10.7-1—Compression-After-Impact Test Data Shows Reduction in Residual 

Strength due to Foreign Object Impact Damage 

 

10.7.3  Burst-After-Impact COPV Testing 

 

An example is provided based on the work in “Impact Damage Effects on Gr/Ep Composite 

Overwrapped Pressure Vessels,” AIAA-99-132. It is presented to illustrate a test program aimed 

at understanding the effects of impact energies on the strength reduction of composites. In this 

particular study, a research, development, test, and evaluation funded jointly by the Air Force 

and NASA entitled “Enhanced Technology for Composite Overwrapped Pressure Vessels” was 

conducted by a government-industry team led by The Aerospace Corporation (Aerospace). One 

of the primary objectives of this research, development, test, and evaluation effort was to study 

the impact damage effects on Gr/Ep COPVs. More than one hundred Gr/Ep COPVs were tested. 

The test parameters included COPV configuration, impact energy level, impactor size and shape, 

impact location, pressure level during impact, and the type of pressurized mediums. The 

experimental program included impact test procedures, post-impact inspection, and post-impact 

burst testing. Impact tests were carried out by using flight qualified cylindrical COPVs as test 

specimens to determine the critical parameters that have the most effect on the burst strength.  

 

Typical parameters studied in an impact damage composite program include: (1) impact energy 

level, (2) impactor geometry, (3) vessel geometry/size, (4) impact location, (5) internal pressure 

level during impact, and (6) pressure media (i.e., gas or liquid). 

 

After each impact, the fluid in the vessel is typically discharged; and the vessel is inspected 

visually by several trained inspectors. This also provides an excellent opportunity to study NDE 

techniques and determine how well each technique can detect damage. Adding acoustic emission 
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sensors can be beneficial in identifying damage occurring during pressurization. After the 

inspections, these vessels are pressurized in a test chamber until burst failure occurs.  

 

COPVs were fabricated by overwrapping Aluminum 6061-T62 liners with graphite fibers and 

epoxy resins. COPVs were designed to have a MEOP of 6,000 psi and a minimum design burst 

pressure of 9,000 psi. The impact testing was conducted at WSTF using a Dynatup® Model 

8250 drop tower type Instrumented Mechanical Impact Tester (IMIT). The load cell located in 

the impact tup has a maximum load range of 10,000 lb. The tip of the impact tup is 

hemispherical with a diameter of 0.5 or 1 inch. The impactor weight was varied and dropped 

from different heights to achieve different levels of impact energy. The specimens were secured 

at the end bosses, and the impact was applied in the membrane region. A total of 15 cylindrical 

COPVs were impacted under various conditions and subsequently burst tested to determine their 

BAI levels. Some of the results are shown in Table 10.7-1, Comparison of Burst Strengths for 

Cylindrical COPV. The data can be used in conjunction with the impact damage protection plan 

and residual threat determination to determine whether additional mitigations are required to 

prevent an in-flight failure. 

Table 10.7-1—Comparison of Burst Strengths for Cylindrical COPV 

Impact 

Energy 

Test Results 

Burst 

Pressure 
Degradation 

0 ft-lb 

(0 Joule) 

10,700 psi 

(73.7 MPa) 
- 

5 ft-lb 

(7 Joule) 

9,800 psi 

(67.6 MPa) 
8.4% 

10 ft-lb 

(14 Joule) 

8,884 psi 

(61.2 MPa) 
17.0% 

15 ft-lb 

(20 Joule) 

8,246 psi 

(56.9 MPa) 
22.9% 

15 ft-lb 

(20 Joule) 

8,377 psi 

(57.8 MPa) 
21.7% 

15 ft-lb 

(20 Joule) 

9,257 psi 

(63.8 MPa) 
13.5% 

20 ft-lb 

(27 Joule) 

7,681 psi 

(53.0 MPa) 
28.2% 

 

In general, a comprehensive test program should be developed after the residual threat 

determination assessment is completed. The following are important test characteristics that need 

to be included in a general impact damage tolerance test program: 

 

a. Fully characterize the maximum level of impact energy that can be induced into the 

part via the residual threat determination. 
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b. Determine the characteristics of the composite system in the area where damage 

could occur. 

 

c. Determine the types of impactors that could impact the composite and their 

characteristics (e.g., blunt, hammer, etc.) 

 

d. Design an experimental program using initial impact analysis to bound all the 

characteristics of the impact damage event.  

 

The testing is performed to predict the strength reduction due to the impact damage which is then 

compared against the allowables used in the design. The key is to ensure that barely visible 

impact damage does not cause a significant strength reduction to the extent that the design could 

fail service with that damage. 

 

10.7.4  Impact Damage of Sandwich Panels 

 

In this final example, Schubel, et al. (2009) is leveraged to illustrate that damage not visible to 

the human eye can cause a significant strength reduction, and that it is important to understand 

damage characteristics after impact and the causes for those characteristics.  

 

A square panel with facesheets made from woven carbon fabric/epoxy laminates (AGP370-

5H/3501-6S) and a closed-cell core made of PVC foam (Divinycell H250) was subjected to a 

low velocity impact caused by a free-falling blunt impactor (see Figure 10.7-2, Sandwich 

Structure Impacted by a Free-Falling Mass). Visually, the damage was not visible. After an 

ultrasonic C-scan image, a ring-shape delamination was observed (see Figure 10.7-3, Ultrasonic 

C-Scan Image of Impacted Panel Showing Delamination Damage. Subsequent testing of a 

portion of the panel containing the damage demonstrated a significant reduction in strength due 

to the damage (reference Schubel, et al. [2007]). This illustrates that the presence of damage that 

can occur in service can degrade the strength significantly even when not visible to the naked 

eye.  

 
 

Figure 10.7-2—Sandwich Structure Impacted by a Free-Falling Mass 

Drop mass

and impactor

Instrumented

sandwich panel

Drop mass

and impactor

Instrumented

sandwich panel
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Figure 10.7-3—Ultrasonic C-Scan Image of Impacted Panel Showing Delamination Damage 

(Reprinted with permission of Patrick Schubel [Schubel, P.M. 2007. “Three-Dimensional Failure 

Modes and Criteria of Textile Composites and Sandwich Structures,” PhD Thesis, Northwestern 

University, Evanston, Illinois.].) 

 

Because the shape of the delamination was a ring, decohesion elements were used to develop an 

analytical understanding of the damage induced into the panel. The predicted delaminations were 

ringed shape, extended outwards from just the circular edge of the impactor, and were located in 

the midplane of the upper facesheet. The predictions compared well with ultrasonic scanning of 

the failed test specimen (see Figure 10.7-4, Strain Response at Bottom Facesheet of the 

Sandwich Structure). The predicted global response of the sandwich structure was in reasonable 

agreement with the tests (see Figure 10.7-5, Delamination Predicted by Analysis Compared Well 

with the Test). This example was also selected because there were two unexpected characteristics 

of the failure analysis that were instrumental in achieving a good correlation with test data: 

  

a. Incorporating a separate damage model for the foam core to properly simulate the 

extent and shape of delamination. 

 

b. Including beneficial effects of the increase in interlaminar shear strength and Mode II 

fracture toughness when the composite is subject to transverse compression loads (reference J. I. 

Rome, et al. [2007]).  

 

The failure analysis was also able to predict a decrease in load-carrying capability caused by 

delamination growth, which was also observed in compression testing. When a validated model 

is developed and the damage characteristics are well-understood through a physical 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

200 of 527 

understanding of the system, it is possible to use analytical methods to predict the CAI strength 

with caution and to guide impact damage protection plans to ensure that invisible damage to the 

human eye does not cause a catastrophic failure in-service. 

 
 

Figure 10.7-4—Strain Response at Bottom Facesheet of the Sandwich Structure 

 
 

 
 

Figure 10.7-5—Delamination Predicted by Analysis Compared Well with the Test 

 

11.  SPECIAL TOPICS 
 

This NASA Technical Handbook, Volume 2, was developed such that examples presented in 

each section mirrors the corresponding sections in NASA-STD-5019A. Section 11 is a new 

section for which it does not have a corresponding section in NASA-STD-5019A. Section 11 

covers special topics such as additive manufacturing materials, composite analysis, leak before 

burst, proof test logic, and many other special topics associated with damage tolerance.  

 

11.1  Leak Before Burst 

 

11.1.1  Background and Introduction 

 

For metallic pressure vessels and elastic response metal liners of COPVs, the LBB demonstration 

can be done by either a fracture mechanics-based analysis or by an LBB test. For plastic 

response COPV metal liners, testing is the only acceptable method to demonstrate the LBB 

failure mode. 
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LBB is often oversimplified for pressure vessels.  S-080 and S-081 require it to be demonstrated 

everywhere, yet LBB is frequently only demonstrated in the mid-cylinder or acreage region.  

Areas where the pressure vessel or COPV are thicker, contain welds, or are mixed-mode are 

neglected.  When LBB is the only demonstration of robustness to the existence of a crack, such 

as a Category 2 metallic pressure vessel, gaps in LBB rationale can exist since thicker regions, 

welds, and mixed mode fracture can be worse-case compared to mid-cylinder or acreage 

locations.  Testing or analysis at multiple locations in a pressure vessel is usually necessary to 

demonstrate LBB in a pressure vessel.   

 

S-080A and S-081B require that: 

The worst case location(s) shall be determined based on an analysis that establishes the 

greatest potential for a flaw to grow to critical size. The analysis shall incorporate the 

material properties/microstructure, stress/strain state of the pressurized hardware, residual 

stresses, and orientation.  

 

All embrittling effects from manufacturing processing, or other toughness reduction factors 

shall be included. The assessment may involve multiple candidate worst-case locations, 

including the boss region. If this LBB requirement applies to a portion of the pressurized 

hardware, sufficient analysis or assessment shall be performed to fully characterize the 

applicable region and transitional zones to other regions. The rationale for the 

determination of this worst-case location(s) shall be documented.  

 

Once the locations for test or analysis are chosen, then either analysis or test can be used to 

demonstrate it, depending on the applicability of LEFM. When analysis or coupon testing is 

used, a crack of “10t” length (2c=10t) must be shown to be stable under pressurized conditions.  

For a full-scale or subscale pressure vessel test, leak from a crack of any crack length is 

sufficient.   

 

The “10t” requirement for LBB verification was introduced in NASA fracture control 

requirements for Space Station (NASA-SSP-30558, Rev. B, 1994). This length requirement is 

consistent with the condition that a surface flaw with a crack shape (a/2c) = 0.1 will not fail as a 

partial-through crack before it grows through the wall thickness, i.e., when a = t. At this 

condition, the length of crack is 2c = 10t. For a typical spaceflight metallic pressure vessel, wall 

thickness is around 0.05 in. Thus, a through-thickness crack with a total length, 2c = 0.5 in., was 

considered large enough to cause the fast release of stored fluids, especially helium gases.  

 

The LBB failure mode can be demonstrated by analysis employing the principles of LEFM, i.e., 

the fracture behavior can be characterized by the stress intensity factor, K, a parameter derived 

from LEFM. The analysis should show that a surface flaw with a crack shape (a/2c) ranging 

from 0.1 to 0.5 would not fail as a part-through crack. This implies that all critical regions of a 

metallic pressure vessel should be shown to have the stress intensity factor calculated for a 

partial-through crack (i.e., surface flaw), Kptc, with depth “a” equal to thickness t (i.e., a = t), is 

less than or equal to the surface flaw fracture toughness, KIe. In simple mathematical terms, the 

first condition can be expressed as:  
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Kptc (for a = t)  <  KIe . 

The second condition is to show the stress intensity factor of a through-crack 
K (for 2c = 10t) ≤  Kc , 

where K = stress intensity of a through-crack in the opening mode, Mode I, 

2c = total length of the assumed through-crack, 

t = thickness of the hardware, and  

Kc = material’s fracture toughness (i.e., most likely mixed-mode fracture toughness). 

 

For metallic pressure vessels, the LBB demonstration can be also done by test. This is usually 

done when a new material or heat treat condition is used where there is no reliable fracture 

toughness database. The test specimens used in the LBB demonstration testing can be either 

coupons or a full-scale article. When coupons are used, their material and fracture properties 

should be representative of the parent metals, weld-region, and heat-affected zone. The thickness 

of the test coupons should be also identical to the thickness of the critical regions, determined 

based on maximum stress and corresponding thickness. The induced surface flaws with various 

a/2c ratios, ranging from 0.5 to 0.1, should be fabricated using an electric discharge machining 

(EDM) or equivalent notching process. Pre-cracking procedures should be applied to assure that 

a fatigue crack has been initiated from the induced notch. Fatigue stress cycles from zero stress 

to the maximum stress corresponding to MDP based on stress analysis should be applied to the 

specimen until the surface flaw grows through the thickness of the specimen and becomes a 

through-thickness crack. Test specimens should be continuously cycled at the same minimum 

and maximum stresses until 2c ≥ 10t. At this crack size, the specimen should be loaded at 

maximum stress for a minimum of 5 minutes. If the crack remains stable after a 5-minute hold 

time, LBB is successfully demonstrated. The LBB test is a fracture test, not a crack-life test; the 

number of cycles that are applied to the specimens is not a part of the success criteria. 

 

If a full-scale vessel is to be used for testing, the initial flaws are better fabricated on the outer 

surface of the vessel for easy monitoring of the crack growth.  should be placed at the location of 

peak strain.  Usually, the maximum strain occurs at the inner wall, so initial notches should be 

placed there (perhaps notching the interior of the liner prior to final machining).  If the inner and 

outer wall strains are close, it may be possible to notch the outer wall instead. The cyclic stresses 

in test will be induced by internal pressure. Charge and discharge of each cycle should be 

maintained at an appropriate rate. After the surface flaw penetrates the thickness of the metallic 

pressure vessel, leakage may develop, and the internal pressure of the vessel may drop very fast. 

When leakage occurs at the crack, then before the crack length propagates to ten times the wall 

thickness, internal pressure should be maintained by pumping the vessel with more test fluid. If 

the pump rate increased to its maximum allowable rate and leakage continues without rupture, 

the test should be discontinued. Under this condition, the LBB failure mode is considered to have 

been demonstrated.  Note that it is not necessary to grow the crack to 10t for a full-scale vessel 

test.  Demonstration that leakage has occurred is sufficient evidence of LBB. 

 

When metallic material is in the elastic range, linear elastic fracture mechanics should be used in 

the failure mode evaluation, i.e., K (for 10t) < Kc. Here Kc is the plane strain fracture toughness 

of the material. When plane stress fracture toughness is used, it should correspond to the 
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thickness of interest in the actual application and be approved by the RFCB. Due to lack of 

reliable toughness data at the small values of thickness for many pressurized components, it has 

become NASA policy to employ K1c unless acceptable Kc data exist and have been approved by 

the RFCB. 

 

For plastically responding metal liners of COPVs, the LBB demonstration should be conducted 

at the strain levels determined by elastic-plastic analysis for the undamaged state. 

 

If a full-scale COPV is to be used, the initial flaws are better fabricated on the outer surface of 

the liner using an EDM process before it is overwrapped with composite materials. If there is a 

large enough opening in the port area for the EDM process, the initial flaws can be fabricated on 

the inner surface of the liner after the liner is overwrapped. 

 

The initial size and shape of the EDM prefabricated flaws should be carefully selected so that 

fatigue pre-cracking cycles can be applied to initiate the sharp fatigue crack at the tip of the 

EDM notch. If a full-scale COPV is used as the test specimen, crack growth should be closely 

monitored. After the part-through crack penetrates the thickness of the COPV, leakage may 

develop and the internal pressure of the vessel may drop very fast. Before the crack length 

reaches ten times the wall thickness, internal pressure should be maintained by pumping the 

vessel with more test fluid. If the pump rate is increased to its maximum allowable and leakage 

continues without rupture, the test should be discontinued. Under this condition, LBB is 

considered to have been demonstrated. 

 

11.1.2  Leak Before Burst Limitations and Considerations 

 

Many pressure vessels are designed to satisfy LBB criteria to allow a vessel to depressurize from 

a leak safely before catastrophic rupture occurs. Typically, LBB criteria involves the 

demonstration of sufficient residual strength capability to tolerate a through-the-thickness crack 

of length 10t without rupturing. More specifically, LBB requirements are used to verify that a 

through-the-thickness crack of length 10t remains stable with stress intensities sufficiently below 

the fracture toughness of the material during its operating environments. 

  

In addition to LBB criteria, proof tests are performed on pressure vessels to screen out hardware 

with significant defects. Proof testing helps to open material flaws and can relieve crack-closure 

mechanisms, thus making it easier to detect defects in test and afterwards when performing 

inspections. 

 

The following considerations for LBB criteria and proof testing are highlighted to increase 

awareness that catastrophic rupture can occur in pressure vessels, even when LBB and proof test 

requirements are satisfied. These considerations are introduced here at a top-level and then 

described in greater detail in the upcoming paragraphs: 

 

1. Verifying residual strength for a through-the-thickness crack of length 10t protects for 

some but not all initial flaws sizes and geometries. As a result, there are defect sizes 

and aspect ratios that can produce a burst failure even when LBB criteria are satisfied. 
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Catastrophic failure can occur at lower load levels under some nonuniform stress 

fields. 

 

2. If inspections are not performed after proof testing, there is a potential for flaws with 

small aspect-ratios (a/c < 0.2) to go undetected and result in catastrophic rupture 

during the life of the vessel. 

 

3. Typical LBB criteria in spaceflight applications are missing the requirement to 

determine the leak rate for the through-the-thickness crack and to verify that leak can 

be detected before exceeding the residual strength of the vessel. This is of particular 

importance if the vessel will be repressurized/refilled during ground operation or in 

flight, when it will be subjected to dynamic loads afterwards, or when e.g., timely 

switch to a back-up system is required. 

11.1.3  Initial Flaw Sizes, Geometries, and Failure Modes 

A crack-like defect that extends across the surface and some depth into the cross section is the 

most common geometry assessed for pressure vessel defects. The crack half-length is defined as 

c, where 2c is the total crack length. The crack depth is defined as a. The ratio of the crack depth 

to the crack half-length, a/c, describes the shape of the surface crack and refers to the crack’s 

aspect ratio. The depth of a surface crack when normalized by the thickness refers to the amount 

of the cross section penetrated by the surface crack, a/t. 

 

A first order approximation can be made to estimate the sizes and shapes of cracks that are 

covered by the 10t residual strength requirement. When a = t and 2c = 10t, the aspect ratio of the 

crack is a/c = t/5t = 0.2 (see Figure 11.1-1, Illustration of Full Through-Crack of 10t Length 

(shown in blue), and Elliptical Part Through-Crack of 2c = 10t (shown in orange). 

 
Figure 11.1-1—Illustration of Full Through-Crack of 10t Length (shown in blue), and 

Elliptical Part Through-Crack of 2c = 10t (shown in orange) 

 

One interesting issue with the assessment of crack growth and verification of leakage or burst 

failure mode is the relationship of the failure mode to the initial crack aspect ratio. Orange, et al., 

performed cryogenic tests of aluminum and titanium alloy tensile coupons and observed that 

there are certain geometries of surface cracks that can rupture at a lower load than a through-the-

thickness crack of the same length. From the coupon testing performed, a crack’s aspect ratio can 

be used to infer the failure mode that would occur in thin cross-sections and when a failure mode 
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would shift from leakage to rupture. The analyst must be cognizant that LBB assumptions do not 

always guarantee an LBB failure mode, and that this depends on the crack’s aspect ratio. In 

addition, researchers that studied size and shape of initial flaws were able to produce burst 

failures prior to leakage (see NASA/CR-1999-209427). 

 

The following examples from the literature are consistent with Orange, et al.’s observations that 

failure mode can transition from leak to burst in actual hardware for cracks with low aspect 

ratios: 

 

1. Pressure testing was performed on three retired SSME high pressure oxidizer ducts 

made of Inconel®-718 with initial flaws with low aspect ratio surface cracks. All three test units 

failed with a burst failure mode, even though stability of a through-the-thickness crack of 10t 

limit was predicted (see NASA/CR-1999-209427).  

 

2. Underwood, et al. (1994), observed that deep cracks with short lengths (cracks with 

high aspect ratios) exhibited LBB failure modes in test. 

 

3. Burst failure modes were observed in pipe sections when subjected to internal 

pressure and externally loaded using a 4-point bend configuration and when circumferential 

flaws with low aspect ratios were present (see Comprehensive Structural Integrity, 7.10 Leak 

Before Break, Y. Takahashi].  

 

4. Initial defect sizes and shapes that produce a burst response instead of a leak in pipes 

with circumferentially oriented flaws have been published in German nuclear industry 

documents, echoing the propensity for low aspect ratio cracks to result in a burst failure mode 

(see Comprehensive Structural Integrity, 7.10 Leak Before Break, Y. Takahashi].  

 

5. A metallic-lined COPV with low aspect ratio cracks in the liner was filled with water 

and pressure tested; and the study is based on the Orbiter case study RCS COPV S/N-021. An 

instantaneous failure of the liner and an instantaneous loss of the pressurized contents were 

observed. Although the composite overwrap remained intact, possibly due to the low stored 

energy of the compressed liquid, one could overzealously conclude that the COPV had exhibited 

an LBB failure mode. It is not known whether the composite overwrap would remain intact 

under the increased stored energy of a pneumatic application. Recall that an LBB failure mode 

typically consists of stable crack propagation through the pressure containment wall, followed by 

a controlled leak that is detectable prior to failure. The burst failure of the liner was consistent 

with Orange, et al.’s observation for low aspect ratio flaws. Since the leak rate did not permit 

intervention to mitigate collateral damage and/or loss of a mission critical subsystem, the COPV 

would not conform to the standard definition of LBB behavior and would need to be accepted 

based on a dedicated rationale. 

 

6.  A demonstration of the 10t LBB requirement in a cryogenically formed spherical 

tank is provided in Cotter, Leak-Before-Burst Criteria Applied to Cryoformed Pressurant Tanks, 
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AIAA-86-1503. Here, the 301-series stainless steel tank had a nominal diameter of 23 inches 

with a weldment effective thickness of 0.314 inch. The crack size at leakage was with a large 

aspect ratio (i.e., ~4.3t) that led to a leak instead of burst, which was accepted as sufficient 

instead of 10t.  

11.1.4  Uniform versus Nonuniform Stress Fields 

Initial flaw sizes with both a/t < 1 and a/c ≤ 0.2 are bounded by the 10t through-the-thickness 

crack. Figure 11.1-1 provided that 100% of cyclic loading is under tensile stress (i.e., R ≥ 0, 

where R is the ratio of minimum stress over maximum stress in the loading cycle). Tensile 

stresses are common in pressure vessels subjected predominately to internal pressure. In 

addition, it is common for pressure vessels to have uniform in-plane stress at the crack location 

and through the thickness of the vessel. Tensile loading and uniform far-field stress tends to 

promote crack growth in the direction of crack depth, a, instead of the direction of crack length, 

2c. As a result, it is less common for a flaw to grow and transition into a low-aspect ratio 

configuration that could result in a catastrophic burst failure mode. Note that tensile residual 

stresses, when present, increase damage accumulation and reduce the residual strength of the 

vessel, especially when uniform tensile stress fields are present.  

 

The presence of R ≥ 0 loading in most pressure vessels, combined with compressive residual 

stresses being more common in metallic liners, helps to explain why the existing LBB 

requirement has been largely successful to date in traditional pressure vessels. Under these 

conditions, shifts in failure modes from leakage to rupture due to changes in crack aspect ratio 

are less likely. Large static strength factors of safety, the absence of undetected rogue defects, 

proof test requirements, and the low duty cycle nature of most spaceflight applications are 

additional contributors that have helped to mitigate catastrophic failures.  

 

Now consider nonuniform stresses through the thickness. In these cases, initial flaws with low 

aspect ratios may be less common but should still be considered in the fracture mechanics 

assessment. In addition, the shape of cracks (i.e., aspect ratio) can change as a crack propagates, 

especially when a nonuniform stress field is present at the flaw. It is possible for a flaw to start 

with a larger aspect ratio and transform to a smaller aspect ratio as the flaw grows which can 

make catastrophic fracture more possible. Nonuniform stress gradients through the thickness that 

promote changes in flaw aspect ratio can arise from stiffness discontinuities that result from 

welding, geometric mismatches and offsets, nonuniform residual stress fields, and/or shape 

changes (e.g., cylinder/dome transition). A demonstration of how fatigue crack growth changes 

crack aspect ratio as a function of applied loading and stress gradients has been published (see 

NASA/TM-102165, Behavior of Surface and Corner Cracks Subjected to Tensile and Bending 

Loads in Ti-6Al-4V Alloy, 1990). Changes in failure modes as cracks grow has also been 

identified by the American Petroleum Institute (API) as a limitation in leak before burst 

requirements. Even though nondestructive inspections performed after proof testing can help to 

verify the vessel quality and reduce the uncertainty in flaw size and shapes assumed during LBB 

verification, the effects of nonuniform stress fields and other crack geometry should be evaluated 

to prevent catastrophic rupture. 
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In cases of significant nonuniform stress and through-thickness variations, a finite element 

analysis should be used to extract directional stresses and gradients. Fracture codes such as 

NASGRO® can readily accept stress gradients as part of their inputs and provide a more robust 

approach than one that relies on the simplifying assumptions of uniform stress (e.g., no spatial 

and thickness variation), especially in conditions where the stress gradients are known to be 

nonuniform. 

 

11.1.5  Proof Testing at 1.25 × MDP 

Often pressure vessels are proof tested to at least 1.25 times the MDP. Proof tests screen for 

flaws by either targeting a failure of a particular critical flaw size or opening embedded flaws to 

be more readily observed through NDE post-test. This test has the potential to screen initial 

defects that are relatively deep (i.e., a/t approaching 1) even when low aspect ratios (i.e., a/c < 

0.2) are present. These low aspect ratios are of interest because they can cause failure modes to 

more readily transition from leakage to burst. Note that static proof testing does not always 

prevent the cyclic propagation of cracks in service. In addition, one of the challenges with 

relying on proof testing to screen for flaws is that the presence of residual stresses and local 

stress gradients can prevent the definitive determination of the flaw sizes that were screened out 

by the proof test. In addition, variability in fracture toughness properties and the potential for 

stable tearing responses at flaws in higher toughness materials can make it difficult for flaws to 

be detected at a macro level. Comprehensive inspections, when performed after proof testing, 

serve to mitigate the proof test uncertainty by ruling out unacceptable flaws, thus increasing 

confidence in the vessel’s structural integrity for in-service applications. 

 

A successful proof test at 1.25 x MDP provides a sound measure of vessel quality and has 

contributed to the success of pressure vessels to date. It does not fully ensure leakage will occur 

prior to burst, especially when a large number of cycles or nonlinear stress gradients are present. 

 

11.1.6  Leakage Detection 

The use of LBB requirements to provide a measure of safety requires that the fluid contents of 

the pressure vessel be nonhazardous to people and property if a leak were to occur. Even for 

designs with nonhazardous fluids, an important operational consideration is whether the system 

is sufficiently monitored so that leakage can be detected prior to vessel failure. To enable closed-

loop monitoring without causing a safety hazard for inspectors, the leak rate for unacceptable 

flaws would need to be understood and able to be detected by the system. Plots of leakage or 

burst behavior relative to crack size, and whether leak rates are detectable are illustrated in 

Figure 11.1-2, Schematic Representation of (a) an LBB Response with Detectable Leakage and 

(b) a Non-LBB Response with Burst Failure Occurring Prior to Leakage Detection. Note that 

when the critical crack size that causes the pressure vessel to burst is smaller than the crack size 

of when leakage can be detected, the design does not achieve the level of safety that LBB 

requirements were intended to provide. Conversely, when the leak rate is sufficiently large and is 

sufficiently detectable prior to a through-the-thickness crack reaching its critical size for fracture, 

the vessel can be operated in a safe manner.  
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Figure 11.1-2—Schematic Representation of (a) an LBB Response with Detectable Leakage 

and (b) a Non-LBB Response with Burst Failure Occurring Prior to Leakage Detection 

 

11.1.7  Summary 

This section highlighted scenarios when the LBB requirements and the 10t criteria need to be 

applied with caution. These observations are consistent with API recommendations regarding the 

applicable range of the LBB methodology. API emphasizes that safety of the vessel in LBB 

designs is achieved through (a) being able to detect leaks, (b) evaluating and mitigating 

conditions that will cause low aspect ratio cracks from becoming critical under fatigue loading, 

(c) avoiding through-the-thickness crack leakage scenarios near the unstable region of the 

material’s fracture toughness (i.e., vertical asymptote of fatigue crack growth curve), and (d) 
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limiting LBB verification to pressure vessels that contain nonhazardous fluids. These factors 

need to be considered when relying on LBB behavior to ensure system safety. 

 

11.1.8  LBB Examples 

11.1.8.1  Example 1: Sharp-Notched Features 

 

In this example, a cylinder containing a sharp notch associated with a partially fusing weld is 

considered. This example illustrates the implications that sharp-notched features may have on 

LBB (and also crack-growth). 

 

Consider an aluminum pipe or pressurized cylindrical container, Dcyl = 200 mm, tcyl = 10 mm. It 

has a partially fusing circumferential weld, with fusion depth tweld = 2.5 mm. The question is 

whether the sharp notch at the weld root (depth anotch = tcyl - tweld = 7.5 mm) can act as a crack-like 

defect and affect the LBB classification of the weld when the cylinder is subjected to uniform axial 

stress S0cyl. The NASGRO® software is used to perform an assessment. The relatively simple 

NASGRO models have some limitations but can be used to illustrate the fundamentals. See Figure 

11.1-3, Welded Aluminum Cylinder with Unfused Depth a (= anotch), for the geometry under 

consideration. 

 

 
 

Figure 11.1-3—Welded Aluminum Cylinder with Unfused Depth a (= anotch). 

 

For the LBB assessment, a through-thickness crack in the fused, net section, weld thickness tweld 

is assumed. For the through-thickness crack in the net section of the weld, the axial stress will be 

dominant. The hoop stress will be maximum of the order of 50% of the axial net section weld 

stress (in the case that the axial load is caused by internal overpressure only). 

 

The cylinder is designed such that the critical through-thickness crack length, 2c, is 10tweld, i.e., 

25mm. Using NASGRO® model TC08 (see Figure 11.1-4, Through-Thickness Crack in 

Cylinder Representing the Fused Thickness tweld), with t = tweld = 2.5mm, the net section stress 

level is determined as S0weld = 101.5 MPa, as follows. 

 

The critical crack size 2c = 25 mm is confirmed by crack-growth analysis using the NASFLA 

module of NASGRO® (with arbitrary starting crack size of 2.5mm and arbitrary stress 

spectrum), as shown in Figure 11.1-5, Material Definition: Al 2219-T87, GTA Weld (Bk is set to 

0, Conservatively), and 11.1-6, Stress Spectrum: S0weld = 101.5MPa (Obtained by Manual 

Iteration), R = 0. This is one of the ways the critical crack size can be determined. 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

210 of 527 

 

 
 

Figure 11.1-4—Through-Thickness Crack in Cylinder Representing the Fused Thickness tweld 

 

 
Figure 11.1-5—Material Definition: Al 2219-T87, GTA Weld (Bk is set to 0, Conservatively) 

 
Figure 11.1-6—Stress Spectrum: S0weld = 101.5MPa (Obtained by Manual Iteration), R = 0 

The critical crack size Crack Size c = 12.5 mm (i.e., 2c = 25 mm = 10tweld) is reached after 11158 

cycles. 
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Using NASGRO® model SC05, again with t = tweld = 2.5 mm and S0weld = 101.5 MPa, a spot 

check is performed to confirm that an (arbitrary) initial shallow surface crack of depth a = 0.635 

mm and aspect ratio a/c = 0.2 will not grow to length 2c > 25mm before becoming a through-

thickness crack. Relevant details are provided in Figure 11.1-7, Surface Crack in Cylinder 

Representing the Fused Thickness Weld. 

 

 
 

Figure 11.1-7—Surface Crack in Cylinder Representing the Fused Thickness Weld 

The material and load spectrum definitions used in NASFLA are the same as used for TC08 above. 

 

The plot of Figure 11.1-8, Results Plot of Crack Sizes (a and c) and Aspect Ratio (a/c) as 

Function of Load Cycles, shows that the aspect ratio a/c is predicted to increase monotonically, 

and the crack will break through the surface at length 2c < 10tweld = 25 mm. The transition to 

through-thickness crack (TC08) is for this initial crack size and shape predicted at c = 4.03 mm, 

with a/c = 0.63, after 40800 cycles. The critical crack size c = 12.5 mm is reached after 45767 

cycles. 
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Figure 11.1-8—Results Plot of Crack Sizes (a and c) and Aspect Ratio (a/c) as Function of 

Load Cycles 

The NASSIF module of NASGRO® predicts for the initial crack of a = 0.635 mm, a/c = 0.2:  

K(a) = 161 MPa√mm (depth), K(c) = 87 MPa√mm (surface). This confirms the tendency to grow 

in thickness faster than in circumferential direction. 

 

The above assessment could lead to the conclusion that the weld can be considered LBB. It 

cannot be excluded that the sharp notch at the root of the weld will develop into a crack tip and 

grow in radial direction, or otherwise affect the growth of the surface crack, especially by 

accelerating growth along the surface (c-direction). To assess whether this could invalidate the 

LBB assessment, an assessment is performed as recommended by flaw assessment procedures 

like FITNET™ and the British standard BS7910, Guide to methods for assessing the 

acceptability of flaws in metallic structures. See Figure 11.1-9, Example Characterization of a 

Complex Flaw.  
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Figure 11.1-9—Example Characterization of a Complex Flaw 

(The complex flaw in (a) may be separately assessed as the two simple flaws in (b) and (c). 

Assessment of flaw (c) is performed, using SC05, although that model may underestimate 

secondary bending in the weld due to the notch. Flaw (b) can be assessed using NASGRO® 

model SC06.) 

 

The sharp notch created by the partial fusion can start to act as a crack front, that can be modeled 

as SC06, applying S0tube = 26.37 MPa (this creates a net section stress of S0weld = 101.5 MPa for 

anotch = 7.5 mm, i.e., the stress applied to flaw type [b]). Relevant details are provided in Figure 

11.1-10, Part-Through Crack in Cylinder Representing a Sharp Notch in the Wall Thickness tcyl. 
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Figure 11.1-10—Part-Through Crack in Cylinder Representing a Sharp Notch in the Wall 

Thickness tcyl 

The material definition used in NASFLA is the same as used for TC08 and SC05 (see Figure 11.1-

11, Stress Spectrum: S0tube = 26.37 MPa, R = 0. 

 

 
Figure 11.1-11—Stress Spectrum: S0tube= 26.37MPa, R = 0 

For SC06, NASSIF predicts for anotch = 7.5 mm: K = 315 MPa√mm. This K, for flaw type ‘(b)’, 

is much higher than for the surface crack, flaw type ‘(c)’, assessed using SC05 previously. In 

case crack growth occurs in such situation, there is significant risk that the elliptical crack is at 

least partially “absorbed” by the developing straight crack front represented by SC06, for which 

the predicted critical crack size is acrit = 8.83 mm (plastic failure mode). This is before leakage is 

predicted. The predicted number of cycles to failure after developing an effective crack tip is 

3497 cycles, i.e., this tends to be much shorter than the life to leakage predicted for the surface 

crack analysis described above. 
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The LBB failure mode is questionable, unless there are complementary considerations that make 

it plausible, or make the risk of failure otherwise acceptable. Some additional considerations 

relevant to LBB verification in the presence of a sharp root notch are: 

 

Fracture software like NASGRO® offers limited options to assess quantitatively the effect of 

sharp notches that are not yet cracks at the root of a weld. But some additional trends can be 

investigated using, e.g., the SC27 model as shown in Figure 11.1-12, Input Data for the NASSIF 

Module of NASGRO®. The symmetric SC27 option is used in this assessment rather than SC26 

because it limits secondary bending moments in the net section (W - 2(d + r)), more similar to 

what may happen in a cylinder. The smallest notch tip radius possible within the parameter 

ranges allowed by the model is selected (r = 0.3mm). Note that the definition of surface crack 

dimensions a and c is reversed in this model with respect to SC05. Relevant details are provided 

below in Figure 11.1-13, Surface Cracks (Symmetric) at a (Sharp) Central Notch in a Plate, 

Approximating a Surface Crack in the Partially Fusing Cylindrical Weld of Thickness tweld, and 

11.1-14, Stress Spectrum: S0tube = 26.37 MPa, R = 0. 

 

 
Figure 11.1-12—Input Data for the NASSIF Module of NASGRO® 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

216 of 527 

 
Figure 11.1-13—Surface Cracks (Symmetric) at a (Sharp) Central Notch in a Plate, 

Approximating a Surface Crack in the Partially Fusing Cylindrical Weld of Thickness tweld 

 

 
Figure 11.1-14—Stress Spectrum: S0tube = 26.37 MPa, R = 0 

This crack-growth analysis cannot be run until the leaking through-thickness crack due to 

limitations in the SC27 solution (crack depth c < 80% of ligament size). The analysis stops at c = 

2.0 mm (depth), a = 7.16 mm (half length), c/a = 0.280 after 5861 cycles (see Figure 11.1-15, 

Results Plot of Crack Sizes (a and c) and Aspect Ratio (a/c) as Function of Load Cycles. 
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Figure 11.1-15—Results Plot of Crack Sizes (a and c) and Aspect Ratio (a/c) as Function of 

Load Cycles 

This plot illustrates that the aspect ratio c/a is no longer monotonically increasing, as was the 

case for the SC05 model, and stays closer to 0.2 (or a/c close to 5). There is a tendency to grow 

more in length before growing through the thickness. This analysis may not be quantitatively 

valid for the cylinder analyzed above, but it allows to make some observations that support the 

doubts on LBB validity expressed above. 

 

Figure 11.1-16, Results Plot of K(a) (Surface) and K(c) (Depth) as Function of Load Cycles, 

shows the plot of K(a) (surface) and K(c) (depth) as function of load cycles. The K-ratio 

(K[depth]/K[surface]) indicates the tendency for shape change during fatigue crack growth. An 

increasing ratio indicates a stronger trend to grow from aspect ratio 0.2 toward 1.0, i.e., semi-

circular crack, while growing through the thickness. When a/c drops below 0.2, there is a risk 

that the crack will grow longer than 10t before growing through the thickness, putting the LBB 

verification in question. 
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Figure 11.1-16—Results Plot of K(a) (Surface) and K(c) (Depth) as Function of Load Cycles 

In this example based on SC27, the initial K-ratio is 314/321 = 0.98, providing a slight (initial) 

tendency to remain above a/c = 0.2. 

 

For less sharp notches with same depth, but radius different from 0.3mm, the K-ratio tends to 

increase, as expected: from 0.98 (r = 0.3 mm) via 1.47 (r = 2.5 mm) to 1.66 (r = 7.5 mm, i.e., 

semi-circular notch). It can be noted that at the same time the number of cycles to reach c = 2 

mm crack depth increases from 5861 cycles (r = 0.3 mm) via 7069 cycles (r = 2.5 mm) to 12482 

cycles (r = 7.5 mm). 

 

For the SC05 analysis reported above, which essentially ignores some consequences of the 

presence of the notch, the corresponding K-ratio is much higher: 161/87 = 1.85. It can be noted 

that the predicted cycle life until 2mm crack depth is 35200 cycles, i.e., much longer (even if not 

fully comparable). 

 

11.1.8.2  Example 2: LBB Issues with Secondary Bending  

 

In this example, LBB issues in the presence of significant secondary bending is discussed. This 

example illustrates further implications that sharp notched features may have for LBB 

verification. 

 

The fact that significant nonuniform stress and through-thickness variations can cause cracks to 

grow shallower than assumed in the traditional LBB verification can be illustrated as follows, 

using the SC26 model of the NASGRO® software. 
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Consider a pressurized container that has a flat aluminum wall with a stress concentrator, a notch 

similar to the previous cylindrical example. Potential limitations of the traditional LBB 

verification can be highlighted using the SC26 model of the NASGRO® software. In this 

example, when compared with the previous cylindrical example with notch, higher secondary 

bending stresses will be introduced into the notched net section (W - (d + r)) in addition to the 

stress concentration due to pure tension. Relevant details are provided below. See Figures 11.1-

17, Surface Crack at a (Sharp) Edge Notch in a Plate, 11.1-18, Material Definition: Al 7075-

T7351 (Bk is set to 0, conservatively), and 11.1-19, Stress Spectrum: S0plate = 10 MPa, R = 0. 

 

 
 

Figure 11.1-17—Surface Crack at a (Sharp) Edge Notch in a Plate 

 

 
Figure 11.1-18—Material Definition: Al 7075-T7351 (Bk is set to 0, Conservatively) 
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Figure 11.1-19—Stress Spectrum: S0plate = 10 MPa, R = 0 

This crack-growth analysis cannot be run until through-thickness crack, due to limitations in the 

SC26 solution (crack depth c < 95% of ligament size). The analysis stops at c = 2.38 mm (depth), 

a = 20.3 mm (half length), c/a = 0.117 after 4960 cycles. The crack length 2a = 40.6 mm is 

already well beyond 10tnotch = 25 mm. 

 

The plot in Figure 11.1-20, Results Plot of Crack Sizes (a and c) and Aspect Ratio (a/c) as 

Function of Load Cycles, illustrates that the aspect ratio c/a is not monotonically increasing, and 

drops significantly below 0.2 (i.e., a/c increases beyond 5), so there is a strong tendency to grow 

more in length before growing through the thickness. This analysis supports the doubts on LBB 

validity at sharp stress raisers expressed before. 
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Figure 11.1-20—Results Plot of Crack Sizes (a and c) and Aspect Ratio (a/c) as Function of 

Load Cycles 

In this example based on SC26, the initial K-ratio is 503/575 = 0.87, which will further decrease 

during crack growth as the gap between K(a) and K(c) widens (see Figure 11.1-21, Results Plot 

of K(a) (Surface) and K(c) (Depth) as Function of Load Cycles). This confirms the predicted 

trend for the crack to grow shallower. 
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Figure 11.1-21—Results Plot of K(a) (Surface) and K(c) (Depth) as Function of Load 

Cycles 

11.1.8.3  Example 3: LBB Issues with Stiffened Plates  

 

Figure 11.1-22, Through-Thickness Crack in Flat Wall of Thickness tplate, with Stiffeners 

Omitted, illustrates the implications that stiffeners (or more generally: nonuniform thickness) 

may have on LBB verification. 

 

Consider a pressurized container that has a flat aluminum wall with integral blade stiffeners. This 

can be idealized as a wide plate, W = 1000 mm, of thickness tplate = 5 mm and with a stiffener of 

hstiff = 30 mm and tstiff = 5 mm on top of the plate. 

 

LBB verification becomes challenging if it has to be considered that the crack may originate in 

the stiffener, and the stiffener may be fully cracked prior to development of a crack and leakage 

of the skin. 
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Figure 11.1-22—Through-Thickness Crack in Flat Wall of Thickness tplate, with Stiffeners 

Omitted 

In locations away from the stiffener, the uniform stress that allows a stable through-thickness 

crack of length 2c = 10 = 50 mm is S0LBB = 125 MPa. Note that this is 125/503.3 = 25% of the 

ultimate tensile strength (UTS) provided in the NASGRO® database (nominal strength value). 

(See Figure 11.1-23, Stress Spectrum: S0LBB = 125 MPa (Obtained by Manual Iteration), R = 0. 

 

 
Figure 11.1-23—Stress Spectrum: S0LBB = 125 MPa (Obtained by Manual Iteration), R = 0 

For assessment of plate cracks caused by a cracked integral stiffener, crack-growth software 

based on relatively simple cracked geometries, like NASGRO® and similar, offers limited 

options currently. For example, the NASGRO® model TC39 (T-section) cannot handle a fully 

cracked stiffener at this time. 

 

The simplest way to represent the effect of the stiffener is then to use the TC11 model of the 

NASGRO® software (see Figure 11.1-24, Through-Thickness Crack in a Plate, Allowing Local 

Introduction of the Stiffener Load). This model allows to apply to the crack faces a stress that 

represents the load contained in the broken stiffener. The stress is distributed over a width equal 

to the stiffener thickness tstiff = 5 mm. This will provide a simplified assessment that may provide 

reasonable results if, e.g., bending effects (including secondary bending as a result of cracking) 

can be considered minor (which may not be the case). It assumes that the force inside the 

stiffener is applied directly to opposite crack surfaces. 
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Figure 11.1-24—Through-Thickness Crack in a Plate, Allowing Local Introduction of the 

Stiffener Load 

 

The force contained in the stiffener is P = S0LBB*hstiff*tstiff = 18750 N. When distributed over an 

area of tstiff*tplate = 5 mm*5 mm the equivalent stress to be applied is: S1stiff = 18750/(5x5) = 750 

MPa. This is added to the uniform S0LBB = 125 MPa. Simply distributing the stiffener load over 

the stiffener width of 5 mm predicts a high peak in K at the edge of the stiffener at c = 2.5 mm, 

exceeding considerably the one considered for the initial LBB assessment―more than double the 

toughness of Al 7075 plate. See Figure 11.1-25, Plot of K as Function of Crack Length, TC11, 

Uniform Stiffener Stress Distribution S1 over tstiff = 5 mm. The highest risk is predicted for 

relatively small crack length, as the stiffener crack grows into the plate. 
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Figure 11.1-25—Plot of K as Function of Crack Length, TC11, Uniform Stiffener Stress 

Distribution S1 over tstiff = 5 mm 

A knockdown factor of 0.456 on S0LBB is calculated, resulting in an allowable LBB stress of  

57 MPa that allows to survive the predicted peak in K. 

 

In fact, this is likely to be conservative, as a fully cracked stiffener will start to shed some of its 

load into the skin before reaching the crack flange. As stated before, it ignores possible 

secondary bending effects due to a cracked stiffener, which could make the situation 

significantly worse. 

 

To assess whether a reduction of the predicted peak in K can be justified, an additional 

assessment is made, considering a less severe triangular distribution (S1) of the stiffener load 

over the LBB crack length of 2c = 10tplate = 50 mm. The peak stress level for S1 is then 

18750/(0.5*(50*5)) = 150 MPa. The corresponding uniform plate stress remains S0LBB = 125 

MPa. (See Figure 11.1-26, Stress Distribution Plot: Triangular Distribution S1 of Stiffener Load 

over 2c = 10tplate = 50 mm Crack Length (Left Half not Shown). 
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Figure 11.1-26—Stress Distribution Plot: Triangular Distribution S1 of Stiffener Load over 

2c = 10tplate = 50 mm Crack Length (Left Half not Shown) 

The NASFLA module of NASGRO® is again used iteratively to determine a factor on the 

previously determined ‘LBB stress’ S0LBB = 125 MPa. (See Figure 11.1-27, Stress Spectrum: 

Factor on Stress that Allows Crack-Growth of 2c up to ‘10tplate’, R = 0. 

 

 

 
Figure 11.1-27—Stress Spectrum: Factor on Stress that Allows Crack-Growth of 2c up to 

‘10tplate’, R = 0 

The resulting knockdown factor to account for the possibility of a cracked stiffener is now 0.702, 

i.e., 154% of the factor defined based on the assumption of more concentrated stiffener load 

application. This results in an allowable LBB stress of 88 MPa. 

 

Figure 11.1-28, Plot of K as Function of Crack Length, TC11, Triangular Stiffener Stress 

Distribution over ‘10tplate, indicates that this assumption predicts a monotonically increasing K 

and does not predict any risk of failure at shorter crack lengths. 
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Figure 11.1-28—Plot of K as Function of Crack Length, TC11, Triangular Stiffener Stress 

Distribution over ‘10tplate’ 

Another approach to predict the allowable LBB stress for a stiffened plate can be attempted 

using the TC23 model of the NASGRO software, Figure 11.1-29, Through-Thickness Crack 

from a Loaded Hole in a Plate, Allowing Local Introduction of the Stiffener Load. It can also 

deliver the load contained in the stiffener at the crack plane. 

 

 
Figure 11.1-29—Through-Thickness Crack from a Loaded Hole in a Plate, Allowing Local 

Introduction of the Stiffener Load 
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The TC23 model will predict a K = 0 at the edge of the hole, which will not be fully 

representative of the cracked plate at the stiffener, but which will rapidly increase similar to the 

first analysis using TC11. 

 

The stiffened plate can be simulated by a superposition of a number of elementary cases (see 

Figure 11.1-30, The Plate with a Cracked Stiffener can be Addressed by the Superposition of 3 

Crack Cases [Item a], where the 2 Pin Load Cases Provide Identical K [Item b]), which can all be 

represented by the TC23 model. The LBB crack length is c + c1 + D = 10tplate = 50 mm. c = c1 = 

22.5 mm. TC23 will represent the through-thickness crack with remote loading S0 for c of 

sufficient size with regard to D: typically when c/(c + D/2) > 0.3, in this case c > (0.3D/2)/0.7 = 

1.1 mm (reference Janssen, Zuidema & Wanhill, “Fracture Mechanics,” 2nd ed, 2002). 

 

a)   =    +    +   

  S0  S0corrected  Plower-stiffener  Pupper-stiffener (same as lower) 

b)   =    +  2x   

  S0  S0corrected   P 

Figure 11.1-30—The Plate with a Cracked Stiffener can be Addressed by the Superposition 

of 3 Crack Cases (Item a), where the 2 Pin Load Cases Provide Identical K (Item b) 

S0LBB = 125 MPa is applied to both plate and stiffener. In this superposition, it is assumed that the 

forces contained in the stiffener (P = S0*hstiff*tstiff = 18750N), are applied directly to the crack 

faces, separately for the upper and lower stiffener. This requires a correction of the stress applied 

to the plate loading: S0corrected = S0 - P/(W*tplate). P = Plower-stiffener = Pupper-stiffener. 

S0corrected = 121.25 MPa. 
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S3 = 2P/Dtplate = 2S0*hstiff*tstiff/Dtplate = 1500 MPa (this includes a factor 2 to cover upper and 

lower stiffeners). (See Figure 11.1-31, Stress Spectrum: Representative of S0panel = 125 MPa, R = 

0.)  

 

The critical crack size is predicted as c = 0.16 mm (determined using the NASCCS module of 

NASGRO®). This is smaller than the validity limit of c > 1.1 mm (as derived below).  

 

The evolution of K with crack length c is shown in Figure 11.1-32, Plot of K as Function of 

Crack Length (Add 2.5 mm Offset due to Pin Radius), the K is always above the critical value of 

1112 MPa√mm. For c between 1.1-22.5 mm, the results are not very sensitive to the size 

assumed for the pin. Investigated are pin diameters 0.1 mm-5 mm, as well as the theoretical 

solution for discrete forces on opposite crack flanges (note that the theoretical solution for 

discrete forces on opposite crack flanges tends to go to infinity for crack length approaching zero 

(reference Janssen, Zuidema & Wanhill, “Fracture Mechanics,” 2nd ed, 2002). 

 

 
Figure 11.1-31—Stress Spectrum: Representative of S0panel = 125 MPa, R = 0 
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Figure 11.1-32—Plot of K as Function of Crack Length (Add 2.5mm Offset due to Pin 

Radius) 

The NASFLA module of NASGRO is used iteratively to determine a factor on the previously 

determined ‘LBB stress’ S0LBB = 125 MPa. (See Figure 11.1-33, Stress Spectrum: Factor that 

Allows Crack-Growth from 2c = 1.1 mm to ‘10tplate’, R = 0. 

 

 
Figure 11.1-33—Stress Spectrum: Factor that Allows Crack-Growth from 2c = 1.1 mm to 

‘10tplate’, R = 0 

The resulting knock-down factor to account for the possibility of a cracked stiffener is 0.726. 

The corrected ‘LBB stress’ is then S0LBB = 0.726*125 = 91 MPa. It cannot really be concluded 

that the peak at small c could not be higher, as is suggested by the assessment based on the TC11 

model. This transition is not well represented by the pin load model where the crack starts at the 

pin hole. In reality, there is no pin hole; and the plate material in that area will be cracked also. 

 

A simple 2D boundary element model, using the NASBEM module of NASGRO®, see Figure 

11.1-34, SIF Results Based on a Simple 2D NASBEM Model of the Stiffened Plate, indicates 
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that the actual result could be in between the direct crack face loading approach using TC11, and 

the pin load approach using TC23. This model may also lack accuracy for c approaching 2.5 

mm. The model considers the stiffener as zones of increase stiffness. It predicts steep gradients 

in K near the stiffener, and the results will be sensitive to details of the model. 

 

 
Figure 11.1-34—SIF Results Based on a Simple 2D NASBEM Model of the Stiffened Plate 

It can be noted that, for this particular example, all assessment methods provide similar results 

for the LBB crack length of 50 mm. 

 

In case of marginal results based on the simple approaches offered by TC11 with localized crack 

face loading, it can be appropriate to model a cracked stiffener in FEM, or other mathematical 

approaches like the boundary element model (BEM). Either by disconnecting nodes in the 

stiffeners and feeding the resulting stress distribution of the plate into TC11 as crack-plane 

stress, or by performing the complete fracture analysis by FE model. The latter especially in case 

bending effects are judged to be significant. 

 

In practice, there may be more convenient alternative ways to show that stiffeners are 

sufficiently uncritical, and do not need to be considered in LBB assessments, including: 

 

1.  Low risk: the ‘LBB stress’ in this example is below 0.3xUTS, which is an important 

prerequisite for the application of the low-risk classification. 

 

2.  Damage tolerance: inspection of the stiffeners and verification by crack-growth 

assessment can allow not having to consider completely cracked stiffeners as part of the LBB 

assessment of the skin. 
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11.1.8.4  Example 4: LBB Issues with Plate Dominated by Bending Loads  

 

In Figure 11.1-35, Through-Thickness Crack in Flat Wall of Thickness tplate, Submitted to 

Uniform Tension, LBB issues for a plate dominated by bending loads is discussed. This example 

illustrates the implications of bending loads on the LBB demonstration. It is mentioned in this 

section that bending loads can cause shallow crack growth that may affect LBB verification. This 

can be illustrated using a conventional crack-growth software (NASGRO®) with the example of 

a flat wall of a pressurized container that is subjected predominantly by bending loads (as can be 

the case between stiffeners). 

 

Consider that one may assume “conservatively” that the LBB failure mode can be demonstrated 

as follows: using the peak, outer fiber stress as uniform stress, and demonstrating a critical crack 

size  > 10t. Consider an arbitrarily wide aluminum plate W = 600mm of thickness tplate = 2.5 mm 

with a through-thickness crack: 

 

 
Figure 11.1-35—Through-Thickness Crack in Flat Wall of Thickness tplate, Submitted to 

Uniform Tension 

Two materials are considered in this example: Al 7075 plate and Al 2219 welded based on crack-

growth calculation and manual iteration, the following uniform stresses will result in critical 

crack size of 2c = 10tplate = 25 mm: Al 7075 plate: S0LBB = 177 MPa, and Al 2219 weld: S0LBB = 

111 MPa. 

 

If, in reality, the loading would be predominantly pure bending, S1 = S0LBB, the question is 

whether this could result in violation of the LBB demonstration. The critical crack size will 

increase, but the crack will tend to grow with lower aspect ratio. 

 

To investigate this, plates with initial surface cracks defined by NASA-STD-5009 (arbitrary 

initial crack size) with aspect ratio a/c = 0.2 are subjected to a pure bending spectrum with S1 = 

S0LBB. (See Figure 11.1-36, Surface Crack in Flat Wall of Thickness tplate, Submitted to Bending, 

and Figure 11.1-37, Stress Spectrum: Factor on Stress Applied S0LBB as Pure Bending (S1). R = 

0. 
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Figure 11.1-36—Surface Crack in Flat Wall of Thickness tplate, Submitted to Bending 

 
 

Figure 11.1-37—Stress Spectrum: Factor on Stress Applied S0LBB as Pure Bending (S1).  

R = 0 

For the Al 7075 plate, the following result is obtained:  

 

1.  The surface crack becomes a through-thickness crack at length 2c = 73.1 mm at a/c = 

0.0684, i.e., much longer than 10tplate = 25 mm. Stability is still predicted when subjected to pure 

bending. 

 

2.  Instability is predicted for a through-thickness crack of length 2c = 97.4 mm. 

 

3.  Whether this can be actually considered to fulfil LBB requirements may depend on 

additional risk mitigating considerations. For example: Occasional loads of different nature, like 

tension, could cause failure of a crack that has grown beyond length 2c = 10t, before the 

transition to a through-thickness crack. Note that in the case of a 1:1 ratio of bending and tension 

stress, NASGRO® predicts breaking through the thickness at crack length 2c = 11.9 mm at a/c = 

0.4217, i.e., well within 10tplate. Instability is predicted for a through-thickness crack of length 2c 

= 44.6 mm. 
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For the Al 2219 weld, the following result is obtained: 

 

1.  The software indicates that there is a risk that surface crack fails when the remaining 

ligament becomes plastic, prior to leaking, at depth a = 2.48 mm and length 2c = 96.7 mm at a/c 

= 0.0513, i.e., much longer than 10tplate = 25 mm. 

  

Note: The associated warning in the NASGRO® software is ‘ADVISORY: Crack depth + Yield 

zone > thickness’ 

 

2.  Validity of the LBB assessment is even more questionable in this case, unless 

additional risk mitigating considerations apply. 

 

11.2  Proof Test Logic 

 

A damage tolerance assessment is performed using the maximum initial flaw size in a 

component such that the component passes proof test. The adequacy of the component is 

determined by calculating the amount of sub-critical crack growth incurred during service due to 

mechanisms such as fatigue, environmental attack, and creep, and up to a critical service flaw 

size. Proof test logic relaxes inspection requirements because the proof test acts as a flaw 

screening. Due to the relaxation in inspection requirements performed on the component, it is 

important to ensure that the proof test is comprehensive. The proof test level can be set such that 

the maximum initial flaw size can meet four times the service life.  

 

A successful proof test supported by fracture mechanics analysis enables hardware to enter 

service with a degree of confidence that no flaw will propagate to failure during its service life. 

Although proof test logic approach should be used with caution, it can be effective in screening 

critical flaws for the entire service life of the component.  

 

When using proof test logic, the following considerations should be accounted for: 

 

a. Analysis. Analysis methodology and material properties should have a high degree of 

confidence because proof test logic places greater reliance on analysis than on inspections. Note 

that some stress intensity factor (SIF) solutions may not be conservative in the proof test 

analysis. For example, NASGRO® SC08 assumes conservatively that the crack is exactly at the 

stress concentration at the entry of the nut, but that may not be conservative for the proof test 

analysis when a pre-existing flaw may not be at that same location. 

 

b. As-Built. Caution should be exercised in using proof test logic for cases where the 

material is process sensitive, as one cannot ensure that as-built properties are consistent with the 

properties used in the proof test logic analysis. 

 

c. Environmental Factors. If proof test logic were to be used, proof test load levels 

should be adjusted to account for environmental differences based on the fracture toughness. 
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d. Statistics. Because materials exhibit a degree of variability, the upper-bound fracture 

toughness should be used in establishing the maximum initial flaw size; if not available, use a 

value of at least 1.3 x fracture toughness. 

 

e. Coverage: All locations need to be sufficiently loaded during proof test, which can be 

challenging. Overtesting the part in question and those adjacent to the part needs to be 

considered and judged to be acceptable. 

 

Note: A crack-like flaw can pass proof test, go through engine hot fire, and fail in flight. This is a 

classic low-cycle fatigue and high-cycle fatigue problem in ductile materials. The larger the 

proof test factor, the more likely critical flaws will be screened. The lower the proof factor, the 

more likely a crack can pass proof test and later propagate to a critical flaw size assuming similar 

crack-growth during the service life.  

 

A limitation of proof test logic relative to wall thickness is discussed. There exists a threshold 

flaw that will pass proof test without fracturing completely through-the-thickness and without 

causing a leak. If proof test logic holds, the entire four times service lives can be applied to this 

initial flaw; and it will not propagate through-the-thickness during the component’s entire service 

life. For thin-walled structures, proof test logic is typically not successful when the proof test 

factor needs to be unreasonably high to screen critical flaws. Also note that proof test logic is not 

permitted for specific hardware safe-life verifications, including COPVs, metallic pressure 

vessels, and not recommended for bellows. Usage outside of what is required by the standards 

requires approval by the FCB. 

  

The reader is also referred to NASA/CR-1999-209427, Guidelines for Proof Test Analysis, for 

additional considerations relative to proof test logic. 

 

11.2.1  Example 1 

 

Consider a metallic pipe that has a 4-inch diameter, 0.125-inch wall thickness, and undergoes a 

7,500 psi internal pressure during proof testing. During flight, internal pressure is the only 

significant load on the pipe. In this example, it is evaluated whether proof test can be used as a 

flaw screening technique. The procedure on how to derive the flaw size and orientation used for 

the life analysis will also be illustrated. For pipes using proof test as flaw screening, RFCB 

approval is required. 

 

NASA-STD-5019A permits using a proof test to screen for flaws in certain fracture critical parts. 

For metallic components, an appropriate proof test followed by a visual inspection can replace 

other NDE techniques to establish the initial flaw in a life analysis. The initial flaw corresponds 

to the largest flaw in a critical location that can survive the proof test without unstable crack 

growth or yielding. If a larger flaw existed, it would lead to failure during the proof test. It can be 

assumed that any flaw in the hardware after proof is less than or equal to the size of the critical 

flaw. If there are multiple critical locations and orientations, multiple critical flaws should be 

characterized and used in the life analysis. 
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It should be noted that few components are easily proof tested. For a fracture critical part, an 

approach for flaw screening with a proof test must be documented in the FCP and approved by 

the RFCB. Multiple complexities must be accounted for to accept proof as the only flaw 

screening method, including environmental effects, temperature, test fixtures, inertial loads, and 

others. The proof test must load the component such that the entire assembly undergoes stresses 

that are at least the stress during operation multiplied by the appropriate proof factor. In this 

example, internal pressure is the only significant load during flight, so a proof test that matches 

the flight loads is easily conducted with only internal pressure. 

 

The proof test is conducted with the MDP multiplied by a 1.5 proof factor and an ECF. 

ANSI/AIAA S-080A requires a 1.5 proof factor for lines and fittings. The ECF is based on the 

knockdown of the strength at the temperature seen by the pipe during flight. For additional 

requirements of the proof test requirements, see ANSI/AIAA S-080A. In this case, the MDP 

multiplied by the 1.5 proof factor and the ECF is assumed to give a proof pressure of 7,500 psi. 

 

To determine the largest flaw that can survive proof, the NASCCS module in NASGRO® can be 

used. The representative geometry and worst-case flaw orientation are chosen. If the worst-case 

flaw orientation is not clear, multiple flaw orientations should be studied. In this case, the 

stresses are due to internal pressure. Using the thin-walled assumption for a pressurized cylinder, 

it can be calculated that the hoop stress is twice the magnitude of the axial stress. The hoop stress 

drives an axial crack, so only an axial crack (SC04) must be evaluated in this example. Crack 

aspect ratios of 0.2 and 1.0 and internal and external flaws must be examined. The crack aspect 

ratios correspond to the minimum and maximum crack aspect ratios for various NDE techniques.  

 

The geometry input for SC04 is shown in Figure 11.2-1, Input for the NASCCS Module to 

Determine the Critical Crack Size for an Axial Crack in a Hollow Cylinder (SC04). The input for 

a 0.2 crack aspect ratio is shown, and the internal flaw location is chosen. Both the 0.2 and 1.0 

crack aspect ratio were checked for internal and external cracks. The “S0 from unit internal press” 

option was selected. This allows for the internal pressure to be used as the input to determine the 

hoop stress in the cylinder. The internal pressure is defined as 7.5 kilo pounds per square inch 

(ksi). 
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Figure 11.2-1—Input for the NASCCS Module to Determine the Critical Crack Size for an 

Axial Crack in a Hollow Cylinder (SC04) 

(A 0.2 crack aspect ratio, a/c, is assigned, and the internal location is chosen. Additionally, the 

stress is defined from internal pressure, which is 7.5 ksi in this case.) 

 

The output options also must be defined, as shown in Figure 11.2-2, Output Options Input for 

NASCCS. The “Max K” radio button is chosen such that the maximum stress intensity factor and 

net section yielding are considered to determine the critical crack size. Note that “Max K and 

NSY” were not selected because NSY is physically incapable of reliably producing a proof-

screened flaw size.  

 

This requires the input of the fracture toughness and the yield stress. The applied stresses do not 

require an input because the internal pressure is already defined. Note that when using proof test 

to screen for flaws, the upper bound fracture toughness must be used to determine the initial flaw 

size for the life analysis. This upper bound fracture toughness must be included in the FCP and 

approved by the RFCB. 
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Figure 11.2-2—Output Options Input for NASCCS 

 

The output for the 0.2 crack aspect ratio for an interior flaw is shown in Figure 11.2-3, Results of 

Critical Crack Size Analysis (NASCCS) for an Interior Axial Surface Crack in a Hollow 

Cylinder with Crack Aspect Ratio of 0.2. The critical interior flaw with a 0.2 crack aspect ratio 

that would survive proof has a depth, a, of 0.039 inches and a width, c, of 0.193 inches. In this 

case, the critical crack is controlled by stress intensity factor rather than yielding, as indicated in 

the output. 

 
Figure 11.2-3—Results of Critical Crack Size Analysis (NASCCS) for an Interior Axial 

Surface Crack in a Hollow Cylinder with Crack Aspect Ratio of 0.2 

 

The crack sizes for the different combinations of crack aspect ratio and position are shown in 

Table 11.2-1, Critical Crack Depth for Axial Flaws in a Hollow Cylinder for Combinations of 

Crack Aspect Ratios and Positions in the Cylinder. The crack sizes can be verified in the 

NASSIF module of NASGRO® to ensure that the cracks correspond to a stress intensity that 

meets the upper bound fracture toughness. These flaws can then be used as the initial flaws for a 

life analysis on the pipe. This corresponds to four separate life analyses, one for each flaw. The 

lowest predicted life controls the life of the pipe. The NDE flaw sizes can now be replaced with 

the initial flaw sizes screened by the proof test. 
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Table 11.2-1—Critical Crack Depth for Axial Flaws in a Hollow Cylinder for 

Combinations of Crack Aspect Ratios and Positions in the Cylinder 

Crack aspect ratio, a/c Crack position Critical depth, a 

(inches) 

Critical width, c (inches) 

0.2 Interior 0.039 0.193 

0.2 Exterior 0.042 0.211 

1.0 Interior 0.079 0.079 

1.0 Exterior 0.087 0.087 

 

In the case of welds, flaw screening may be driven by cracks in welds in the circumferential 

direction resulting in lower life despite the lower stresses. Loading spectra may generate a 

greater number of stress cycles in those directions. For example, circumferential weld flaws may 

experience higher number of cycles in the axial direction due to bending from random vibe, 

compared to the hoop stress from internal pressure, which tends to be much fewer in the number 

of cycles for a press/prop system. Further, residual stresses can be significant and may need to be 

considered as part of the mean stress.  

 

11.2.2  Example 2 

 

In this example, a proof test screening method is used to validate damage tolerance of a bracket. 

The bracket has a 5-inch width, 0.25-inch wall thickness, and a net section stress of 85 ksi during 

flight. In this example, the validity of a proof test as a flaw screening technique is checked, and 

flaw size and orientation that should be used for the life analysis is derived. 

 

NASA-STD-5019A permits using a proof test to screen for flaws in certain fracture critical parts. 

For metallic components, an appropriate proof test followed by a visual inspection can replace 

other NDE techniques to establish the initial flaw in a life analysis. The initial flaw corresponds 

to the largest flaw in a critical location that can survive the proof test without unstable crack 

growth or yielding. If a larger flaw existed, it would lead to failure during the proof test, so it can 

be assumed that any flaw in the hardware after proof is less than or equal to the size of the 

critical flaw. If there are multiple critical locations and orientations, multiple critical flaws 

should be characterized and used in the life analysis. 

 

It should be noted that few components are easily proof tested. For a fracture critical part, an 

approach for flaw screening with a proof test must be documented in the FCP and approved by 

the RFCB. Multiple complexities must be accounted for to accept proof as the only flaw 

screening method, including environmental effects, temperature, test fixtures, inertial loads, and 

others. The proof test must load the component such that the entire assembly undergoes stresses 

that are at least the stress during operation multiplied by the appropriate proof factor.  

 

In this example, assume that the bracket is loaded in the same manner as flight. The proof test is 

conducted with the MDP multiplied by the proof factor and an ECF. An elevated proof factor of 

1.5 is chosen to better screen for flaws. The ECF is based on the knockdown of the fracture 

toughness or strength at the temperature seen by the pipe during flight. The highest ECF 

calculated based on the fracture toughness and strength knockdowns should be used. For 
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additional requirements of the proof test requirements, see ANSI/AIAA S-080A. In this case, the 

net section stress multiplied by the 1.5 proof factor and the ECF is assumed to give a maximum 

net section stress of 130 ksi. 

 

To determine the largest flaw that can survive proof, the NASCCS module in NASGRO® is 

used. The representative geometry and worst-case flaw orientation were chosen. If the worst-case 

flaw orientation is not clear, multiple flaw orientations should be studied. In this case, it was 

assumed that a semi-elliptical surface crack in a plate is the worst-case orientation. Crack aspect 

ratios of 0.2 and 1.0 must be examined. The crack aspect ratios correspond to the minimum and 

maximum crack aspect ratios for various NDE techniques. The geometry input for SC30 with a 

0.2 crack aspect ratio is shown in Figure 11.2-4, Input for the NASCCS Module to Determine the 

Critical Crack Size for a Semi-elliptical Surface Crack in a Plate (SC30). 

 

 
 

Figure 11.2-4—Input for the NASCCS Module to Determine the Critical Crack Size for a 

Semi-elliptical Surface Crack in a Plate (SC30) 

(A 0.2 crack aspect ratio, a/c, is assigned.) 

 

The output options also must be defined, as shown in Figure 11.2-5, Output Options Input for 

NASCCS. The “Max K” radio button is chosen such that the maximum stress intensity factor and 

net section yielding are considered to determine the critical crack size. Note that “Max K and 

NSY” were not selected because NSY is physically incapable of reliably producing a proof-

screened flaw size. This requires the input of the fracture toughness and the yield stress. Note 

that when using proof test to screen for flaws, the upper bound fracture toughness must be used 

to determine the initial flaw size for the life analysis. This upper bound fracture toughness must 

be included in the FCP and approved by the RFCB. The fracture toughness is defined in the units 

of ksi sqrt(in), and the stresses are defined in the units of ksi. 
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Figure 11.2-5—Output Options Input for NASCCS 

 

The output for the 0.2 crack aspect ratio is shown in Figure 11.2-6, Results of Critical Crack Size 

Analysis (NASCCS) for a Surface Crack in a Plate with Crack Aspect Ratio of 0.2. The critical 

flaw with a 0.2 crack aspect ratio that would survive proof has a depth, a, of 0.085 inch and a 

width, c, of 0.424 inch.  

 
Figure 11.2-6—Results of Critical Crack Size Analysis (NASCCS) for a Surface Crack in a 

Plate with Crack Aspect Ratio of 0.2 

 

The critical crack sizes for both the 0.2 and 1.0 crack aspect ratios are shown below in Table 

11.2-2, Critical Crack Depth for Axial Flaws in a Hollow Cylinder for Combinations of Crack 

Aspect Ratios and Positions in the Cylinder. The crack sizes can be verified in the NASSIF 

module of NASGRO® to ensure that the cracks correspond to a stress intensity that meets the 

upper bound fracture toughness. These flaws can then be used as the initial flaws for a life 

analysis on the bracket. This corresponds to two separate life analyses, one for each flaw. The 

lowest predicted life controls the life of the pipe. The NDE flaw sizes can now be replaced with 

the initial flaw sizes screened by the proof test. 

 

Table 11.2-2—Critical Crack Depth for Axial Flaws in a Hollow Cylinder for 

Combinations of Crack Aspect Ratios and Positions in the Cylinder 

Crack aspect ratio, a/c Critical depth, a (inches) Critical width, c (inches) 

0.2 0.085 0.424  

1.0 0.168 0.168 
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The example presented here is a simple approach that should be accepted on a case-by-case basis 

to ensure that the analysis is sufficiently conservative. In the case of problems where yield is the 

driving failure mode, sizing the proof factor may not be conservative if the net section yield/flow 

stress failure prediction is used. A conservatism in crack-growth predictions is not necessarily a 

conservatism in the failure prediction for a proof test. To determine the maximum flaw size that 

passes proof test, typically an upper bound fracture toughness (e.g., 1.3 × KIc) is used in the 

assessment. 

  

Elastic plastic fracture mechanics (EPFM) should be considered in cases where yielding is 

predicted and LEFM is known to be unconservative.  

 

11.3  Guidelines for LEFM and EPFM Assessments 

 

Damage tolerance requirements can be verified either by test or analysis. When analysis is used, 

an analysis methodology anchored to test data generally provides the highest confidence.  

In space vehicle applications, there are many components that experience large cyclic stresses 

that cannot be evaluated using LEFM. In these instances, alternate paths exist using EPFM that 

can allow for a high confidence damage tolerance verification. 

To this end, this section provides guidance with respect to demonstration of damage tolerance 

using LEFM and EPFM. In particular, determination of the appropriate damage tolerance 

assessment is discussed. Limitations for LEFM and EPFM assessments are also highlighted. 

 
11.3.1  Limitations of LEFM Assessments 

 

LEFM is easy to implement and, when coupled with an appropriate scatter factor, is widely 

accepted for damage tolerance assessments. LEFM has limitations, and it is up to the responsible 

engineer to verify that LEFM is appropriate. LEFM is generally applicable when small scale 

yielding (SSY) prevails at the crack-tip. 

  

LEFM without SSY can result in unconservative results, as plasticity can drastically affect 

resistance to crack instability and crack growth rate. This concept is illustrated in Figure 11.3-1, 

Comparisons of LEFM and EPFM FCG Curves for Al 2014-T6: R = -1, a = 0.025 inch, a/c = 

0.2, w = 10 inches, t = 0.1 inch, Failure Represents Unstable Crack Growth or Plastic Collapse, 

where linear elastic fatigue crack growth (LEFCG) and elastic plastic fatigue crack growth 

(EPFCG) are plotted as a function of fully reversed, constant amplitude cycles for an Al 2014-T6 

surface crack specimen. The curve in Figure 11.3-1 was generated using NASGRO®, flaw type 

SC30, and LEFM properties built-in within NASGRO.  
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Figure 11.3-1—Comparisons of LEFM and EPFM FCG Curves for Al 2014-T6:  

R = -1, a = 0.025 inch, a/c = 0.2, w = 10 inches, t = 0.1 inch,  

Failure Represents Unstable Crack Growth or Plastic Collapse 

 

As plasticity increases, the number of cycles to failure are increasingly overpredicted by the 

LEFM solution, which is especially true when stresses approach the material yield strength. 

Because Al 2014-T6 exhibits cyclical softening behavior, the EPFM assessment with monotonic 

material properties is unconservative compared to an EPFM assessment with cyclic properties.  

 

The trends in Figure 11.3-1 have been noted for other alloys such as titanium and steel, where 

EPFM and LEFM match for lower magnitude stress cycles but begin to diverge above ~50% of 

yield strength. A figure such as this one can provide guidance on when to apply LEFM versus 

EPFM. 

 

11.3.2  Determination of the Appropriate Damage Tolerance Assessment 

 

Using the appropriate damage tolerance assessment is critical to avoid unconservative life 

predictions. The flowchart in Figure 11.3-2, Flowchart to Determine Validity of LEFM 

Assessments, is provided to assist the analyst in determining a bounding damage tolerance 

assessment. 
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Figure 11.3-2—Flowchart to Determine Validity of LEFM Assessments. 

 

For an LEFM analysis to be permitted, it is recommended that the LEFM criteria provided below 

be met throughout four service lives: 

For surface, corner, and embedded cracks, the following criteria derived from ASTM E2899-19, 

is recommended [11.3-1]: 

𝝈𝑵𝑺 < 𝟎. 𝟗𝝈𝒚𝒔  and   𝒓𝝓𝒂,   𝒓𝝓𝒃 ≥
𝑬

𝝈𝒚𝒔
(

𝑱𝑲

𝝈𝒚𝒔
)   𝐟𝐨𝐫 𝐚𝐥𝐥 𝝓 𝐟𝐫𝐨𝐦 𝝓 = 𝟎° 𝐭𝐨 𝝓 = 𝟗𝟎°, 

(Equation 11.3-1) 

where for linear elastic plane strain: 

𝑱𝑲 =
𝑲𝑰

𝟐(𝟏−𝝂𝟐)

𝑬
  , and 𝒓𝝓𝒂,   𝒓𝝓𝒃 ≥ (𝟏 − 𝝂𝟐) (

𝑲𝑰

𝝈𝒚𝒔
)

𝟐

, 

(Equation 11.3-2) 

and for linear elastic plane stress: 

𝒓𝝓𝒂,   𝒓𝝓𝒃 ≥ (
𝑲𝑰

𝝈𝒚𝒔
)

𝟐

. 

(Equation 11.3-3) 

 

For through-cracks, the following criteria derived from ASTM E647-15, is provided as a LEFM 

threshold [11.3-2]: 

(𝒕 − 𝒂), 𝐰𝐡𝐞𝐫𝐞  𝒂 ≥
𝟒

𝝅
(

𝑲𝑰

𝝈𝒚𝒔
)

𝟐

 

(Equation 11.3-4) 

Any exceptions to the above LEFM criteria, should be reviewed and approved by the appropriate 

governing authority for fracture control. 
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The following are additional considerations relative to damage tolerance assessments associated 

with the LEFM criteria in Equations 11.3-1–11.3-4 and Figure 11.3-2: 

 

1.  While the requirements established in ASTM E2899-19 require a LEFM validity 

check for surface cracks to be performed solely at the critical crack initiation angle, the criteria 

must be broadened for general applications. This is because there are applications where fatigue 

crack growth must be accurately characterized across the entire crack front. The ASTM E2899-

19 criteria has been expanded to apply to all 𝝓 in the range of 0-degrees to 90-degrees; it was 

noted that for many applications, a validity check at 𝝓 = 𝟎, 𝟗𝟎 degrees alone is sufficient. 

 

2.  When the ligament in front of a crack-tip becomes small, elastic constraint decreases. 

Elastic constraint quantifies the degree of triaxial stress present at a given crack-tip. While lower 

constraint can lead to lower crack growth rates, quantification of this requires the use of two 

parameter fracture mechanics (TPFM). If TPFM data are available, it may be possible to reduce 

conservatism within a given LEFM or EPFM assessment. 

   

3.  When a proof test is the only cycle within a service life that does not meet the LEFM 

criteria, it is recommended that the proof test be evaluated using a failure assessment diagram 

(FAD) (see Figure 11.3-3, Surface Crack Cross-Section. FAD analyses can be performed using 

either the NASFAD module in NASGRO®, version 9.20, or by using the NASFLA module in 

earlier versions of NASGRO®. FAD assessments account for the detrimental effects of plasticity 

on crack instability. They generally do not account for EPFCG. FAD analyses should be 

restricted to static assessments. 

 
Figure 11.3-3—Surface Crack Cross-Section 

 

4.  When low amplitude cycles are preceded by an overload event that does not cause 

gross yielding, crack growth retardation generally occurs. If the post-proof test cycles meet the 

aformentioned LEFM criteria, then an LEFM analysis for the post-proof test cycles will be 

conservative so long as the post-proof flaw size is appropriately characterized. There are 

exceptions noted where the presence of a compressive underload reduces or eliminates the 

retardation effects, and may even accelerate crack growth rate, if the overload event results in 

significant plastic deformation. Research activities are ongoing to solidify these assertions. 
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5.  As cyclic stresses within the service life approach the yield strength of the material, 

EPFM assessments are encouraged. When yielding is predicted within the service life, it is 

recommended that damage tolerance testing be considered. This is because EPFM analyses may 

not capture other failure modes associated with detrimental yielding.  

 

11.3.3  EPFM Assessment Guidelines 

 

Care must be taken to avoid unconservative results when using LEFM and EPFM assessments. 

To this end, the EPFM assessment criteria in Table 11.3-1, EPM Assessment Criteria, provides a 

means to ensure results using EPFM analysis are bounding. 

 

Table 11.3-1—EPFM Assessment Criteria 

EPFM Assessment Criteria 
Criteria Met 

(Y/N)? 

1. Material properties available at appropriate environmental conditions?  

2. Elastic constraint in application is less than or equal to elastic constraint in 

da/dN and 𝐽𝑐𝑟𝑖𝑡 characterization tests? 
 

3. Can service life be bounded using constant amplitude cycles? OR 

Can variable amplitude cycles be limited to cycles that meet LEFM criteria? 
 

4. Is EPFM solution derived from a fully-plastic fracture mechanics solution?  

 

When all EPFM criteria are met, an EPFM analysis is permissible. While some material 

properties for an EPFM assessment can be difficult to obtain, assessments that do not permit 

ductile tearing are much more tractable. Ductile tearing defines a state of stable crack growth that 

can occur in materials beyond 𝑱𝑰𝒄. In general, interactions between ductile tearing and other sub-

critical flaw growth mechanisms are not well understood. It is recommended that ductile tearing 

not be permitted with other sub-critical flaw growth mechanisms. 

 

For an EPFM analysis that does not model ductile tearing, the following material properties are 

required: 

 

1. Monotonic and cyclic stress-strain curve(s). 

2. Critical value of J. 

3. Elastic-plastic fatigue crack growth rate parameters. 

 

When the above EPFM properties are unavailable at the appropriate environmental conditions, it 

is possible to derive them from LEFM properties using the following relationships: 

 

For the critical value of 𝑱: 

𝑱𝒄𝒓𝒊𝒕 =
𝑲𝒄𝒓𝒊𝒕

𝟐

𝑬′   ,  𝑬′ =
𝑬

(𝟏−𝝂𝟐)
 (for plane strain) and 𝑬′ = 𝑬 (for plane stress), 

(Equation 11.3-5) 
 

where 𝑲𝒄𝒓𝒊𝒕 is the critical stress intensity factor relevant to the application (e.g., 𝑲𝑰𝒄,  𝑲𝒄,  𝑲𝑰𝒆). 
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To develop an elastic-plastic fatigue crack growth formulation, one starts with the Paris equation: 

𝒅𝒂

𝒅𝑵
= 𝑪𝟎(∆𝑲)𝒎𝟎 . 

(Equation 11.3-6) 

 

Then introduce the crack closure correction factor 𝑼𝟎 associated with the applicable fatigue crack 

growth (FCG) testing, as well as the effective stress intensity factor ∆𝑲𝒆𝒇𝒇: 

𝒅𝒂

𝒅𝑵
=

𝑪𝟎

𝑼𝟎

𝒎𝟎 (∆𝑲𝒆𝒇𝒇)
𝒎𝟎

 and  ∆𝑲𝒆𝒇𝒇 = 𝑼∆𝑲 = 𝑲𝒎𝒂𝒙 − 𝑲𝒐𝒑𝒆𝒏 , 

(Equation 11.3-7) 

 

where ∆𝑲𝒆𝒇𝒇 is the stress intensity factor range corrected for crack closure and 𝑼 is the general 

crack closure correction factor for the particular application. Note that 𝑼 = 𝑼𝟎 when Equation 

11.3-7 is applied to the applicable fatigue crack growth testing. 

 

Finally, recast Equation 11.3-7 in terms of the effective J integral range, as defined by McClung, 

et al. [11.3-4]:   

𝒅𝒂

𝒅𝑵
=

𝑪𝟎(𝑬′)
𝒎𝟎

𝟐⁄

𝑼𝟎

𝒎𝟎 (∆𝑱𝒆𝒇𝒇)
𝒎𝟎

𝟐  . 

(Equation 11.3-8) 

 
 

The following are considerations relative to EPFM assessments described in Table 11.3-1: 

 

1.  Elastic constraint plays a significant role in all fracture mechanics assessments. For 

EPFM assessments, one must be especially cautious. Elastic constraint quantifies the degree of 

triaxial stress present at a given crack-tip. When da/dN and crack instability characterization is 

performed using geometry with greater triaxial stress than the application, analytically predicted 

crack instability and crack growth rate will be conservative. 

  

2.  Unlike LEFM, where overload events lead to crack retardation, overload events under 

large strain cycling can result in crack growth acceleration. EPFM analyses with variable 

amplitude cycles must be evaluated carefully to ensure that crack growth is accurately modeled. 

If the variable amplitude cycles can be approximated using the maximum stress within the 

spectrum for cycles that do not meet LEFM requirements, uncertainty associated with crack 

growth acceleration can be eliminated provided that all cyclic stresses are below the material 

yield strength.  

3.  In many cases, EPFM analyses are derived from fully plastic fracture mechanics 

solutions. Examples include Electric Power Research Institute (EPRI) handbook solutions and 

reference stress method (RSM) solutions. If EPFM analyses do not contain fully plastic 

solutions, an EPFM validity check may be warranted. 
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11.3.4  EPFM Using NASGRO®: Benchmarks and Examples 

 

This section contains EPFM benchmarks and examples using NASGRO®. Each example 

contains step-by-step information for a particular aspect of the analysis: development of EPFM 

properties (section 11.3.4.1), using the NASGRO® EPFM module (section 11.3.4.2), and 

interpreting EPFM results in NASGRO® (section 11.3.4.3). Lessons learned from the 

benchmarks are also provided in section 11.3.4.4. The examples presented here are based on 

Sagrillo, et al. (2022). 

  

11.3.4.1  Validation of EPFCG Properties Derived from LEFCG Properties 

 

This benchmark was taken from McClung, et al. (1999) [11.3-4]. This 1999 paper developed the 

original NASGRO® EPFM module, and the test data therein was used for verification purposes. 

McClung, et al., found very good agreement between test predictions and test results. This 

benchmark is not intended to verify the EPFM module, but rather is intended to validate the 

derivation of the EPFCG parameters from available da/dN vs ∆𝐾 curves and published 

engineering stress-strain curves. 

 

The testing by McClung, et al., was completed using STA Inconel® 718 through crack, surface 

crack, and corner crack specimens. The tests covered a wide range of crack-tip conditions, 

including SSY, large scale yielding, and severe plasticity. Fully reversing, fluctuating, and 

repeating cyclic stress ratios were also considered. Many specimens were not taken to failure, but 

instead, the cycles to reach a certain crack size were recorded. Subsequently, the benchmarks 

completed by McClung, et al., were intended to verify the EPFM module’s ability to predict 

EPFCG rate, more so than elastic-plastic crack instability. A summary of the specimens and 

conditions tested are included in Table 11.3-2, Test Specimens and Conditions from McClung, et 

al. [11.3-4]. 
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Table 11.3-2—Test Specimens and Conditions from McClung, et al. [11.3-4] 

Specimen # 
Crack 

Geometry 

Specimen  

Width (W) 

Specimen 

Thickness (t) 

Crack 

Depth (a) 

Half-crack 

Width (c) 

Stress 

Ratio 

(R) 

Max. 

Stress 

(max) 

Test  

Cycles (N) 

Dl   1.25 0.5 - 0.15 0.1 56.4 9,820 

SDl Through 1.25 0.2 - 0.15 0.1 55.8 13,470 

SD2   1.25 0.2 - 0.15 0.1 20 270,118 

S7   1.25 0.2 0.01 0.01 -1 135 5,900 

S33   1.25 0.2 0.01 0.01 0 135 44,900 

S25   1.25 0.2 0.149 0.163 0 145 385 

S29 Surface 1.25 0.2 0.164 0.184 0 135 378 

S11   1.25 0.2 0.146 0.152 -1 165-157 4 

S13   1.25 0.2 0.129 0.134 -1 158-138 32 

S44 Corner 0.5 0.5 0.034 0.034 -1 135 2,950 

Note: Dimensions for stress are in ksi, and dimensions for length are in inches. 

 

In evaluating the test conditions for each specimen with respect to the validity of LEFM, it was 

found that all surface crack specimens in this study exceeded and did not satisfy the ASTM 

E2899-19 derived validity criteria in section 11.3.2. For the corner crack specimen, the LEFM 

criteria derived from ASTM E2899-19 was also exceeded. For all through crack specimens, the 

criteria derived from ASTM E647-15 was satisfied and LEFM is applicable under the given test 

conditions. Table 11.3-3, LEFM Validity Checks for McClung, et al., Tests [11-3-4], provides 

the details of each LEFM validity check. 

Table 11.3-3—LEFM Validity Checks for McClung, et al., Tests [11.3-4] 

 Results at Test Start Results and Test Completion 

Specimen 

# 
𝝈𝑵𝑺 (𝐤𝐬𝐢) 

𝝈𝑵𝑺 < 

𝟎. 𝟗𝝈𝒚𝒔 

𝑲𝑰(𝐜𝐫𝐢𝐭) 

(𝐤𝐬𝐢√𝐢𝐧) 

𝒓𝝓𝒂,   𝒓𝝓𝒃 > 

𝐋𝐄𝐅𝐌 𝐋𝐢𝐦𝐢𝐭 
𝝈𝑵𝑺 (𝐤𝐬𝐢) 

𝝈𝑵𝑺 < 

𝟎. 𝟗𝝈𝒚𝒔 

𝑲𝑰(𝐜𝐫𝐢𝐭) 

(𝐤𝐬𝐢√𝐢𝐧) 

𝒓𝝓𝒂,   𝒓𝝓𝒃 > 

𝐋𝐄𝐅𝐌 𝐋𝐢𝐦𝐢𝐭 

Dl 74.21 Yes 40.15 Yes 86.47 Yes 50.42 Yes 

SDl 73.42 Yes 39.73 Yes 93.88 Yes 55.54 Yes 

SD2 26.32 Yes 14.24 Yes 31.47 Yes 18.45 Yes 

S7 135.27 Yes 17.34 No (𝒓𝝓𝒂) - - - - 

S33 135.27 Yes 17.34 No (𝒓𝝓𝒂) - - - - 

S25 198.24 No - - - - - - 

S29 194.82 No - - - - - - 

S11 219.93 No - - - - - - 

S13 199.39 No - - - - - - 

S44 137.41 Yes 31.98 No (𝒓𝝓𝒂) - - - - 

 

Net section stresses in several tests also exceed the Inconel® 718 STA material yield strength of 

171 ksi. For applications subjected to these conditions, the guidelines established in section 

11.3.2 would not recommend the use of EPFM analysis for qualification purposes. Instead, 

damage tolerance testing would be recommended. 
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To perform EPFCG analysis in NASGRO®, several material properties are required. These 

include constants for the Ramberg-Osgood (R-O) stress-strain curve description, mechanical 

properties, crack growth rate properties, and the critical value of the J-integral. The complete list 

of EPFCG analysis inputs required by NASGRO® are shown in Figure 11.3-4, EPFCG 

Analytical Inputs Required by NASGRO®. 

 

Figure 11.3-4—EPFCG Analytical Inputs Required by NASGRO® 

The following are the steps to define the properties in Figure 11.3-4: 

 

Step 1: Define stress-strain properties 

Material properties for Inconel® 718 STA were obtained from MMPDS-13, Table 6.3.5.0(c1) 

[11.3-6]. Properties for 1.000-inch to 1.499-inch bar stock were chosen; as the test specimens 

were machined from 1.250-inch bar stock. Modulus of elasticity was found to be 29,400 ksi, 

Poisson’s ratio was 0.29, and the B-basis tensile ultimate strength was 199 ksi. A Ramberg-

Osgood relationship was then used to mathematically describe the MMPDS-13, Figure 

6.3.5.1.6(b1), stress-strain curve [11.3-6]: 

𝜺

𝜺𝟎
=

𝝈

𝝈𝟎
+ 𝜶𝑹−𝑶 (

𝝈

𝝈𝟎
)

𝒏

, 

(Equation 11.3-9) 

 

where 𝜎0 was chosen as the material yield stress with a 0.2% offset (171 ksi), and 𝜀0 was the 

elastic strain at yield. Then, 𝜶𝑹−𝑶 and 𝒏 were defined as follows: 

 

𝜶𝑹−𝑶 =
𝑬

𝝈𝟎

(𝟎. 𝟎𝟎𝟐)  𝐚𝐧𝐝   𝒏 =
𝒍𝒏(

𝜺𝑷𝑳,𝟏

𝟎.𝟎𝟎𝟐
)

𝒍𝒏(
𝝈𝟏
𝝈𝟎

)
   𝐚𝐧𝐝   𝜺𝑷𝑳,𝟏 = 𝜺𝟏 −

𝝈𝟏

𝑬
 , 

(Equation 11.3-10) 

 

where 𝑬 is the elastic modulus, 𝜺𝑷𝑳,𝟏 is the plastic strain at an arbitrary point in the plastic 

region, 𝝈𝟏 is the corresponding engineering stress, and 𝜺𝟏 is the corresponding total strain. From 

these equations, 𝜶𝑹−𝑶 was found to equal 0.343 and 𝒏 = 17.16. 

For conditions where 𝑹 < 𝟎, cyclic material properties are recommended. Cyclic-stress curve 

properties can be measured using ASTM E606, Standard Test Method for Strain-Controlled 

Fatigue Testing, and procedures described in Landgraf, et al. (1969).  The cyclic stress strain 

curve describes how the stress-strain curve of a material work-hardens or work-softens under 
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plastic cyclic loads. McClung, et al., published R-O material properties for such a curve [11.3-4], 

including: 

 

𝝈𝟎 = 𝟏𝟓𝟖. 𝟑 𝒌𝒔𝒊, 𝜶𝑹−𝑶 = 𝟏. 𝟎, 𝐚𝐧𝐝   𝒏 = 𝟔. 𝟏𝟓. 

 

Step 2: Determine crack closure corrected LEFCG properties 

For Inconel® 718 STA LEFCG properties, material Q3LE13AB1 from the NASGRO® material 

database was utilized. This corresponds to Inconel® 718 solution treated to 2,000 °F and aged at 

1,325 °F for 4 hours, followed by 1,150 °F for 16 hours. The applicable product form is 

sheet/plate, and the test conditions are ambient. LEFCG properties for stress ratios of 0.05 and 

0.7 are available with Q3LE13AB1, as shown in Figure 11.3-5, LEFCG Curves in NASGRO® 

for Q3LE13AB1. 

 

Figure 11.3-5—LEFCG Curves in NASGRO® for Q3LE13AB1 

Given that the stress ratios of interest for this study vary, it is of value to normalize the da/dN 

data using the approach defined by Newman in “A Crack Opening Stress Equation for Fatigue 

Crack Growth” [11.3-7]. By correcting the da/dN data for crack closure, a relationship between 

effective stress intensity and crack growth rate can be determined. This relationship will be the 

same for all stress ratios. When the data is corrected for crack closure, the da/dN curves taken at 

different stress ratios collapse into a single unified curve. 

To utilize this approach, one must calculate the constant 𝑼𝟎 for each R ratio using the following 

equations: 

𝑼𝟎 =
𝟏 − 𝑲𝒐𝒑𝒆𝒏 𝑲𝒎𝒂𝒙⁄

𝟏 − 𝑹
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𝑲𝒐𝒑𝒆𝒏

𝑲𝒎𝒂𝒙
= {

𝑨𝟎 + 𝑨𝟏𝑹 + 𝑨𝟐𝑹𝟐 + 𝑨𝟑𝑹𝟑

𝑨𝟎 + 𝑨𝟏𝑹
  

𝑹 ≥ 𝟎
−𝟐 ≤ 𝑹 < 𝟎

 

𝑨𝟎 = (𝟎. 𝟖𝟐𝟓 − 𝟎. 𝟑𝟒𝜶𝒄 + 𝟎. 𝟎𝟓𝜶𝒄
𝟐) [𝐜𝐨𝐬 (

𝝅

𝟐

𝝈𝒎𝒂𝒙

𝝈𝒇𝒍𝒐𝒘
)]

𝟏
𝜶𝒄⁄

 

𝑨𝟏 = (𝟎. 𝟒𝟏𝟓 − 𝟎. 𝟎𝟕𝟏𝜶𝒄)
𝑺𝒎𝒂𝒙

𝑺𝒇𝒍𝒐𝒘
,      𝑨𝟐 = 𝟏 − 𝑨𝟎 − 𝑨𝟏 − 𝑨𝟑,       𝑨𝟑 = 𝟐𝑨𝟎 + 𝑨𝟏 − 𝟏 

(Equation 11.3-11) 

 

First, 𝑺𝒎𝒂𝒙/𝑺𝒇𝒍𝒐𝒘 is set to 0.3 because this value is close to an average value obtained from 

fatigue crack growth tests using various specimen types. Further, it has been shown to produce 

acceptable results for positive stress ratios, where its effects on the crack opening function are 

small [11.3-8]. 

  

Next, an initial guess for the constraint factor 𝜶𝒄 is required. To start, 𝜶𝒄 is assumed to equal 2.5. 

This results in the following initial guesses: 

 

For R = 0.05: 𝑼𝟎 = 𝟎. 𝟕𝟔;      For R = 0.7: 𝑼𝟎 = 𝟎. 𝟗𝟗 

 

Using these results, ∆𝑲𝒆𝒇𝒇 = 𝑼𝟎∆𝑲 is calculated for every data point of each curve. The value 

𝜶𝒄 is iterated until the correlation regression coefficient (R-squared) is maximized such that a 

linear function fits the linear portion of the da/dN curves, which represents maximum collinearity 

in the ∆𝑲𝒆𝒇𝒇 domain (see Figure 11.3-6, Closure Corrected LEFCG Curves for Q3LE13AB1). 

 

 Figure 11.3-6—Closure Corrected LEFCG Curves for Q3LE13AB1 
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From Figure 11.3-6, the closure corrected LEFCG formulation was found to be: 

𝒅𝒂

𝒅𝑵
= 𝟏. 𝟎𝟎 × 𝟏𝟎−𝟏𝟎(∆𝑲𝒆𝒇𝒇)

𝟑.𝟐𝟗𝟏
, 

where, 𝑪𝟎 = 𝟏. 𝟎𝟎 × 𝟏𝟎−𝟏𝟎, 𝒎𝟎 = 𝟑. 𝟐𝟗𝟏, and 𝑼𝟎 = 𝟏. 

It is important to note that 𝑪𝟎 and 𝒎𝟎 differ from the crack growth constants in NASGRO®. 

This is because the NASGRO® LEFCG equation includes additional terms to make corrections 

in the near-failure and near-threshold regimes. As a result, the curve’s slope everywhere is 

greater than 𝒏 when plotted on log-log axes, which means that the 𝒏 reported by NASGRO® 

will be lower than the 𝒎𝟎 obtained through curve-fitting the data and is unconservative. 

 

Step 3: Derive EPFCG properties from LEFCG properties 

Once 𝑪𝟎, 𝒎𝟎, and 𝑼𝟎 are estimated, EPFCG properties are derived from LEFCG properties 

using Equation 11.3-12: 

𝒅𝒂

𝒅𝑵
=

𝑪𝟎(𝑬′)
𝒎𝟎

𝟐⁄

𝑼𝟎
𝒎𝟎

(∆𝑱𝒆𝒇𝒇)
𝒎𝟎
𝟐  

 

𝑬′ =
𝑬

(𝟏−𝝂𝟐)
 (For Plane Strain) and 𝑬′ = 𝑬 (For Plane Stress) 

(Equation 11.3-12) 

 

where ∆𝑱𝒆𝒇𝒇 is the J-Integral range corrected for crack-closure. Interestingly, the EPFCG 

constants in this particular formulation are equivalent to those obtained from a LEFCG analysis 

that is corrected for crack closure: 

𝒅𝒂

𝒅𝑵
=

𝑪𝟎

𝑼𝟎
𝒎𝟎

(∆𝑲𝒆𝒇𝒇)
𝒎𝟎

,   ∆𝑲𝒆𝒇𝒇 = 𝑼𝟎∆𝑲 = 𝑲𝒎𝒂𝒙 − 𝑲𝒐𝒑𝒆𝒏 

(Equation 11.3-13) 

 

where ∆𝑲𝒆𝒇𝒇 is the stress intensity factor range corrected for crack-closure. For additional 

information on the NASGRO® EPFCG formulation, refer to the NASGRO® EPFM user manual 

[11.3-8]. 

  

Step 4: Define 𝑱𝒄𝒓𝒊𝒕 

Next, the critical value of J is required. Given that the testing conducted by McClung, et al., 

covers different crack geometries, 𝑱𝒄𝒓𝒊𝒕 is calculated using equation 11.3-14: 

𝑱𝒄𝒓𝒊𝒕 =
𝑲𝒄𝒓𝒊𝒕

𝟐

𝑬′
  ,  𝑬′ =

𝑬

(𝟏−𝝂𝟐)
 (for plane strain) and 𝑬′ = 𝑬 (for plane stress) 

(Equation 11.3-14) 
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Where 𝑲𝒄𝒓𝒊𝒕 is the critical stress intensity factor relevant to the application (e.g., 𝑲𝑰𝒄,  𝑲𝒄,  𝑲𝑰𝒆). 

This form of 𝑱𝒄𝒓𝒊𝒕 does not allow for ductile tearing. Ductile tearing defines a state of stable 

crack growth that can occur in materials beyond 𝑱𝑰𝒄. In general, interactions between ductile 

tearing and other sub-critical flaw growth mechanisms are not well understood. As a result, the 

provided formulation of 𝑱𝒄𝒓𝒊𝒕 is both conservative and practical in that additional capability may 

be present beyond 𝑱𝒄𝒓𝒊𝒕, but also the complex interactions between multiple sub-critical flaw 

growth mechanisms are avoided. Analyses that permit ductile tearing also require definition of a 

resistance curve, which in many cases, is not readily available.   

For surface and corner crack cases, 𝑱𝒄𝒓𝒊𝒕 is calculated from 𝑲𝑰𝒆 = 𝟏𝟐𝟓 𝒌𝒔𝒊√𝒊𝒏 (from 

NASGRO® material database) to be 𝟎. 𝟓𝟑𝟏𝟓 𝒌𝒔𝒊 ∙ 𝒊𝒏. 

For through-crack cases, 𝑲𝒄 was calculated from: 

𝑲𝒄 = 𝑲𝑰𝒄 (𝟏 + 𝑩𝒌𝒆
−(𝑨𝒌

𝒕

𝒕𝟎
)

𝟐

),     𝒕𝟎 = 𝟐. 𝟓 (
𝑲𝑰𝒄

𝝈𝒚𝒔
)

𝟐

 

(Equation 11.3-15) 

Where 𝑲𝑰𝒄, 𝑨𝒌, and 𝑩𝒌 are taken from the NASGRO® material database. 

𝑲𝒄 = 𝟏𝟑𝟔. 𝟓𝟔 𝒌𝒔𝒊√𝒊𝒏   →   𝑱𝒄𝒓𝒊𝒕 = 𝟎. 𝟓𝟖𝟏𝟎 𝒌𝒔𝒊 ∙ 𝒊𝒏 (for plane strain), 

 𝑱𝒄𝒓𝒊𝒕 = 𝟎. 𝟔𝟑𝟒𝟑 𝒌𝒔𝒊 ∙ 𝒊𝒏 (for plane stress) 

While 𝑲𝒄 and 𝑲𝑰𝒆 are used in this example for benchmarking purposes, these parameters should 

be used with caution in practice. This is because the equations to approximate 𝑲𝒄 and 𝑲𝑰𝒆 in 

NASGRO® are empirical equations and may not be valid for all materials. It is also known that 

deviations from these solutions occur for small cracks [11.3-8]. In NASGRO®, an assessment 

can be forced to use 𝑲𝑰𝒄 by setting 𝑩𝒌 equal to 0 for through cracks, or by selecting ‘Constant 

𝑲𝒄’ in the ‘𝑲𝒄 values at tips used in analysis’ field for surface cracks, noting that for through 

crack geometries, NASGRO® will default to 𝑲𝒄, and for corner crack and surface crack 

geometries, NASGRO® will default to 𝑲𝑰𝒆. 

 

Step 5: Define constraint alpha (𝜶𝒄) for the application 

Lastly, the constraint alpha (𝜶𝒄) for the application needs to be defined. The constraint alpha for 

the application, which is input into the EPFM material module, differs from the constraint alpha 

used to define the degree of elastic constraint present in the fatigue crack growth test results. In 

general, elastic constraint quantifies the degree of triaxial stress present at a given crack-tip. 

While it is known that elastic constraint varies as a function of several inputs, Newman’s crack 

closure model assumes that this parameter is constant. 

  

As described in the NASGRO® Manual, 𝜶𝒄 typically varies from 1 to 3, with 1 corresponding to 

plane stress conditions, and 3 to plane strain conditions. The NASGRO® manual also 

recommends using a 2.55 constraint alpha for interior crack tips and a 1.15 constraint alpha for 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

255 of 527 

surface crack tips [11.3-8]. To understand the broader impact of 𝜶𝒄, analyses in this benchmark 

were completed with 𝜶𝒄 = 𝟏 and 𝜶𝒄 = 𝟑.  

The completion of all five steps above fully defines the EPFCG parameters required by the 

NASGRO® EPFM module. A summary of the key equations associated with defining EPFCG 

parameters is provided in Table 11.3-4, Key Equations Associated with Deriving EPFCG 

Properties in NASGRO®. 

Table 11.3-4—Key Equations Associated with Deriving EPFCG Properties in NASGRO® 

Steps to Derive EPFM Properties for use in NASGRO® Key Equations 

Step 1: Define Stress-Strain Properties 
𝜺

𝜺𝟎
=

𝝈

𝝈𝟎
+ 𝜶 (

𝝈

𝝈𝟎
)

𝒏
  

Step 2: Determine Crack Closure Corrected LEFCG Properties  
𝒅𝒂

𝒅𝑵
=

𝑪𝟎

𝑼𝟎

𝒎𝟎 (∆𝑲𝒆𝒇𝒇)
𝒎𝟎

  

Step 3: Derive EPFCG Properties from LEFCG Properties 𝒅𝒂

𝒅𝑵
=

𝑪𝟎(𝑬′)

𝒎𝟎
𝟐⁄

𝑼𝟎

𝒎𝟎 (∆𝑱𝒆𝒇𝒇)
𝒎𝟎

𝟐   

Step 4: Define 𝑱𝒄𝒓𝒊𝒕 𝑱𝒄𝒓𝒊𝒕 =
𝑲𝒄𝒓𝒊𝒕

𝟐

𝑬′
  

Step 5: Define Constraint Alpha (αc) for the Application 
𝜶𝒄 = 𝟏 (𝐩𝐥𝐚𝐧𝐞 𝐬𝐭𝐫𝐞𝐬𝐬) 

𝜶𝒄 = 𝟑 (𝐩𝐥𝐚𝐧𝐞 𝐬𝐭𝐫𝐚𝐢𝐧) 

 

With all EPFCG parameters fully defined, the EPFM module material inputs can be established. 

The surface and corner crack material inputs for 𝑹 > 𝟎 are shown in Figure 11.3-7, EPFCG 

Material Inputs for Surface and Corner Cracks, R > 0, Constraint Alpha Evaluated at a Value of 

both 1 and 3. 

 

 

Figure 11.3-7—EPFCG Material Inputs for Surface and Corner Cracks, 𝑹 > 𝟎, Constraint 

Alpha Evaluated at a Value of both 1 and 3 

Using the specimen geometry and loading conditions from Table 11.3-2, EPFCG predictions 

were calculated in NASGRO®, whereby the cycles to achieve the corresponding final test 

condition were determined. The critical value of J was included as a limiting threshold using 

EPFCG for all test cases except S11 and S13. For these test specimens, ductile tearing was noted 

by McClung, et al., during the first test cycle. It is expected that analysis of S11 and S13 test 

conditions would terminate at the initial cycle. To compare NASGRO® EPFCG predictions with 

test for S11 and S13, 𝑱𝒄𝒓𝒊𝒕 was set to an arbitrarily large value. Figure 11.3-8, NASGRO® 

EPFCG Predictions vs. Test Cycles, provides a comparison of EPFCG predictions versus test for 

all specimens.  
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Figure 11.3-8—NASGRO® EPFCG Predictions vs. Test Cycles 

In Figure 11.3-8, the solid line represents perfect agreement between prediction and test. Anything 

that lies above the solid line is conservative, and anything below the solid line is unconservative. 

The dashed lines in Figure 11.3-8 were constructed by applying a four times service life against 

the solid line on either side of the curve. The results fall within the dashed bands, except for test 

case SD2 and S25; whereby an 𝜶𝒄 = 𝟏 for SD2, and  𝜶𝒄 = 𝟑 for S25, resulted in larger deviations 

from test. The corresponding data in tabular form is provided below in Table 11.3-5, NASGRO® 

EPFCG Predictions vs. Test Cycles. 

Table 11.3-5—NASGRO® EPFCG Predictions vs. Test Cycles 

Specimen # Crack Geometry 
Cycles @ 

 alpha = 1 

Cycles @ 

alpha = 3 
Test Cycles (N) 

D1  38,832 12,841 9,820 

SD1 Through 40,628 12,911 13,470 

SD2  1,806,635 412,250 270,118 

S7  5,700 4,600 5,900 

S33  65,364 32,858 44,900 

S25 Surface 101 73 385 

S29  107 75 378 

S11  2 4 4 

S13  36 33 32 

S44 Corner 1,700 1,460 2,950 
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The reason for the deviation with test case S25 can likely be explained by the definition of the 

critical value of J. The chosen definition of 𝑱𝒄𝒓𝒊𝒕 represents the point at which stable ductile 

tearing can occur, so long as stability conditions associated with the applicable R-curve are met. 

Given that additional cycles may be permitted in an analysis that allows for ductile tearing, it 

makes sense that the NASGRO® EPFCG results would underpredict cycles to failure for both 

S25 and S29; noting that both specimens represent testing of deep cracks cycled to failure. 

In contrast to the over-conservative results for S29, the unconservative result for SD2 is more 

concerning. In this case, as well as the other SSY tests (e.g., D1 & SD1), results with an alpha 

constraint of 1 overpredict cycles to failure by an appreciable amount. The reason for this is 

likely due to the high degree of elastic constraint present in the samples. Given that crack-tip 

plasticity is small in these test cases relative to the specimen geometry, the stress state at the 

crack-tip is likely dominated by triaxial stress. This is supported by the fact that results for an 

alpha constraint of 3 are very close to the test results. Subsequently, when the degree of elastic 

constraint in a given application is uncertain, the use of a constraint alpha of 3 is prudent. 

Overall, the NASGRO® EPFCG predictions are in reasonable agreement with test. The 

NASGRO® EPFM module successfully predicted EPFCG beyond the conditions for which 

section 11.3.2 allows. This increases confidence in the use of EPFM for applications with 

moderate plasticity. It also suggests that with EPFCG model correlation to test, it may be 

permissible to use EPFM beyond the material yield strength. 

Finally, the results suggest that it is possible to derive EPFCG parameters from LEFCG 

parameters. One must be cautious when selecting the LEFCG fatigue crack growth properties as 

material composition, product form, and environments all play a significant role in fatigue crack 

growth properties.  

11.3.4.2  EPFM Benchmark – Al 6061-T6 Elastic-Plastic Coupon Testing 

 

The fatigue crack growth tests in this study were taken from the NASA/TM-2020-

5006765/Volume I, NESC-RP-16-01183, “Composite Overwrapped Pressure Vessel (COPV) 

Damage Tolerance Life Analysis Methodology and Test Best Practices. The results from these 

tests were used to evaluate the predictions of the NASGRO® EPFM module. 

The fatigue crack growth tests were conducted on Aluminum 6061-T6 rolled sheet specimens 

with surface cracks. Tests were completed with a 0.1 R ratio on 2-inch-wide specimens. The 

crack width and depth were determined from the fracture surfaces. A relationship between 

CMOD and crack depth were obtained from fractographic measurements and the digital image 

correlation (DIC) surface measurements of CMOD. The test geometry, loads applied, and results 

are displayed in Table 11.3-6, Fatigue Crack Growth Measurement Test Results for Surface 

Cracks in Aluminum 6061-T6 Rolled Sheet [11.3-9].  
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Table 11.3-6—Fatigue Crack Growth Measurement Test Results for Surface Cracks  

in Aluminum 6061-T6 Rolled Sheet [11.3-9] 

Test ID 
Material 

Orientation 

Thickness 

(in) 

Max Stress 

Applied 

(ksi) 

Initial 

Crack 

Depth (in) 

Initial 

Crack 

Width (in) 

Initial 

Aspect 

Ratio 

Final 

Crack 

Depth (in) 

Final 

Crack 

Width (in) 

Final 

Aspect 

Ratio     

Cycles 

FL-LT-032-11 LT 0.032 35 0.0195 0.0213 0.9155 0.0264 0.0303 0.8713 3,502 

FL-LT-032-13 LT 0.032 40 0.0202 0.02 1.011 0.027 0.0299 0.903 2,502 

FL-LT-032-18 LT 0.032 35 0.02 0.0209 0.9569 through 0.0372 -- 5,302 

FL-LT-032-20 LT 0.032 40 0.0208 0.0233 0.8927 0.0278 0.0327 0.8494 1,752 

FL-LT-050-02 LT 0.048 30 0.0335 0.0345 0.9705 0.0458 0.0494 0.9278 3,002 

FL-LT-050-03 LT 0.048 30 0.0205 0.0216 0.946 0.0405 0.0442 0.9154 24,002 

FL-LT-050-04 LT 0.048 40 0.0203 0.0209 0.9713 0.037 0.037 1 3,502 

FL-LT-050-07 LT 0.048 40 0.0267 0.0283 0.9435 0.0427 0.0472 0.9047 1,702 

FL-LT-050-12 LT 0.048 35 0.0318 0.0292 1.0905 0.0423 0.0451 0.939 2,502 

FL-LT-050-13 LT 0.048 35 0.0192 0.0201 0.9576 0.0359 0.0383 0.9373 8,202 

FL-LT-050-16 LT 0.048 35 0.0251 0.027 0.9314 0.0461 0.0494 0.9332 6,002 

FL-TL-032-01 TL 0.032 30 0.0195 0.0201 0.9701 through 0.0372 -- 12,002 

FL-TL-032-06 TL 0.032 30 0.0167 0.0195 0.8564 0.0183 0.021 0.8714 4,002 

FL-TL-032-08 TL 0.032 30 0.0192 0.0205 0.9366 0.0261 0.0291 0.8969 8,514 

FL-TL-032-09 TL 0.032 30 0.0176 0.0203 0.867 0.0187 0.0218 0.8578 3,000 

FL-TL-032-10 TL 0.032 30 0.0191 0.0205 0.9317 0.0299 0.0347 0.8617 10,002 

FL-TL-032-15 TL 0.032 30 0.0184 0.0197 0.934 0.0249 0.0284 0.8768 10,002 

FL-TL-032-17 TL 0.032 35 0.0195 0.0209 0.933 0.028 0.0316 0.8861 5,202 

FL-TL-032-19 TL 0.032 40 0.0181 0.0201 0.9005 through 0.0422 -- 4,202 

FL-TL-050-01 TL 0.048 40 0.0311 0.0305 1.0197 0.0447 0.049 0.9122 1,602 

FL-TL-050-03 TL 0.048 30 0.0265 0.0267 0.9895 0.0444 0.0489 0.9091 8,002 

FL-TL-050-10 TL 0.048 30 0.0198 0.0205 0.9657 0.0374 0.0376 0.9925 17,002 

FL-TL-050-12 TL 0.048 40 0.0236 0.0221 1.0679 0.0368 0.0392 0.9388 2,502 

FL-TL-050-17 TL 0.048 35 0.025 0.024 1.0438 0.0444 0.0446 0.9955 5,502 

FL-TL-090-19 TL 0.09 20 0.0199 0.0203 0.9803 0.0757 0.0861 0.8792 186,502 

SC-LT-032-01 LT 0.032 30 0.0195 0.0195 1 0.025 0.026 0.9615 8,000 

SC-LT-032-02 LT 0.032 30 0.022 0.0215 1.0233 0.028 0.0305 0.918 8,000 

SC-LT-032-04 LT 0.032 30 0.0218 0.0218 1 0.03 0.0357 0.8389 12,000 

SC-LT-090-04 LT 0.09 30 0.02 0.02 1 0.05 0.0485 1.0309 36,000 

SC-LT-090-06 LT 0.09 30 0.019 0.02 0.95 0.043 0.0425 1.0118 32,000 

SC-LT-090-08 LT 0.09 30 0.02 0.0205 0.9756 0.0564 0.056 1.0071 36,000 

SC-LT-090-09 LT 0.09 30 0.02 0.02 1 0.031 0.03 1.0333 16,000 

SC-LT-090-10 LT 0.09 30 0.021 0.0205 1.0244 0.065 0.0665 0.9774 27,500 

SC-LT-090-12 LT 0.09 30 0.0223 0.02 1.1155 0.0758 0.0755 1.0038 26,000 

SC-LT-090-13 LT 0.09 35 0.021 0.019 1.1082 0.0376 0.0336 1.119 9,000 

SC-LT-090-14 LT 0.09 35 0.021 0.0218 0.9642 0.0607 0.0614 0.9894 12,000 

SC-LT-090-15 LT 0.09 35 0.023 0.0243 0.9453 0.057 0.0564 1.0115 7,000 

SC-LT-090-16 LT 0.09 35 0.025 0.0231 1.0823 0.0602 0.0563 1.0702 11,000 

SC-LT-090-18 LT 0.09 35 0.0302 0.0264 1.1461 0.076 0.0789 0.9632 10,000 

SC-LT-090-19 LT 0.09 35 0.0252 0.0229 1.0992 0.0628 0.0606 1.0355 11,000 

 

In the NASA TM, NASGRO® LEFM predictions for each test are provided. In Volume 1 of the 

report, it was found that LEFM underpredicts the amount of crack growth in 82% of the tests 

[11.3-9]. LEFM is only applicable when small-scale yielding occurs at the crack-tip, the crack-

tip plastic zone is surrounded by elastically responding material, and the microstructural features 

are small relative to the crack size. DIC was used during test to identify when plastic strains 

reached the back side of the specimens. At that point, the LEFM assumption of a crack-tip plastic 

zone surrounded by elastically responding material is violated. Plastic strains were observed on 

the back side when the crack depth reached around 75%, 80%, and 90% for the 30 ksi, 35 ksi, 

and 40 ksi applied loads, respectively.  

To further quantify LEFM violations, a check was performed using the criteria in section 11.3.2. 

Table 11.3-7, LEFM Limit Checks for the Initial Crack and Loading Condition for the Tests 
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Outlined in Table 11.3-6, contains the LEFM limit checks for the initial crack and loading 

condition, and Table 11.3-8, LEFM Limit Checks for the Final Crack and Loading Condition for 

the Tests Outlined in Table 11.3-6, contains the LEFM limit checks for the final crack and 

loading conditions. If Equation 11.3-3 is violated for 𝒓𝒂 or 𝒓𝒃 at 0 or 90 degrees, then the LEFM 

limits are violated for that case. The equation for 𝒓𝒂 and 𝒓𝒃 at 0 and 90 degrees is provided in the 

tables. The stress intensity factor, 𝑲𝑰, was calculated at 0 and 90 degrees using standard 

equations for a stress intensity factor in a plate with a centered surface crack. Red highlighted 

cells in Tables 11.3-7 and 11.3-8 indicate that the condition in Equation 11.3-3 was not passed 

for that characteristic length. Only 0 and 90 degrees are checked as these cases envelope the 

other crack front angle checks. 
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Table 11.3-7—LEFM Limit Checks for the Initial Crack and Loading Condition for the 

Tests Outlined in Table 11.3-6 

(W Corresponds to the Specimen Width, and B Corresponds to the Specimen Thickness. All 

Characteristic Lengths and LEFM Checks are in Inches.) 

Test ID 
Thickness 

(in) 

Max 

Stress 

Applied 

(ksi) 

Initial Crack Geometry 
Characteristic 

Length at ϕ = 0° 

Check at  

ϕ = 0° 

Characteristic 

Length at ϕ = 90° 

Check at  

ϕ = 90° LEFM 

Limits 

Violated for 

Initial Crack? 
Crack 

Depth (in) 

Crack 

Aspect 

Ratio 

ra = c0 
rb = W/2 

- c0 
 (

𝑲𝑰,𝟎

𝝈𝒚𝒔
)

𝟐

 ra = a0 
rb =  

B - a0 
(

𝑲𝑰,𝟗𝟎

𝝈𝒚𝒔
)

𝟐

  

FL-LT-032-11 0.032 35 0.0195 0.9155 0.0213 0.9787 0.03 0.0195 0.0125 0.0216 Yes 

FL-LT-032-13 0.032 40 0.0202 1.011 0.02 0.98 0.0396 0.0202 0.0118 0.0255 Yes 

FL-LT-032-18 0.032 35 0.02 0.9569 0.0209 0.9791 0.0306 0.02 0.012 0.0209 Yes 

FL-LT-032-20 0.032 40 0.0208 0.8927 0.0233 0.9767 0.044 0.0208 0.0112 0.0317 Yes 

FL-LT-050-02 0.048 30 0.0335 0.9705 0.0345 0.9655 0.0404 0.0335 0.0145 0.0258 Yes 

FL-LT-050-03 0.048 30 0.0205 0.946 0.0217 0.9783 0.0193 0.0205 0.0275 0.0151 No 

FL-LT-050-04 0.048 40 0.0203 0.9713 0.0209 0.9791 0.0336 0.0203 0.0277 0.0256 Yes 

FL-LT-050-07 0.048 40 0.0267 0.9435 0.0283 0.9717 0.0502 0.0267 0.0213 0.0364 Yes 

FL-LT-050-12 0.048 35 0.0318 1.0905 0.0292 0.9708 0.0473 0.0318 0.0162 0.0276 Yes 

FL-LT-050-13 0.048 35 0.0192 0.9576 0.0201 0.9799 0.024 0.0192 0.0288 0.0187 Yes 

FL-LT-050-16 0.048 35 0.0251 0.9314 0.0269 0.9731 0.0352 0.0251 0.0229 0.0264 Yes 

FL-TL-032-01 0.032 30 0.0195 0.9701 0.0201 0.9799 0.0207 0.0195 0.0125 0.0141 Yes 

FL-TL-032-06 0.032 30 0.0167 0.8564 0.0195 0.9805 0.017 0.0167 0.0153 0.0139 No 

FL-TL-032-08 0.032 30 0.0192 0.9366 0.0205 0.9795 0.0205 0.0192 0.0128 0.0146 Yes 

FL-TL-032-09 0.032 30 0.0176 0.867 0.0203 0.9797 0.0184 0.0176 0.0144 0.0146 Yes 

FL-TL-032-10 0.032 30 0.0191 0.9317 0.0205 0.9795 0.0204 0.0191 0.0129 0.0146 Yes 

FL-TL-032-15 0.032 30 0.0184 0.934 0.0197 0.9803 0.0192 0.0184 0.0136 0.0139 Yes 

FL-TL-032-17 0.032 35 0.0195 0.933 0.0209 0.9791 0.0287 0.0195 0.0125 0.0203 Yes 

FL-TL-032-19 0.032 40 0.0181 0.9005 0.0201 0.9799 0.0337 0.0181 0.0139 0.0255 Yes 

FL-TL-050-01 0.048 40 0.0311 1.0197 0.0305 0.9695 0.0596 0.0311 0.0169 0.0376 Yes 

FL-TL-050-03 0.048 30 0.0265 0.9895 0.0268 0.9732 0.0264 0.0265 0.0215 0.0183 No 

FL-TL-050-10 0.048 30 0.0198 0.9657 0.0205 0.9795 0.0177 0.0198 0.0282 0.0136 No 

FL-TL-050-12 0.048 40 0.0236 1.0679 0.0221 0.9779 0.0384 0.0236 0.0244 0.0256 Yes 

FL-TL-050-17 0.048 35 0.025 1.0438 0.024 0.976 0.0323 0.025 0.023 0.0216 Yes 

FL-TL-090-19 0.09 20 0.0199 0.9803 0.0203 0.9797 0.007 0.0199 0.0701 0.0057 No 

SC-LT-032-01 0.032 30 0.0195 1 0.0195 0.9805 0.0212 0.0195 0.0125 0.014 Yes 

SC-LT-032-02 0.032 30 0.022 1.0233 0.0215 0.9785 0.0255 0.022 0.01 0.0156 Yes 

SC-LT-032-04 0.032 30 0.0218 1 0.0218 0.9782 0.0254 0.0218 0.0102 0.0159 Yes 

SC-LT-090-04 0.09 30 0.02 1 0.02 0.98 0.0163 0.02 0.07 0.0131 No 

SC-LT-090-06 0.09 30 0.019 0.95 0.02 0.98 0.0156 0.019 0.071 0.0132 No 

SC-LT-090-08 0.09 30 0.02 0.9756 0.0205 0.9795 0.0164 0.02 0.07 0.0135 No 

SC-LT-090-09 0.09 30 0.02 1 0.02 0.98 0.0163 0.02 0.07 0.0131 No 

SC-LT-090-10 0.09 30 0.021 1.0244 0.0205 0.9795 0.0171 0.021 0.069 0.0133 No 

SC-LT-090-12 0.09 30 0.0223 1.1155 0.02 0.98 0.0179 0.0223 0.0677 0.0127 No 

SC-LT-090-13 0.09 35 0.021 1.1082 0.0189 0.9811 0.0228 0.021 0.069 0.0164 Yes 

SC-LT-090-14 0.09 35 0.021 0.9642 0.0218 0.9782 0.0236 0.021 0.069 0.0195 Yes 

SC-LT-090-15 0.09 35 0.023 0.9453 0.0243 0.9757 0.0262 0.023 0.067 0.022 Yes 

SC-LT-090-16 0.09 35 0.025 1.0823 0.0231 0.9769 0.0279 0.025 0.065 0.0203 Yes 

SC-LT-090-18 0.09 35 0.0302 1.1461 0.0264 0.9736 0.0341 0.0302 0.0598 0.0229 Yes 

SC-LT-090-19 0.09 35 0.0252 1.0992 0.0229 0.9771 0.028 0.0252 0.0648 0.0201 Yes 
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Table 11.3-8—LEFM Limit Checks for the Final Crack and Loading Condition for the 

Tests Outlined in Table 11.3-6 

(W Corresponds to the Specimen Width, and B Corresponds to the Specimen Thickness. All 

Characteristic Lengths and LEFM Checks are in Inches.) 

Test ID 
Thicknes

s (in) 

Max 

Stress 

Applie

d (ksi) 

End of Test Crack 

Geometry 

Characteristic 

Length at ϕ = 0° 

Check 

at  ϕ = 

0° 

Characteristic Length at ϕ = 

90° 

Check at  ϕ 

= 90° 

LEFM 

Limits 

Violate

d for 

Final 

Crack? 

Crack 

Depth (in) 

Crack 

Aspect 

Ratio 

ra = cf 
rb = 
W/2 – 

cf 
 (

𝑲𝑰,𝟎

𝝈𝒚𝒔
)

𝟐

 ra = af 
rb =  

B – af 
(

𝑲𝑰,𝟗𝟎

𝝈𝒚𝒔
)

𝟐

  

FL-LT-032-11 0.032 35 0.0264 0.8713 0.0303 0.9697 0.0524 
0.02

64 
0.0056 0.0335 

Yes 

FL-LT-032-13 0.032 40 0.027 0.903 0.0299 0.9701 0.0701 
0.02

7 
0.005 0.0426 

Yes 

FL-LT-032-18 0.032 35 through -- 0.0372 0.9628 through -- -- through Yes 

FL-LT-032-20 0.032 40 0.0278 0.8494 0.0327 0.9673 0.0765 
0.02

78 
0.0042 0.0484 

Yes 

FL-LT-050-02 0.048 30 0.0458 0.9278 0.0494 0.9506 0.0739 
0.04

58 
0.0022 0.0394 

Yes 

FL-LT-050-03 0.048 30 0.0405 0.9154 0.0442 0.9558 0.0588 
0.04

05 
0.0075 0.0352 

Yes 

FL-LT-050-04 0.048 40 0.037 1 0.037 0.963 0.0842 
0.03

7 
0.011 0.0491 

Yes 

FL-LT-050-07 0.048 40 0.0427 0.9047 0.0472 0.9528 0.1164 
0.04

27 
0.0053 0.0677 

Yes 

FL-LT-050-12 0.048 35 0.0423 0.939 0.045 0.955 0.0857 
0.04

23 
0.0057 0.0484 

Yes 

FL-LT-050-13 0.048 35 0.0359 0.9373 0.0383 0.9617 0.0632 
0.03

59 
0.0121 0.0401 

Yes 

FL-LT-050-16 0.048 35 0.0461 0.9332 0.0494 0.9506 0.1015 
0.04

61 
0.0019 0.0536 

Yes 

FL-TL-032-01 0.032 30 through -- 0.0372 0.9628 through -- -- through Yes 

FL-TL-032-06 0.032 30 0.0183 0.8714 0.021 0.979 0.0195 
0.01

83 
0.0137 0.0152 

Yes 

FL-TL-032-08 0.032 30 0.0261 0.8969 0.0291 0.9709 0.0358 
0.02

61 
0.0059 0.0225 

Yes 

FL-TL-032-09 0.032 30 0.0187 0.8578 0.0218 0.9782 0.0203 
0.01

87 
0.0133 0.0159 

Yes 

FL-TL-032-10 0.032 30 0.0299 0.8617 0.0347 0.9653 0.0474 
0.02

99 
0.0021 0.0278 

Yes 

FL-TL-032-15 0.032 30 0.0249 0.8768 0.0284 0.9716 0.0332 
0.02

49 
0.0071 0.022 

Yes 

FL-TL-032-17 0.032 35 0.028 0.8861 0.0316 0.9684 0.056 
0.02

8 
0.004 0.0338 

Yes 

FL-TL-032-19 0.032 40 through -- 0.0357 0.9643 through -- -- through Yes 

FL-TL-050-01 0.048 40 0.0447 0.9122 0.049 0.951 0.1221 
0.04

47 
0.0033 0.0677 

Yes 

FL-TL-050-03 0.048 30 0.0444 0.9091 0.0488 0.9512 0.0679 
0.04

44 
0.0036 0.038 

Yes 

FL-TL-050-10 0.048 30 0.0374 0.9925 0.0377 0.9623 0.0468 
0.03

74 
0.0106 0.0273 

Yes 

FL-TL-050-12 0.048 40 0.0368 0.9388 0.0392 0.9608 0.0833 
0.03

68 
0.0112 0.0519 

Yes 

FL-TL-050-17 0.048 35 0.0444 0.9955 0.0446 0.9554 0.0877 
0.04

44 
0.0036 0.0449 

Yes 

FL-TL-090-19 0.09 20 0.0757 0.8792 0.0861 0.9139 0.0484 
0.07

57 
0.0143 0.0301 

Yes 

SC-LT-032-01 0.032 30 0.025 0.9615 0.026 0.974 0.033 
0.02

5 
0.007 0.0199 

Yes 

SC-LT-032-02 0.032 30 0.028 0.918 0.0305 0.9695 0.0419 
0.02

8 
0.004 0.0243 

Yes 

SC-LT-032-04 0.032 30 0.03 0.8389 0.0358 0.9642 0.0502 0.03 0.002 0.0301 Yes 

SC-LT-090-04 0.09 30 0.05 1.0309 0.0485 0.9515 0.051 0.05 0.04 0.0339 Yes 

SC-LT-090-

06 
0.09 30 0.043 1.0118 0.0425 

0.957

5 
0.0413 0.043 0.047 0.0293 No 

SC-LT-090-08 0.09 30 0.0564 1.0071 0.056 0.944 0.0623 
0.05

64 
0.0336 0.0403 Yes 

SC-LT-090-

09 
0.09 30 0.031 1.0333 0.03 0.97 0.0268 0.031 0.059 0.0199 No 

SC-LT-090-10 0.09 30 0.065 0.9774 0.0665 0.9335 0.0805 
0.06

5 
0.025 0.0498 Yes 

SC-LT-090-12 0.09 30 0.0758 1.0038 0.0755 0.9245 0.105 
0.07

58 
0.0142 0.0571 

Yes 
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Test ID 
Thicknes

s (in) 

Max 

Stress 

Applie

d (ksi) 

End of Test Crack 

Geometry 

Characteristic 

Length at ϕ = 0° 

Check 

at  ϕ = 

0° 

Characteristic Length at ϕ = 

90° 

Check at  ϕ 

= 90° 

LEFM 

Limits 

Violate

d for 

Final 

Crack? 

Crack 

Depth (in) 

Crack 

Aspect 

Ratio 

ra = cf 
rb = 
W/2 – 

cf 
 (

𝑲𝑰,𝟎

𝝈𝒚𝒔
)

𝟐

 ra = af 
rb =  

B – af 
(

𝑲𝑰,𝟗𝟎

𝝈𝒚𝒔
)

𝟐

  

SC-LT-090-13 0.09 35 0.0376 1.119 0.0336 0.9664 0.0451 
0.03

76 
0.0524 0.0299 

Yes 

SC-LT-090-14 0.09 35 0.0607 0.9894 0.0614 0.9386 0.0966 
0.06

07 
0.0293 0.0614 

Yes 

SC-LT-090-15 0.09 35 0.057 1.0115 0.0564 0.9436 0.0861 
0.05

7 
0.033 0.0551 

Yes 

SC-LT-090-16 0.09 35 0.0602 1.0702 0.0563 0.9437 0.0914 
0.06

02 
0.0298 0.0539 

Yes 

SC-LT-090-18 0.09 35 0.076 0.9632 0.0789 0.9211 0.1472 
0.07

6 
0.014 0.0833 

Yes 

SC-LT-090-19 0.09 35 0.0628 1.0355 0.0606 0.9394 0.0999 
0.06

28 
0.0272 0.0596 

Yes 

 

It was found that 72.5% of the tests violated the ASTM-E2899 derived LEFM limits at the test 

start, and 95% of tests violated LEFM limits at the end of testing. Despite significant ligament 

plasticity, net section stresses for all tests fell below the material yield strength. As a result, the 

guidelines established in section 11.3.2 would allow for the use of EPFM analysis for 

qualification of damage tolerance. 

 

The following steps were undertaken to execute the EPFM analysis: 

 

Step 1: Module selection 

To evaluate the NASGRO® EPFM module, analyses were completed and compared to the 

NASA TM test results in Table 11.3-6. To do this, the NASFLA fatigue crack growth module 

was chosen, and the elasticity type was switched to “elastic-plastic” under options (see Figure 

11.3-9, Accessing NASGRO® EPFM Module. 

 

 

Figure 11.3-9—Accessing NASGRO® EPFM Module 

Step 2: Crack geometry 

The semi-elliptical surface crack in a plate (SC01) geometry was selected as it is representative 

of the test coupon geometry. The width was 2 inches for all tests. The thickness, initial flaw 

depth, and initial crack aspect ratio were input for each test. For surface cracks that propagated 
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through the thickness, the analysis was continued with a through crack in the center of a plate 

(TC01). 

 

As shown in Figure 11.3-10, Relevant EPFM Crack Geometries, the TC01 crack geometry in the 

EPFM module included two methods to estimate the J-integral―the EPRI formulation as defined 

by Kumar et al. [11.3-10] and the RSM as defined by Ainsworth, et al. [11.3-11]. Both methods 

produce nearly identical results in the NASGRO® EPFM module. In theory the RSM 

formulation allows for evaluation of materials that do not follow a Ramberg-Osgood, or a power 

law relationship. With the proper assumptions, the RSM formulation also allows for a 

relationship to be defined between K and J for materials with small strain hardening exponents. 

Unfortunately, NASGRO®, v9.2, has limited the EPFM module to a few crack geometries and 

requires R-O constants regardless of the chosen estimation scheme. The benefits of the RSM 

formulation are currently unavailable in NASGRO®. 

 

  

Figure 11.3-10—Relevant EPFM Crack Geometries 

 

Step 3: Material properties 

The EPFM module does not have a built-in material database. Consequently, all material 

properties must be input by the analyst. To define the material properties for this study, tensile 

test results from Volume 2 of the NASA TM were used [11.3-9]. The modulus of elasticity, yield 

strength, and ultimate tensile strength were all taken from the stress-strain curve. A Poisson ratio 

of 0.3 was also determined from testing. Note that both the LT and TL material orientations were 

tested for Aluminum 6061-T6. These have slightly different properties based on the stress-strain 

results in the report. 

  

The stress-strain curves were then fit to the Ramberg-Osgood equation: 

𝜺

𝜺𝟎
=

𝝈

𝝈𝟎
+ 𝜶𝑹−𝑶 (

𝝈

𝝈𝟎
)

𝒏

. 

(Equation 11.3-16) 

 

𝝈𝟎 was defined to be the material yield stress with a 0.2% offset, and the ultimate strength and 

elongation at failure were used as follows to determine 𝜶𝑹−𝑶 and 𝒏: 
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𝜶𝑹−𝑶 =
𝑬

𝝈𝟎

(𝟎. 𝟎𝟎𝟐)       𝒏 =
𝒍𝒏 (

𝜺𝑷𝑳,𝒇

𝟎. 𝟎𝟎𝟐)

𝒍𝒏 (
𝝈𝑼𝑻𝑺

𝝈𝟎
)

      𝜺𝑷𝑳,𝒇 = 𝜺𝒇 −
𝝈𝑼𝑻𝑺

𝑬
 

(Equation 11.3-17) 

 

Where 𝑬 is the elastic modulus, 𝜺𝑷𝑳,𝒇 is the plastic strain at ultimate failure, 𝝈𝑼𝑻𝑺 is the ultimate 

tensile strength, and 𝜺𝒇 is the total stain at ultimate failure. 

Step 4: Crack growth parameters 

Next, the crack growth parameters were derived. For this study, the da/dN curves in the 

NASGRO® LEFM material database for Aluminum 6061-T6 (M6AB13AB1) were utilized. 

This material has da/dN curves for R ratios of 0.1, 0.5, and 0.75. Newman’s approach as defined 

in section 11.3.4.1 was used to correct for crack closure and normalize the fatigue crack growth 

curves [11.3-7]. Given that the NASA testing was conducted solely at an R ratio of 0.1, a crack 

closure corrected fatigue crack growth formulation for 𝑹 = 𝟎. 𝟏 alone could have been utilized. 

In this case, 𝑼𝟎 will not equal 1, but instead will be specific to a stress ratio of 0.1.  

 

To assist in the calculations, the values for 𝜶𝒄 and Smax/Sflow from the applicable NASGRO® 

material database can be leveraged (see Figure 11.3-11, Material-Specific Parameters Available 

to Determine EPFCG Parameters when a Single da/dN Curve Exists). Then, a power law 

relationship can be fit to the linear region of the da/dN data to determine 𝑪𝟎 and 𝒎𝟎. As stated in 

section 11.3.4.1, 𝑪𝟎 and 𝒎𝟎 differ from the NASGRO® parameters 𝑪 and 𝒏. When multiple 

da/dN curves are available, it is recommended that Newman’s approach be utilized. 

 

Figure 11.3-11—Material-Specific Parameters Available to Determine  

EPFCG Parameters when a Single da/dN Curve Exists 

Step 5: Select constraint alpha parameter 

For semi-elliptical surface cracks, setting the constraint alpha to 3 is conservative. In Appendix 

V of the NASGRO® manual, it is recommended to use a 2.55 constraint alpha for the interior 

crack-tip and a 1.15 constraint alpha for the surface crack-tip [11.3-8]. The EPFM material 

property inputs in NASGRO® only allow for one constraint alpha to be defined. To evaluate the 

effects of constraint alpha at both extremes, the analyses were run with both the 1.15 and 2.55 

values. 

 

Step 6: Calculation of 𝑱𝒄𝒓𝒊𝒕 

For the critical value of J, the following equations were utilized:  
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𝑱𝒄𝒓𝒊𝒕 =
𝑲𝒄𝒓𝒊𝒕

𝟐

𝑬′
  , where 𝑬′ =

𝑬

(𝟏−𝝂𝟐)
 (for plane strain) and 𝑬′ = 𝑬 (for plane stress) 

(Equation 11.3-18) 

 

Where 𝑲𝒄𝒓𝒊𝒕 is the critical stress intensity factor relevant to the application (e.g., 𝑲𝑰𝒄,  𝑲𝒄,  𝑲𝑰𝒆). 

This formulation of 𝑱𝒄𝒓𝒊𝒕 does not allow for ductile tearing. Ductile tearing defines a state of 

stable crack growth that can occur in materials beyond 𝑱𝒄𝒓𝒊𝒕. In general, interactions between 

ductile tearing and other sub-critical flaw growth mechanisms are not well understood. As a 

result, the provided formulation of 𝑱𝒄𝒓𝒊𝒕 is both conservative and practical in that additional 

capability may exist beyond 𝑱𝒄𝒓𝒊𝒕; but also the complex interactions between multiple sub-critical 

flaw growth mechanisms are avoided. Analyses that permit ductile tearing also require definition 

of a resistance curve, which in many cases, is not readily available.   

For the surface crack (SC01), 𝑲𝑰𝒆 was used as 𝑲𝒄𝒓𝒊𝒕, and for the through crack (TC01), 𝑲𝒄 was 

used as 𝑲𝒄𝒓𝒊𝒕. Fracture toughness properties were not stated in the NASA TM, so the values for 

Aluminum 6061-T6 from the NASGRO® LEFM material database (ID M6AB13AB1) were 

used. 𝑲𝑰𝒆 was taken directly from the database, and 𝑲𝒄 was calculated from the following 

NASGRO® equation: 

𝑲𝒄 = 𝑲𝑰𝒄 (𝟏 + 𝑩𝒌𝒆
−(𝑨𝒌

𝒕

𝒕𝟎
)

𝟐

),     𝒕𝟎 = 𝟐. 𝟓 (
𝑲𝑰𝒄

𝝈𝒚𝒔
)

𝟐

 

(Equation 11.3-19) 

 

Where 𝑲𝑰𝒄, 𝑨𝒌, and 𝑩𝒌 are taken from the NASGRO® material database. 

  

While 𝑲𝒄 and 𝑲𝐈𝒆 are used in this example for benchmarking purposes, these parameters should 

be used with caution in practice. This is because the equations to approximate 𝑲𝒄 and 𝑲𝐈𝒆 in 

NASGRO® are empirical equations and may not be valid for all materials. It is also known that 

deviations from these solutions occurs for small cracks [11.3-8]. In NASGRO®, an assessment 

can be forced to use 𝑲𝑰𝒄 by setting 𝑩𝒌 equal to 0 for through cracks, or by selecting ‘Constant 

𝑲𝒄’ in the ‘𝑲𝒄 values at tips used in analysis’ field for surface cracks, noting that for through 

crack geometries, NASGRO® will default to 𝑲𝒄; and for corner crack and surface crack 

geometries, NASGRO® will default to 𝑲𝐈𝒆. 

 

From the derivations above, the material properties shown in Table 11.3-9, Material Properties 

used for the NASGRO® EPFCG Analysis for the LT and TL Orientations of Aluminum 6061-

T6, were obtained. 
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Table 11.3-9—Material Properties used for the NASGRO® EPFCG Analysis  

for the LT and TL Orientations of Aluminum 6061-T6 

Property Symbol LT Orientation TL Orientation 

Elastic modulus E 10,033 ksi 10,173 ksi 

 Poisson’s ratio ν 0.3 0.3 

 Ramberg-Osgood alpha constant α 0.4560 0.4542 

 Ramberg-Osgood Sigma0 σ0 44.0 ksi 44.8 ksi 

 Ramberg-Osgood n constant n 26.22 26.17 

 Yield stress σys 44.0 ksi 44.8 ksi 

 Ultimate tensile strength σus 51.3 ksi 52.0 ksi 

 Paris Law C coefficient, corrected for 

 crack closure 
C0 3.207E-08 (in/cycles)(ksi√𝐢𝐧)-m0 

 Paris Law exponential m coefficient, corrected 

for crack closure 
m0 2.969 

 Crack closure correction factor U0 1 

 Constraint alpha αc 1.15 or 2.55 

 Critical J-integral (for SC01) Jmat 0.1175 ksi-in 0.1159 ksi-in 

 Critical J-integral (for TC01) Jmat 0.2204 ksi-in 0.2172 ksi-in 

 

Step 7: Definition of the load spectra (blocks) 

Load blocks were established based on the maximum stress and number of cycles for each test in 

Table 11.3-6. For every test, an R ratio of 0.1 was used, and tensile stresses were defined using 

S0 max and S0 min (see Figure 11.3-12, Load Block for Test Case FL-LT-032-11). The same 

maximum stress was applied during every cycle. 

  

 

Figure 11.3-12—Load Block for Test Case FL-LT-032-11 

After completion of all the steps to setup the analysis, the following strategy was used to execute 

the EPFM analysis. The EPFM analyses were run until reaching the test cycle count. If a through 

crack developed prior to reaching the test cycle count, the analyses were continued using TC01 

geometry. In such instances, the half-crack width when a through crack developed was used as 

the initial half-crack width in the through crack analysis. Table 11.3-10, Comparison of the Test 

Results with the NASGRO® EPFM Predictions; Crack Predictions that are not Conservative are 
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Highlighted in Red, contains the NASGRO® EPFM prediction of the final crack depth and 

width for each test. The results are presented with both a 1.15 and 2.55 constraint alpha. 

Table 11.3-10—Comparison of the Test Results with the NASGRO® EPFM Predictions; 

Crack Predictions that are not Conservative are Highlighted in Red 

Test ID 
Thickness 

(in) 

Max Stress 

Applied (ksi) 

Final Test Results 
NASGRO EPFM 1.15  

Constraint Alpha Results 

NASGRO EPFM 2.55  

Constraint Alpha Results 

Cycles 
Final Crack 

Depth (in) 

Final Crack 

Width (in) 
Cycles 

Final Crack 

Depth (in) 

Final Crack 

Width (in) 
Cycles 

Final Crack 

Depth (in) 

Final Crack 

Width (in) 

FL-LT-032-11 0.032 35 3,502 0.0264 0.0303 3,502 0.02971 0.03607 3,502 through 0.0675 

FL-LT-032-13 0.032 40 2,502 0.027 0.0299 2,502 through 0.0684 2,502 through 0.119 

FL-LT-032-18 0.032 35 5,302 through 0.0372 5,302 through 0.136 4,667 through 0.031 

FL-LT-032-20 0.032 40 1,752 0.0278 0.0327 1,752 through 0.0451 1,752 through 0.0578 

FL-LT-050-02 0.048 30 3,002 0.0458 0.0494 3,002 0.0413 0.047 3,002 through 0.0713 

FL-LT-050-03 0.048 30 24,002 0.0405 0.0442 16,412 through 0.438 9,772 through 0.0554 

FL-LT-050-04 0.048 40 3,502 0.037 0.037 3,502 0.041 0.0488 3,502 through 0.211 

FL-LT-050-07 0.048 40 1,702 0.0427 0.0472 1,702 0.0394 0.0462 1,702 through 0.0632 

FL-LT-050-12 0.048 35 2,502 0.0423 0.0451 2,502 0.0427 0.0489 2,502 through 0.0888 

FL-LT-050-13 0.048 35 8,202 0.0359 0.0383 8,202 through 0.094 6,236 through 0.0551 

FL-LT-050-16 0.048 35 6,002 0.0461 0.0494 6,002 through 0.298 4,334 through 0.0553 

FL-TL-032-01 0.032 30 12,002 through 0.0372 12,002 through 0.192 4,399 through 0.0365 

FL-TL-032-06 0.032 30 4,002 0.0183 0.021 4,002 0.0207 0.0238 4,002 0.0255 0.0294 

FL-TL-032-08 0.032 30 8,514 0.0261 0.0291 8,514 through 0.0459 4,404 through 0.0368 

FL-TL-032-09 0.032 30 3,000 0.0187 0.0218 3,000 0.0207 0.0237 3,000 0.0241 0.0276 

FL-TL-032-10 0.032 30 10,002 0.0299 0.0347 10,002 through 0.0742 4,436 through 0.0369 

FL-TL-032-15 0.032 30 10,002 0.0249 0.0284 10,002 through 0.0564 4,860 through 0.0369 

FL-TL-032-17 0.032 35 5,202 0.028 0.0316 5,202 through 0.0986 2,501 through 0.0367 

FL-TL-032-19 0.032 40 4,202 through 0.0422 3,529 through 0.2581 1,802 through 0.0369 

FL-TL-050-01 0.048 40 1,602 0.0447 0.049 1,602 0.0458 0.0557 1,199 through 0.0538 

FL-TL-050-03 0.048 30 8,002 0.0444 0.0489 8,002 0.0448 0.0539 4,631 through 0.0549 

FL-TL-050-10 0.048 30 17,002 0.0374 0.0376 17,002 through 0.208 7,727 through 0.0553 

FL-TL-050-12 0.048 40 2,502 0.0368 0.0392 2,502 0.0367 0.0416 2,322 through 0.0543 

FL-TL-050-17 0.048 35 5,502 0.0444 0.0446 5,502 through 0.0732 3,262 through 0.0544 

FL-TL-090-19 0.09 20 186,502 0.0757 0.0861 119,671 through 0.6569 45,775 through 0.106 

SC-LT-032-01 0.032 30 8,000 0.025 0.026 8,000 0.031 0.0374 8,000 through 0.323 

SC-LT-032-02 0.032 30 8,000 0.028 0.0305 8,000 through 0.0734 7,037 through 0.438 

SC-LT-032-04 0.032 30 12,000 0.03 0.0357 10,780 through 0.438 7,026 through 0.438 

SC-LT-090-04 0.09 30 36,000 0.05 0.0485 25,666 through 0.438 14,255 through 0.438 

SC-LT-090-06 0.09 30 32,000 0.043 0.0425 26,346 through 0.438 14,602 through 0.438 

SC-LT-090-08 0.09 30 36,000 0.0564 0.056 25,359 through 0.438 14,091 through 0.438 

SC-LT-090-09 0.09 30 16,000 0.031 0.03 16,000 0.0428 0.0455 14,255 through 0.438 

SC-LT-090-10 0.09 30 27,500 0.065 0.0665 24,714 through 0.438 13,763 through 0.438 

SC-LT-090-12 0.09 30 26,000 0.0758 0.0755 24,187 through 0.438 13,509 through 0.438 

SC-LT-090-13 0.09 35 9,000 0.0376 0.0336 9,000 0.0457 0.0488 8,461 through 0.343 

SC-LT-090-14 0.09 35 12,000 0.0607 0.0614 12,000 through 0.163 7,916 through 0.343 

SC-LT-090-15 0.09 35 7,000 0.057 0.0564 7,000 0.0465 0.0503 7,000 through 0.25 

SC-LT-090-16 0.09 35 11,000 0.0602 0.0563 10,922 through 0.343 7,027 through 0.343 

SC-LT-090-18 0.09 35 10,000 0.076 0.0789 9,010 through 0.109 5,891 through 0.343 

SC-LT-090-19 0.09 35 11,000 0.0628 0.0606 10,909 through 0.109 7,022 through 0.343 

 

As shown in Table 11.3-10, EPFM predictions with a 1.15 constraint alpha were conservative for 

all but 4 tests. The 4 tests that the EPFM predictions were not conservative for are highlighted in 

red. EPFM predictions with a 2.55 constraint alpha were conservative for every test. The tests 

were not run to failure, but the EPFM analyses predicted failure before the cycles seen in test for 

multiple cases. EPFM with a 1.15 constraint alpha predicted unstable crack growth earlier than 

12 of 40 tests, while EPFM with a 2.55 constraint alpha predicted unstable crack growth in 29 of 

40 tests. Early failure predictions can likely be attributed to the fact that ductile tearing is not 

accounted for beyond 𝑱𝒄𝒓𝒊𝒕.  

The NASGRO® EPFM predictions are compared to NASGRO® LEFM predictions in Figure 

11.3-13, Percent of Predictions that were Conservative Compared to Aluminum 6061-T6 Fatigue 
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Crack Growth Test Results for Different Analysis Methods. The analysis is considered 

conservative if the analysis predicts a larger crack size than that seen in test. The NASGRO® 

LEFM and LEFM penalized results come from analysis presented in Volume 1 of the NASA 

TM. In the NASGRO® LEFM penalized analysis, a knockdown is applied that scales with the 

magnitude of deviation from LEFM assumptions [11.3-9]. As seen in Figure 11.3-13, the 

NASGRO® LEFM analysis was conservative for only 18% of tests, while the NASGRO® 

LEFM penalized analysis was conservative for 81% of test. The NASGRO® EPFM analyses 

bounded 90% of the tests with a 1.15 constraint alpha and bounded all the test data with a 2.55 

constraint alpha. 

 

Figure 11.3-13—Percent of Predictions that were Conservative Compared to Aluminum 

6061-T6 Fatigue Crack Growth Test Results for Different Analysis Methods 

Of the 40 tests, 28 included data on the crack size as a function of cycles for both the test and the 

NASGRO® LEFM prediction. For these tests, the number of cycles for the crack to reach a 75% 

through-thickness depth was determined. Analyses were then conducted to the same crack depth 

to establish predictions for comparison. The LEFM predictions were found to be unconservative 

for most tests, with an average of 37.7% more cycles predicted than test. The EPFM prediction 

with a 1.15 constraint alpha had the most accurate results, with an average of only 11.5% less 

cycles than test. The EPFM prediction with a 2.55 constraint alpha was overly conservative in 

this case, with an average of 46.7% less cycles than test. 

Based on these results, the EPFM predictions with a 1.15 constraint alpha are the best candidate 

for accurately predicting the crack growth in these test coupons. This can be attributed to low 

elastic constraint in the test specimens, and the low yield strength of Al 6061-T6. Without test 

data to support the use of a low constraint alpha, it would be difficult to justify selection of 𝜶𝒄 =
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𝟏. 𝟏𝟓. Additional investigation into generally determining the appropriate 𝜶𝒄 by analysis alone is 

warranted. 

11.3.4.3  EPFM Benchmark – Ti-6Al-4V Elastic-Plastic Coupon Testing  

 

Fatigue crack growth tests on annealed Ti-6Al-4V specimens with notches were performed, and 

the results were compared to the predictions using the NASGRO® EPFM module. A milling 

operation on the samples resulted in a notch opening equal to 0.005 inch, with a 10-degree taper 

from the notch opening to its final depth. Pre-cracking of the specimens was not conducted. It 

was unknown when sharp cracks initiated during the test, as inspections were not conducted 

before final failure. While the test specimens represent nontraditional samples, the testing is 

applicable to situations where the hardware does not contain sharp cracks.  

Notch penetration was large in all tests and ranged from 81–94 percent of the specimen 

thickness. The tests were completed with a 0.1 R ratio and targeted tensile net section stresses 

slightly below the material yield strength (133 ksi). Detailed information on the test specimens 

and test conditions are provided in Table 11.3-11, Test Specimens and Test Conditions for 

Notched Ti-6Al-4V Coupons.  

Table 11.3-11—Test Specimens and Test Conditions for Notched Ti-6Al-4V Coupons 

Specimen 

ID 

Notch 

Penetration (%) 

Specimen 

Thickness (in) 

Specimen  

Width (in) 

Flaw  

Depth (a, in) 
a/c 

Maximum 

Stress (ksi) 

Net Section 

Stress (ksi) 

2 94 

0.036 0.4 

0.0338 0.636 76.39 105.86 

3 86 0.031 0.504 88.54 130.49 

5 86 0.031 0.564 91.53 128.62 

6 90 0.0324 0.583 76.39 107.84 

7 89 0.032 0.555 86.81 124.42 

8 84 0.0302 0.538 91.81 130.00 

9 84 0.0302 0.572 93.75 129.64 

10 81 0.0292 0.549 94.31 130.60 

 

Given the depth of the notched surface cracks, the LEFM criteria in section 11.3.2 is not 

expected to be met. To confirm this, net section stresses (𝝈𝑵𝑺) and the mode I stress intensity 

factor (𝑲𝑰) were calculated using the initial flaw depth, aspect ratio, and applied stress. The 

criteria from section 11.3.2 was then utilized to check the validity of EPFM: 

As a first screen, the net section stresses were checked for each specimen. With 0.9𝝈𝒚𝒔 =

𝟏𝟏𝟗. 𝟕 𝐤𝐬𝐢, specimens 3, 4, 7, 8, 9, and 10 are found to violate the LEFM criteria. Next, the 

crack size and ligament length, represented by 𝒓𝝓𝒂 and 𝒓𝝓𝒃, were evaluated (see Figure 11.3-3). 

While the criteria for 𝒓𝝓𝒂 and 𝒓𝝓𝒃 are required from phi equals 0° to phi equals 90°, the small 

ligament length at phi equals 90° is a logical first check. For specimens 2 and 6, 𝑲𝑰(𝒂) is found 

to equal 23.09 𝐤𝐬𝐢√𝐢𝐧 and 23.78 𝐤𝐬𝐢√𝐢𝐧, respectively. Due to the thinness of these specimens, 

plane stress conditions are evaluated against the ligament length as follows: 
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 𝐒𝐩𝐞𝐜𝐢𝐦𝐞𝐧 𝟐: (
𝑲𝑰

𝝈𝒚𝒔
)

𝟐

= 𝟎. 𝟎𝟑𝟎 𝐢𝐧𝐜𝐡𝐞𝐬 > 𝟎. 𝟎𝟎𝟐 𝐢𝐧𝐜𝐡𝐞𝐬      

 𝐒𝐩𝐞𝐜𝐢𝐦𝐞𝐧 𝟔: (
𝑲𝑰

𝝈𝒚𝒔
)

𝟐

= 𝟎. 𝟎𝟑𝟐 𝐢𝐧𝐜𝐡𝐞𝐬 > 𝟎. 𝟎𝟎𝟑𝟔 𝐢𝐧𝐜𝐡𝐞𝐬      

Where the ligament length is calculated using the thickness and flaw depth for each specimen.  

As expected, the crack-tip is not surrounded by elastically responding material, and the LEFM 

criteria is not met for any of the specimens.  

For problems with different loading and geometric conditions, a more comprehensive LEFM 

validity check through the entire load spectra and across the entire flaw surface may have been 

warranted. In these instances, ASTM E2899-19 provides an approximation for 𝑲𝑰 as a function 

of 𝜙 [11.3-1]. ASTM E2899-19 also provides a means to calculate the critical crack initiation 

angle. This angle may not correspond to the critical angle for LEFM validity for fatigue crack 

growth conditions; whereby crack growth occurs in every direction. 

Net section stresses are slightly below the material yield strength at the beginning of all tests, and 

prior to failure, net section stresses grow to values in excess of the material yield strength for 

many of the specimens. In these instances, the recommendations in section 11.3.2 would not 

warrant EPFM analysis alone for qualification purposes. 

Before conducting fatigue crack growth tests, tensile testing was conducted on the annealed Ti-

6Al-4V sheet stock. The yield and ultimate strengths of the material were found to be 133 ksi 

and 138 ksi, respectively. Modulus of elasticity was determined to equal 16,700 ksi. Using these 

properties as an initial basis, MMPDS-13 was utilized to find a similar stress-strain curve. 

Ramberg-Osgood parameters were calculated from the stress-strain curve (see Figure 11.3-14, 

Ramberg-Osgood Plasticity Model for Ti-6Al-4V). 
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Figure 11.3-14—Ramberg-Osgood Plasticity Model for Ti-6Al-4V 

𝑬 = 𝟏𝟔, 𝟎𝟎𝟎 𝒌𝒔𝒊,   𝝈𝟎 = 𝟏𝟑𝟎. 𝟓 𝒌𝒔𝒊 ,   𝝈𝟏 = 𝟏𝟑𝟒. 𝟗 𝒌𝒔𝒊,   𝜺𝟏 = 𝟎. 𝟎𝟏𝟑𝟑 

𝜺𝑷𝑳,𝟏 = 𝜺𝟏 −
𝝈𝟏

𝑬
= 𝟎. 𝟎𝟎𝟒𝟖𝟗,   𝜶𝑹−𝑶 =

𝑬

𝝈𝒚𝒔
(𝟎. 𝟎𝟎𝟐) = 𝟎. 𝟐𝟒𝟓𝟐,   𝒏 =

𝒍𝒏(
𝜺𝑷𝑳,𝟏
𝟎.𝟎𝟎𝟐

)

𝒍𝒏(
𝝈𝟏
𝝈𝟎

)
= 𝟐𝟕. 𝟏𝟕𝟐 

For EPFCG properties, the NASGRO® material database was leveraged. Mill annealed 

properties (P3EA13AB1) were chosen based on a comparison between the material certifications 

and available material properties in NASGRO®; da/dN data at several stress ratios are available 

for P3EA13AB1; each was obtained through testing of 0.25 inch plate (see Figure 11.3-15, 

da/dN Test Data Available in Mill Annealed Ti-6Al-4V. Given that the test specimens in 

question are much thinner, it is expected that the inherent elastic constraint in the fatigue crack 

growth tests bounds the elastic constraint for the application. 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

272 of 527 

 

Figure 11.3-15—da/dN Test Data Available in Mill Annealed Ti-6Al-4V  

Using the data shown in Figure 11.3-15, the methodology and iterative process described in 

section 11.3.4.1 were used to calculate ∆𝑲𝒆𝒇𝒇, and subsequently, the necessary fatigue crack 

growth parameters 𝑪𝟎, 𝒎𝟎, and 𝑼𝟎. The critical value of the J-integral for the surface cracks was 

obtained from 𝑲𝑰𝒆 and was found to equal 0.229 𝒌𝒔𝒊 ∙ 𝒊𝒏. Constraint alpha (𝜶𝒄) was varied from 

1.15 to 2.55 to determine sensitivity to this parameter. Figure 11.3-16, EPFCG Properties used to 

Analyze Ti-6A-4V Surface Cracks, provides the complete set of properties used to define the 

EPFCG model for the notched surface cracks. 

 

Figure 11.3-16—EPFCG Properties used to Analyze Ti-6A-4V Surface Cracks 

The primary objective of the laboratory testing was to determine the propensity for a through 

crack to develop. To this end, dye penetrant was applied to the notched surface and dye penetrant 

inspection (DPI) of the back surface was conducted. To determine when a through crack 

developed, a fluorescent sensitive camera was utilized. Figure 11.3-17, Dye Penetrant Inspection 

of Specimen 6 Back Surface at Breakthrough of Surface Crack, shows development and 

detection of a through crack in specimen 6 using the outlined approach. 
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Figure 11.3-17—Dye Penetrant Inspection of Specimen 6  

Back Surface at Breakthrough of Surface Crack 

For each test specimen, an initial monotonic load equal to the maximum stress from Table 11.3-

11 was applied. Upon unloading, DPI was conducted. Thereafter, the specimens were cycled at R 

= 0.1 to the maximum stress from Table 11.3-11. DPI was conducted every 10 cycles, until either 

a through crack was observed, or 100 cycles were reached. All specimens exhibited through 

cracks before 100 cycles except specimen 6. After reaching 100 cycles, specimen 6 was cycled at 

86.81 ksi with a stress ratio of 0.1 for three additional cycles, at which point a through crack was 

observed.  

In the EPFM module, the geometry for each specimen was specified using the SC01 crack 

geometry. The load block for each analytical prediction included a single initial cycle at R = 0, 

followed by 100 cycles at R = 0.1. The analytical model for specimen 6 included additional 

cycles at 86.81 ksi. The number of cycles to reach a through crack were determined from the 

NASGRO® EPFM output as shown in Figure 11.3-18, Cycles to a Through Crack for Specimen 

2 with a Constraint Factor of 1.15 as Reported in the NASGRO® EPFM Module. 

 

Figure 11.3-18—Cycles to a Through Crack for Specimen 2 with a Constraint  

Factor of 1.15 as Reported in the NASGRO® EPFM Module 

 

Test results, EPFM, and LEFM predictions for all specimens are provided in Table 11.3-12, Test 

Results and Analytical Predictions for Ti-6Al-4V Specimens. As shown in Table 11.3-12, the 

EPFM predictions with a constraint factor of 1.15 are in good agreement with test data. While 

some of the predictions using 𝜶𝒄 = 𝟏. 𝟏𝟓 are unconservative, these are all within 10% of the test 
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results. With a constraint factor of 2.55, all EPFCG predictions are conservative—some by an 

appreciable amount. The appropriate constraint factor for these test conditions is closer to 1.15, 

but likely falls between 1.15 and 2.55. 

Table 11.3-12—Test Results and Analytical Predictions for Ti-6Al-4V Specimens  

Specimen Details Cycles Until Through-Crack 

Specimen ID 
Notch 

Penetration (%) 
a/c 

Maximum 

Stress (ksi) 
Test 

EPFM 

(𝜶𝒄 = 𝟏. 𝟏𝟓) 

EPFM 

(𝜶𝒄 = 𝟐. 𝟓𝟓) 
LEFM 

2 94 0.636 76.39 81-90 82 45 23 

3 86 0.504 88.54 91-100 56 44 77 

5 86 0.564 91.53 81-90 71 53 84 

6 90 0.583 76.39 103 114 80 92 

7 89 0.555 86.81 51-60 62 44 66 

8 84 0.538 91.81 61-70 76 59 99 

9 84 0.572 93.75 91-100 85 64 103 

10 81 0.549 94.31 81-90 95 73 122 

Note: LEFM predictions terminate at 95% of the specimen thickness and do not represent a through-crack condition. 

 

Like the EPFM predictions, LEFM predictions were also in general agreement with test data. 

While this was initially unexpected, one of the reasons for this can be attributed to the fact that 

the LEFM surface crack model SC30 in NASGRO® terminates LEFM analyses when a crack 

reaches 95% of the specimen thickness. This can be seen in Table 11.3-12 for specimen 2, where 

the initial notch penetration was 0.94t, and subsequently, the cycles to a through crack totaled 23.  

The tested flaws were notches and not sharp cracks. As a result, the cycles to reach a through 

crack are likely inflated. In other words, had notches been pre-cracked to equivalent crack sizes, 

the cycles to reach a through crack would be smaller. Despite this, the EPFM predictions are 

relatively accurate, which suggests that the large net section stresses that were targeted, may 

have resulted in formation of sharp cracks quickly. In many applications, the flaw tip 

characteristics may not be sharp; in these cases, the approach is practical. Sharp cracks are likely 

to initiate early in the cyclic test, but it is unknown when this would occur without removing the 

specimen and performing inspections. 

Testing was continued until failure on a subset of the specimens. This includes specimens 7, 8, 9, 

and 10. For these tests, the same maximum stresses and stress ratios were prescribed. To 

establish an initial flaw size for EPFM predictions, the half-crack width when a through crack 

developed was extracted from the NASGRO® output as shown in Figure 11.3-19, Half-Crack 

Width When a Through Cracked Developed for Specimen 2 with a Constraint Factor of 1.15. 
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Figure 11.3-19—Half-Crack Width When a Through Cracked Developed  

for Specimen 2 with a Constraint Factor of 1.15 

From the EPFM module, the TC01 through crack geometry was chosen. The EPRI J integral 

estimation scheme was selected; it is noted that similar results are obtained with both the EPRI 

and RSM. The critical value of the J-integral was then calculated for a through crack using the 

following equations: 

𝑱𝒄𝒓𝒊𝒕 =
𝑲𝒄

𝟐

𝑬′      →     𝑲𝒄 = 𝑲𝑰𝒄 (𝟏 + 𝑩𝒌𝒆
−(𝑨𝒌

𝒕

𝒕𝟎
)

𝟐

)     →     𝒕𝟎 = 𝟐. 𝟓 (
𝑲𝑰𝒄

𝝈𝒚𝒔
)

𝟐

 

(Equation 11.3-20) 

𝑨𝒌, 𝑩𝒌 = 1.0,     𝑬’ =  𝑬 =  𝟏𝟔, 𝟎𝟎𝟎 𝐤𝐬𝐢,     𝑲𝑰𝒄  =  𝟓𝟎 𝐤𝐬𝐢√𝐢𝐧 

 

In the NASGRO® EPFM module, specimen failure is identified when 𝑱𝒎𝒂𝒙 > 𝑱𝒄𝒓𝒊𝒕. This does 

not necessarily represent unstable crack growth, but rather that 𝑱𝒄𝒓𝒊𝒕 had been exceeded. Given 

the complexities involved with analyses that permit ductile tearing, 𝑱𝒄𝒓𝒊𝒕 is used as a conservative 

threshold. For reference, an example EPFM module output at specimen failure is shown in 

Figure 11.3-20, Cycles to Exceedance of J_crit for Specimen 2, where 𝑱𝒄𝒓𝒊𝒕 and 𝑱𝒎𝒂𝒕 are 

identical.  

 

Figure 11.3-20—Cycles to Exceedance of 𝑱𝒄𝒓𝒊𝒕 for Specimen 2 

In addition to a change in  𝑱𝒄𝒓𝒊𝒕 for the through crack assessments, the constrain factor (𝜶𝒄) was 

fixed at 1.15. This is because in the through crack configuration, plane stress conditions 

dominate around the crack-tip. Lastly, the strain hardening exponent for the R-O relationship 

was updated from 27.172 to 20, noting that 20 is the maximum strain hardening exponent 

allowed with the TC01 geometry in NASGRO®.  

With all material and geometric inputs established, LEFM and EPFM analyses were conducted 

in NASGRO®. Test results for the through cracked specimens taken to failure, as well as EPFM 

and LEFM predictions are provided in Table 11.3-13, Test Results and Analytical Predictions for 

Ti-6Al-4V Through Crack Specimens Taken to Failure. 
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Table 11.3-13—Test Results and Analytical Predictions for Ti-6Al-4V  

Through Crack Specimens Taken to Failure 

Specimen Details Post-Through Crack Cycles to Failure 

Specimen ID 
Initial Notch 

Penetration (%) 

Maximum 

Stress (ksi) 
Test 

EPFM 

(𝜶𝒄 = 𝟏. 𝟏𝟓) 
LEFM 

7 89 86.81 174 101 322 

8 84 91.81 64 59 251 

9 84 93.75 42 58 260 

10 81 94.31 37 50 240 

 

As shown in Table 11.3-13, the EPFM predictions are relatively accurate; once again, the cycles 

to failure for some specimens were slightly unconservative, while others were slightly 

conservative. To look at these differences from the perspective of elastic constraint, the 

following equation from NASGRO®, Appendix V, for through cracks was examined. 

𝒂𝒕 = 𝟏. 𝟏𝟓 + 𝟏. 𝟒𝒆−𝒏,    𝒏 = 𝟎. 𝟗𝟓 (
𝑲𝒎𝒂𝒙

𝝈𝒇𝒍𝒐𝒘√𝒕
)

𝟏.𝟓

 

(Equation 11.3-21) 

 

where 𝒂𝒕 is the constraint coefficient used in the NASGRO® Willenborg retardation models 

[11.3-8]. 

Calculating 𝒂𝒕 for the conditions at the start of each test, one finds similar values for each set of 

conditions; with an 𝒂𝒕 value of 1.37, 1.33, 1.34, and 1.33 for specimens 7, 8, 9, and 10, 

respectively. This supports the notion that a constraint factor larger than 1.15 may be warranted 

for these coupons, but it does not explain the apparent and random deviations from test. 

Subsequently, the slightly unconservative, and slightly conservative EPFM results could simply 

be attributed to scatter in the test data. In contrast to the EPFM results, cycles to failure are 

consistently overpredicted by LEFM with a minimum error of 185 percent and a maximum error 

of 650 percent.  

Lastly, the results tend to suggest that little-to-no ductile tearing occurred in these specimens. 

This is supported by the fact that the EPFM results did not consistently predict early failures. To 

an extent, this is also supported by the fact that the LEFM results consistently overpredict cycles 

to failure. This example shows that even under conditions where net section stresses exceed the 

material yield strength, the EPFM module in NASGRO® can produce reliable results, 

particularly when using the appropriate constraint alpha. 
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11.3.5  EPFM Benchmarks and Examples – Lessons Learned 

 

Through benchmarking of the EPFM module in NASGRO®, several lessons learned were 

established. First, the derivation of EPFCG properties from LEFCG properties was shown to be 

possible for the evaluated specimens. In some instances, cyclic stresses in test exceeded the yield 

strength of the material, which violates the criteria established in Figure 11.3-2. Even under these 

conditions, the EPFCG properties appeared to be acceptable. Despite this, it is recommended to 

conduct damage tolerance testing for applications that experience large cyclic stresses. 

Second, the EPFM results demonstrated reasonable correlation to test data. Figure 11.3-21, 

Predicted EPFM Cycles Versus Test Cycles for all Three Tests, provides a comparison of the 

analysis predictions and test results for all benchmarks and examples.  

 
Figure 11.3-21—Predicted EPFM Cycles Versus Test Cycles for all Three Tests 

For applications with low elastic constraint, a constraint alpha of 1.0 – 1.15 generally resulted in 

accurate predictions of crack growth. For applications with high elastic constraint, a constraint 

alpha of 2.55–3.0 was shown to be necessary to adequately predict test results. In particular, SSY 

tests of through cracks revealed that a small constraint alpha can grossly overpredict cycles to 

failure. If there is a lack of analysis or test data to substantiate the presence low elastic constraint 

in a given application, a constraint alpha value of 3.0 is recommended. 

 

Finally, LEFM predictions in many instances were unconservative with respect to predicting 

elastic-plastic crack growth and elastic-plastic crack instability (see Figure 11.3-22, Predicted 

LEFM and EPFM Cycles Versus Test Cycles for all Three Tests). 
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Figure 11.3-22—Predicted LEFM and EPFM Cycles Versus Test Cycles for all Three Tests 

As shown in Figure 11.3-22, LEFM predictions conservatively bound the test data in very few 

instances. For the most egregious errors shown, NASGRO® includes net section stress criteria 

that can prevent such deviations. These checks may be lacking if the application includes a large 

net section, at which point, termination of the analysis may not occur before reaching severe 

EPFCG conditions. In general, LEFM analysis should only be used when SSY prevails at the 

crack-tip. Use of LEFM when SSY is lost can result in unconservative damage tolerance 

assessments. 

    

11.4  Damage Tolerance for Additive Manufacturing Parts 

 

As of this writing, NASA-HDBK-5026 providing guidance on strength, fatigue, and fracture 

control of additive manufacturing (AM) is forthcoming. In case of conflict between this 

Handbook and NASA-HDBK-5026, NASA-HDBK-5026 takes precedent.  

 

NASA-STD-6030 assigns classifications to AM components depending on the component 

consequences of failure, structural demand, and AM risk. The AM part classifications are 

complimentary to, but not replacements for, fracture control classifications. For example, AM 

parts that are Fracture Critical are, by definition, associated with a catastrophic failure mode, and 

thus are, by definition, Class A AM components. NASA-STD-6030 imposes rigorous process 

control measures on Class A components intended to ensure high material quality for these 

components with high criticality. Components that are nonfracture critical may be Class A or 

Class B, depending on the specifics of the application. Note also that NASA-STD-6030 

specifically prevents AM parts from classification as nonfracture critical, low risk, or as fracture 

critical lines, fittings, and other pressurized components.  

 

The qualification requirements for AM parts are determined primarily from the application and 

mission, with some modifications to account for features unique to AM. These modifications are 

derived from two distinctions: AM is a relatively new process, and each build may be considered 

the entire material lot. Since each build is a unique lot, the importance of minimizing and 
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tracking process variability becomes more evident. A robust damage tolerance rationale for AM 

parts is based on a three-part foundation. First, the part design is qualified to existing structural 

standards. Second, the AM process, including feedstock specification, machine operation, and 

part post-processing, is developed and qualified per NASA-STD-6030 and defined in a Qualified 

Material Process (QMP). Finally, rigorous process controls are in place, per NASA-STD-6030 

and NASA-STD-6033, Additive Manufacturing Requirements for Equipment and Facility 

Control, to ensure that production processes maintain similarity with the qualification material. 

(Reference Rome, et al. (2020). The importance of developing an appropriate understanding of 

the AM process and resulting material and ensuring rigor in the process controls for the 

production of fracture critical spaceflight hardware cannot be overstated. Such development 

activities are foundational to any fracture control rationale for an AM component. 

 

There is no authoritative source for AM material properties. Mechanical properties, including 

modulus, strength, ductility, and fatigue life can vary considerably from wrought materials of the 

same chemical specification and heat treatment. The variations are driven mostly by the 

differences on the microstructural level, including characteristics like grain size, grain 

orientation, porosity, and crystalline phase. That microstructure, and in turn the mechanical 

properties, are dependent upon the machine, machine parameters, raw material characteristics, 

environment, post-processing, and more variables. Each manufacturer will typically qualify a 

material process in accordance with NASA-STD-6030, which consists of defining and 

controlling the critical aspects of the AM process in a QMP. Following the process defined in the 

QMP, material characterization coupons are manufactured and tested to establish an initial 

Material Property Suite (MPS), which is a controlled and documented set of material property 

data that is used to establish design values, material allowables, and statistical process control 

limits for the AM process. The properties in the MPS are expected to include those properties 

necessary for the evaluation of the parts produced using the applicable QMP. For parts subject to 

cyclic loading, fatigue testing is also required. This concept extends to the full range of expected 

operating conditions; liquid engine parts often require testing at elevated or cryogenic 

temperatures, and if so, material testing for a bounding range of temperatures would be required. 

 

Thin-walled AM parts may behave differently than thicker parts. This has been demonstrated for 

fatigue loading, as the transition from plane stress to plane strain can affect the ductile zone near 

the crack-tip (see Figure 11.4-1, Effects on Cycles to Failures for Various Conditions). Coupon-

level testing should be performed using processing (e.g., heat treatment) consistent with flight. 

Damage tolerance testing with different processing parameters can help the designer select the 

best processing for the hardware.  
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Figure 11.4-1—Effects on Cycles to Failures for Various Conditions 

(“Fracture Behavior of Thin-Walled Inconel® 718 Manufactured with Selective Laser Melting,” 

F. S. Golinveaux, C. S. Lynch, C. N. Sagrillo, K. B. Rivera, J. Rome, T. D. McLouth and J. R. 

Lohser, AIAA 2020-1473]. 

 

The material properties of AM components may also be affected by aspects unique to the AM 

build process, including build orientation, surface finish, microstructural segregation, and thin-

wall features. Relevant AM influence factors should be accounted for in any AM component 

analysis. 

 

11.4.1  Example 1: AM Component with Machined Surface 

 

Consider a rotating engine part subjected to torsional fatigue loads. The Inconel® 718 part is AM 

using powder bed fusion (PBF) to a near-net shape, and all surfaces are machined to the final 

shape. It is made using a QMP, characterized in accordance with NASA-STD-6030, and that 

process is maintained. An approach is described to qualify the part using a damage tolerance 

approach. 

 

Once the material has been characterized, a damage tolerance assessment can proceed following 

standard procedures. Since all surfaces are machined, the surfaces can be readily inspected using 

a variety of methods such as liquid penetrant inspection and/or volumetric inspection as 

applicable. One approach would be to use analysis to determine the maximum acceptable flaw 

size for 4X life. Then develop an inspection plan that can reliably detect those flaws.  

 

Once a part is qualified with an inspection plan in place, it is essential that the process remains 

under control. For AM, this means maintaining the qualified process: machines, parameters, raw 

material, post-processing, etc. Deviations from a qualified process must be evaluated to 

determine if there is any impact on the material properties.  

 

Witness coupons must be manufactured and tested with every part build. The minimum number 

of witness coupons is determined in accordance with NASA-STD-6030. Specifically, AM parts 

with high consequence of failure (Class A) and parts with a low consequence of failure but high 

structural demand and AM risk (Class B1) are required to have fatigue witness coupons to 
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monitor the AM process for deviations that might be detrimental to the fatigue properties of the 

material. For metal additive processes, surface finish is the feature most likely to degrade fatigue 

capability while not affecting tensile strength. Witness testing results that deviate from the 

expected values are indicative of a process issue. In that case, parts from that build should be 

evaluated; and a review should be held to determine if there was an important or unexpected 

change in the manufacturing process.  

 

11.4.2  Example 2: AM Rotating Part 

 

This example illustrates the benefit of employing a damage tolerance approach to assess an AM 

part. Fatigue life of parts can be challenging to predict for AM hardware as it may be affected by 

many processing parameters but also on the surface finish and near-surface defects. Damage 

tolerance can be employed as an effective substitute to fatigue life assessment.  

 

Consider a rotating engine part subjected to torsional fatigue loads. The Inconel® 718 part is AM 

using PBF to the final shape. A few spots are machine finished for interface issues. Other 

surfaces are left as built; external surfaces are shot-peened while interior surfaces are not 

finished. There are several areas of down skins, with angles ranging from 10-45 degrees. There 

are also vertical, horizontal, and down skin surfaces. An approach is described to qualify the part 

using a damage tolerance approach.  

 

For mechanical and strength characterization, all the points from Example 1 apply. For fatigue 

characterization, the assessment and qualification approach are more challenging since the 

surface finish will affect fatigue performance. Generally, a rougher surface finish will lead to 

decreased fatigue life due to larger initial defects. But that does not always hold for AM parts, 

especially when the measured surface roughness does not necessarily correlate with the size of 

microcracks. For example, on downskins, a high surface roughness measurement may be due to 

partially sintered powder rather than inherent roughness. Below, an approach to characterize the 

fatigue performance for the full variety of surface finishes is described.  

 

The simple, very time-consuming approach would involve a full fatigue characterization of each 

type of surface finish. Then, the critical flaw size for each could be determined, and inspections 

for each area would be based upon the surface finish. This may be effective, but the testing 

campaign would be costly and impractical.  

 

An alternative process is proposed in two steps. First, conduct a pilot study to evaluate fatigue 

for the surfaces suspected to have the worst performance. Those selections should be based on 

published research and prior work. The pilot study should also include samples that have been 

machined surface finishes. At its conclusion, the worst performing surface finish is chosen for 

the second step.  

 

An approach has been demonstrated which may reduce the quantity of fatigue life 

characterization testing when used in conjunction with a damage tolerant methodology 

(reference Rome, et al. (2021). In this approach, flight loads were used to predict local stresses 

using finite element modeling. Then, the known or predicted fatigue spectra (corresponding to 4x 
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life) was applied to estimate the maximum acceptable flaw size using NASGRO®, while the 

final determination requires further testing. The initial prediction may use published data for a 

similar alloy and surface finish but will be later validated using data included in the MPS for a 

particular AM process. There are multiple material models available in NASGRO®, or the data 

could be found in published literature. If a custom material model is used, the input data include 

da/dN vs. delta K, ultimate tensile strength, yield strength, and fracture toughness. A detailed 

walk-through of the NASGRO® software implementation is included in the next section. See 

Figure 11.4-2, Approach to Determine Whether As-built Surface Finishes Require Full Fatigue 

Characterization. 

 
 

Figure 11.4-2—Approach to Determine Whether As-built Surface Finishes Require Full 

Fatigue Characterization 

 

An exploratory test program is then adopted to evaluate fatigue for the machined surface finish 

(best performance) and the surface finish with the worst fatigue performance. This test series 

should include both defect-free samples, and samples with pre-existing manufactured flaws 

corresponding to the maximum acceptable flaw size (see Figure 11.4-3, Penny-Shaped Cracks in 

Cylindrical Samples at 10% and 30% Depth. It is recommended that intermediate defect sizes be 

tested as well, since the estimate maximum acceptable flaw size may be reduced after the full 

test campaign.  
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Figure 11.4-3—Penny-Shaped Cracks in Cylindrical Samples at 10% and 30% Depth 

 

The machined coupons without the notches are expected to have the longest fatigue life for a 

given load spectra. It was confirmed in testing that the machined samples survived more than 5 

times as many cycles without failure compared to the as-built samples, Figure 11.4-4, Tests 

Demonstrated that Fatigue Life was Sensitive to Surface Finish (Circles); with Prescribed Flaws, 

the Fatigue Life was Similar Regardless of Surface Finish (Exes and Triangles). Further 

examination revealed that the machined coupons with the smaller pre-existing defects exhibited 

about 95% reduction in fatigue life compared to machined specimens without defects. Fatigue 

testing of the as-built coupons took about the same number of cycles to fail as the machined 

samples with the smaller pre-existing defects.  

 

 
Figure 11.4-4—Tests Demonstrated that Fatigue Life was Sensitive to Surface Finish 

(Circles); with Prescribed Flaws, the Fatigue Life was Similar Regardless of Surface Finish 

(Exes and Triangles) 

 

For that study, the machined samples with defects bounded the fatigue life of the as-built 

coupons without defects and had similar fatigue life of as-built coupons with defects. With that 

result, it could be concluded that the fatigue life with those defects was insensitive to the surface 

finish for the material tested analysis should be performed with the fully characterized fatigue 

crack-growth data to determine the maximum flaw size. This will follow the same process 
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referenced earlier; the key difference is that the material properties and NASGRO® parameters 

are determined based upon the characterization campaign.  

 

Of course, the inspection program will need to demonstrate the ability to locate defects that size 

on all types of surface finish, including interior surfaces which are not inspectable by many 

methods. Generally, dye-penetrant inspections are not a good match for as-built AM surfaces, 

which could affect the minimum detectable flaw size. 

  

The qualification program could be complicated if the fatigue life with prescribed defects is 

sensitive to surface finish. In that case, fatigue testing would be required of several types of 

surface finish. Even then, full characterization can be avoided. The maximum acceptable flaw 

size would then be estimated for each type of surface finish. If the poor surface finish correlates 

to an area of low stress, the exploratory test program could be repeated using the larger defect 

size to determine fatigue sensitivity to a defect of that size. Ultimately, there is no guarantee that 

this approach will work; and a full characterization of multiple surface finishes may be required, 

accompanied by NASGRO® analysis specific to that stress environment and fatigue capability.  

 

There is also the possibility that the maximum acceptable flaw size (MAFS) is smaller than the 

minimum detectable flaw size (MDFS). If that occurs, location specific analysis can be pursued 

to determine the MAFS and MDFS in each area of the part. The outcome could be that the 

MAFS cannot be detected in some locations. Options at that point include redesign, or additional 

post-processing to improve the inspectability or fatigue capability. There is also the option of 

using higher fidelity inspection techniques.  

 

11.4.3  Additive Manufacturing (AM) Damage Tolerance Evaluation 

 

An approach is described on how to analyze an AM part made with an Inconel® alloy using 

NASGRO®.  

 

AM materials have significant variation in material properties, so material characterization tests 

are often required for the analysis of AM components. Material properties obtained from AM 

coupon tests need to be generated. The battery of tests should include all possible processing 

parameters expected during service life of the part and the test coupons should contain 

representative features (e.g., pores). Note that these properties should be derived from tests that 

load the material in the appropriate direction, as AM structures are anisotropic due to the 

layering process. The effects of coupon orientation relative to the flight configuration is an 

important consideration, as AM parts can exhibit a degree of orthotropic behavior. The data are 

then collected, and an enveloping da/dN curve is generated and inputted into the NASGRO® 

software for safe-life analysis.  

 

To complete a safe-life analysis, the NASFLA module in NASGRO® can be used. After 

choosing the appropriate geometry, the material must be defined. Rather than choosing a 

material from the NASGRO® database, custom material properties can be input. To do this, 

“New data” can be chosen as the data source in the Material input tab, as shown in Figure 11.4-5, 

Material Parameters Selection to Define Material Properties Based on a da/dN curve. 
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Alternatively, a user material file can be used if available. If the “New data” source is selected, 

the data can be entered in a variety of formats. If a crack growth measurement test was 

conducted to obtain a da/dN curve, then it is recommended to use either “1-D table: da/dN vs 

dK” or “2-D table: da/dN vs dK and R.” The 2-D table should be used if data for multiple R 

values is required. In this example, the 1-D table is chosen.  

 

 
Figure 11.4-5—Material Parameters Selection to Define Material Properties Based on a 

da/dN Curve 

 

After specifying the data format, the material must be defined by clicking “Show materials list.” 

The material alloy and group can be chosen to best match the alloy used in the AM part. In this 

case, “Inconel alloys” is chosen from the “NI ALLOYS/SUPERALLOYS”. This defines the first 

2 characters of the material code, which is used by NASGRO® to identify the material used. The 

remaining 6-8 characters can be any combination of characters defined by the user. The material 

code entered in this example is set to Q3AB1234, as seen in Figure 11.4-6, Input of Custom 

Material Data into NASGRO® Crack Growth Module. The yield strength, ultimate strength, 

critical stress intensity factor, and da/dN data are all required inputs.  
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Figure 11.4-6—Input of Custom Material Data into NASGRO® Crack Growth Module 

 

Two critical stress intensity factors are defined: the through-crack toughness and the effective 

fracture toughness for a surface crack (KIe). There are multiple input options for the through-

crack toughness. The through-crack toughness can be entered directly with the first radio button; 

this should either be the plane strain fracture toughness (KIc) or a toughness obtained from tests 

on the AM material with a thickness that matches the application. Alternatively, the plane strain 

fracture toughness (KIc) can be input with the “K1cx, Ak, Bk equation” radio button under the 

through-crack toughness. Ak and Bk are constants are required with KIc. These correspond to an 

increase in toughness as plane stress dominates with decreasing thickness. Unless there is test 

data to characterize the effects of decreasing thickness, Bk must be set to zero. Setting Bk to zero 

eliminates the increase of toughness with decreasing thickness, which is conservative. For more 

details on tests for the plane strain fracture toughness, see ASTM E399. Additionally, the 

through-crack toughness can be input in a table based on thickness with the “Kc v. thickness 

table” radio button. 

 

Next, the UTS, yield strength, and KIe are all input. These values are determined from tests on 

the AM material. For more details on the test for KIe, see ASTM E740/E740M, Annex X1.2, or 

ASTM E2899. 

 

The final input required is the da/dN curve, which is entered in the “Crack growth parameters” 

table. The da/dN column represents the change in crack growth during a cycle, and the dK 

column represents the range of stress intensity factor during a cycle. These data are obtained with 

a fatigue crack growth measurement test. For more information on this test, see ASTM E647-

15E1. Example data is shown in Figure 11.4-7, Example da/dN Data to be Entered in the Crack 

Growth Parameters Table of the NASGRO® New Data Material Input. 
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Figure 11.4-7—Example da/dN Data to be Entered in the Crack Growth Parameters Table 

of the NASGRO® New Data Material Input 

 

The da/dN data is input into the crack growth parameters table to complete the material 

definition. The material properties for this example were constructed for illustrative purposes.  

 

After defining the material, the life analysis can be completed as demonstrated in previous 

NASGRO® examples. 

 

11.5  Heatshield Damage Tolerance 

 

Damage tolerance for ablative or thermally insulative structures represent a multi-disciplinary 

challenge. These components such as heat shields, external insulators, and nozzle liners are 

primarily intended to protect an underlying component from hostile thermal environments. As 

such, tolerance to damage must address not only potential structural failure modes, but also 

interactions with the thermal functionality of these components.  

 

Types of damage will vary depending on materials. For ablative composites used in typical 

nozzle applications, the most common defect will be a delamination. Bondline cracks or voids 

between components, and cracking of other materials (ceramics, metals, carbon-carbon, etc.), 

must also be considered. The defects may be caused during manufacturing but can also be 

induced during storage, aging, or operation. Operational testing such as static fire for nozzles, or 

simulated heating tests for heat shields, can reveal propensity for cracking, typically in heat 

affected zones. Cracks leading into nonheat-affected regions found after test need special 

attention and review to understand if these formed and propagated during the test, or afterwards 

during cooldown. 

 

Regardless of type or cause, two aspects should be considered to evaluate defects in these 

components. The first is stability or maximum extent of damage. The loading environments on 

these components are a combination of mechanical and thermal stresses, which change and 

evolve over time, and may drive growth of flaws. Fracture analysis is needed to determine the 

maximum extent of the defect for the remaining service life of the part after the flaw is observed, 
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or for the maximum size flaw that could not be observed through NDE. Test demonstration for 

growth or stability is often not feasible since one cannot achieve duration margins with these 

components sufficient to account for potential material scatter. Proof test acceptance logic is also 

often not feasible, since internal thermally induced stresses are usually not replicated through 

mechanical means with high confidence. For hardware where proof test does induce bounding 

stresses at the flaw location, pre- and post-test NDE and analysis of worst-shaped flaws could be 

used to determine stability. To conduct analysis, fracture testing of the materials is needed at the 

relevant thermal conditions. These tests would determine critical strain energy release rate 

allowables to use in fracture analysis with appropriate factors of safety, to determine stability or 

maximum growth extent of the flaws. Finally, at the maximum extent of the defect, the 

remaining structure must maintain structural integrity to stay intact and provide the primary 

functionality of these components. 

 

The second aspect to consider is the consequence of the maximum extent defect on the thermal 

performance. This is itself a multidisciplinary endeavor, as potential flow into and around the 

defect must be considered. The amount of thermal energy available is highly dependent on 

whether there can be a sustaining flow of hot gas into the defect (i.e., either as a passage to a 

lower pressure location, or back into the flow). If similar defects are present during 

representative testing such as hot fire, this may be inferred through post-test observation of the 

hardware. The effect of these temperatures on nearby materials must be taken into account and 

the impacts to structural integrity evaluated. The defect itself may also change the effective 

thermal conductivity, which then must also be assessed for the thermostructural integrity of the 

component. The consequences of impacts to thermal performance could thus impose limitations 

on location or extent of flaws. 

 

As an example, a delamination present in the nozzle may be found after manufacturing during 

routine X-ray inspection. If it is predicted that the delamination grows but does not intersect the 

exposed surface after accounting for uncertainties in erosion, hot gas could not intrude into this 

defect. If the remaining structural margins are positive with this defect such that ejection of 

nozzle components are not a possibility, this might be found to be acceptable for flight. If a 

delamination is found that is predicted to grow and intersect an exposed surface, additional 

analyses would be necessary to address potential flow into the defect and the subsequent 

thermostructural response. 

 

11.6  Thrust Chamber Liner Damage Tolerance 

 

Thrust chamber liners should be designed to prevent fatigue and crack-growth failure modes 

during operation. It is common to encounter thrust chamber cracks during the qualification 

program due to pressure loads, cyclic temperature environments, thermal gradients, and 

challenges associated with manufacturing complexities.  

 

Propulsion requirements are usually prioritized over structural requirements in the design process 

of engines, making it challenging to prevent cracks late in the design process. The qualification 

program in combination with a FMEA are used to determine the adequacy of the design.  

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

289 of 527 

NASA-STD-5012B requires six engines to be tested to at least 2 times the service life. The 

extensive amount of testing at multiple operating conditions will likely expose weaknesses in the 

manufacturing and design. If a crack were to form during qualification or production, a good 

understanding of the root cause of these flaws is required.  

 

Best practices for the damage tolerance philosophy of thrust chamber liner are presented below: 

 

Option 1: The maximum acceptable flaw size should be shown through qualification test 

experience to be stable over four times the service life. 

 

Option 2. A damage tolerance analysis methodology anchored to test is required to 

demonstrate stability of the maximum acceptable flaw over four times the service life. 

 

Option 3: No damage tolerance is required if a through-crack of maximum size based on 

geometric limits is assumed to exist and found to be acceptable. 

 

In all cases, any flaws found during qualification should be investigated and root-cause 

understood.  

 

For all three options, a FMEA must be conducted if the maximum acceptable flaw or assumed 

flaw allows a through-crack: 

 

1. A through-crack of maximum size in length cannot have a detrimental impact to the 

functional performance of the engine, and 

 

2. A through-crack of maximum size in length cannot lead to other detrimental system-

level failure modes. 

 

A multi-disciplinary assessment involving multiple subject matter experts is required to 

determine whether the functional consequences of a leak are benign. The functional consequence 

of through-cracks in a thrust chamber liner can be either minor or significant. Pressure in the 

cooling channels is typically higher than the pressure in the combustion chamber; the colder fuel 

from within the cooling channels can migrate into the combustion volume when a through-the-

thickness crack is present.  

  

For single-burn engine applications, the functional effect of fluid migration from the cooling 

channel side of a liner to the combustion chamber side is that localized cooling will occur on the 

liner in the vicinity of the crack. This localized cooling can result in a change in the thrust 

efficiency or specific impulse (Isp) of the engine. The consequences of the maximum crack size 

should be evaluated. When the impact on thrust efficiency is small and mission performance 

requirements can still be met, the single-burn engine can tolerate cracks in the liner without 

compromising the mission.  

 

In contrast with multiple-burn applications such as upper stage engines and reusable 

applications, engines shutdown and re-ignite during the mission. The performance impact due to 
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the presence of a flaw during the first burn of the engine may be small. When the engine shuts 

down and there is a period before re-igniting, the fuel can continue to inadvertently migrate into 

the combustion chamber. In this scenario, the extra fuel in the combustion chamber can cause a 

detonation or overpressure event when re-igniting the engine, which can result in hardware 

damage or rupture. There may also be noticeable time between engine burns where fuel 

continues to leak from the cooling channels throughout the mission. When too much fuel is lost 

through the liner leak, a mission performance shortfall can occur. In the context of an upper 

stage, the spacecraft may not reach the intended orbit due to loss of performance and in the 

context of reusability, or landing may not be possible. Similar to the single-burn example, if the 

mission objectives can be met with the maximum flaw size, the liner can tolerate cracks without 

compromising the mission. 

 

11.7  Loading Spectra 

 

11.7.1  Relevance to Damage Tolerance Assessments 

 

The load spectra definition is a necessary aspect that requires attention in the damage tolerance 

evaluation of fracture critical space components. Often, simplifying assumptions can be made 

that lead to conservatisms in the fracture mechanics analysis. It is important for the analyst to 

understand underlying assumptions made in the loading spectra. The loading spectra can be often 

generated by the “Dynamics” or “Dynamics Environments” disciplines. 

 

In certain instances, the assumptions made for simplification of safe-life analysis (e.g., fully 

reversing (i.e., R = -1.0) or fully unloading stress cycles (i.e., R = 0), constant amplitude loading, 

or max-on-max stresses) can result in unnecessary over-conservatisms that cannot meet design 

verification requirements. In such cases, the next level of analysis refinement includes the 

development and analysis of a loading spectrum related to the expected hardware environments. 

The estimation of stress amplitude versus number of cycles and their respective sources is both a 

science and an art form and often blends the use of analytical methods, test data, flight 

experience, flight data, signal processing, and empirical methods. 

 

A complete load spectrum can be used with standard fracture analysis software techniques as 

“load block” inputs with which the crack growth and overall life estimates can be performed. 

The load spectrum typically represents a single service life that can be used to demonstrate 

conformance with the design verification requirement (e.g., four service lives, ten service lives). 

 

11.7.2  Spectra Calculation Overview 

 

This section presents five examples of load spectrum generation, each representing a unique but 

related case generally separated and grouped by load source. The method of spectrum generation 

is dependent on loading type and the various methods can be combined when the structure is 

subject to multiple loads. To effectively use these examples, an analyst can use Figure 11.7-1, 

Example Cases for Load Spectra Development, to determine which example may offer the most 

assistance. In general, each example effectively builds from the previous example, so refer to the 
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first case with each load type for the most detail on the generation of spectra specific to that load 

type.  

 

 
Figure 11.7-1—Example Cases for Load Spectra Development 

These examples are meant to provide an analyst with insight into how stress and/or strain spectra 

are developed and are not intended to be used as a standard for developing them. Development 

of these load spectra are often the responsibility of SMEs in Structural Dynamics and/or Loads 

and Environments groups, and typically not the structural analyst performing the fatigue and/or 

fracture analyses. Loads can also develop from thermal stress, installation, or deformations of 

adjacent components. ECSS-E-HB-32-26A (19 February 2013), Spacecraft Mechanical Loads 

Analysis Handbook, Section 12, Fatigue and Fracture control, provides guidance relative to this 

aspect. 

 

Care should be taken to ensure accurate prediction of load spectra and that they are used 

correctly when applied to structural analysis; these examples provide insight into the process to 

help assist with communication between the relevant disciplines. 

 

11.7.3  Case 1: Unpressurized Secondary Hardware 

Example Hardware: Instrumentation shelves, mounting brackets, trays 

Load Source: Structure is subject to inertial/acceleration loading driven by the parent structure to 

which it is attached. This is commonly referred to as structure-borne vibration. 

Stress Generation: Multiple methods presented: 
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Acceleration Power Spectral Densities (PSD) from flight instrumentation or predictions near 

attachment points may be used as inputs for a base-drive analysis. For an example of how 

predictions of the acceleration PSD may be made from Statistical Energy Analysis, see section 

11.7.7  Case 5: Primary Structure. Each mission event may be analyzed separately. Stress PSD 

results are extracted from location(s) of interest. The stress PSD is used to directly calculate the 

RMS value of stress and the apparent frequency of vibration. The stress PSD is used along with 

mission event duration(s) to determine peaking factor(s). The limit stress is equal to Peaking 

Factor*Stress RMS and is calculated for each mission event analyzed. 

This means of excitation is simpler but can be unrealistic erring on the very conservative side 

due to compliance differences between the flight mounting structure and the base-drive analysis. 

Spatial variability of accel input should be considered when using a spectrum from what is 

effectively a point source. A transfer function may be developed using instrumentation on 

secondary hardware to ensure a reasonable response. Alternately, a response-limiting procedure 

may be developed to ensure compliance differences are accounted for. 

Forcing functions may be applied to parent structure in a global model, with acceleration PSD 

results extracted at secondary hardware CG. Acceleration PSD results are used to directly 

calculate the RMS value of acceleration and the apparent frequency of vibration. Acceleration 

PSD results are used along with mission event duration(s) to determine peaking factor(s). Limit 

acceleration load is equal to Peaking Factor*Acceleration RMS. A breakout model of the 

hardware is used to conduct a static analysis using the limit acceleration load. Limit stress is 

extracted at location(s) of interest for each mission event analyzed. 

In this case, if the secondary hardware is modeled as a lumped element in the parent structure 

model, the extracted fundamental frequency may be higher than the range of significant 

forcing/primary structure response. If the secondary structure is being modeled explicitly (even 

at a simplified level) in the primary structure model, the CG location from which the response is 

extracted should be picked judiciously to represent a “dynamic CG” that is representative of 

overall motion through frequency. A comparison of interface or reaction force between the 

dynamic and static models of the secondary structure could be used to help dial this in, although 

it may be overly iterative.  

Forcing functions may be applied to the parent structure in a global model, with stress PSD 

results extracted at location(s) of interest from a detailed model of the secondary hardware 

attached to the parent structure. The stress PSD is used to directly calculate the RMS value of 

stress and the apparent frequency of vibration. The stress PSD is used along with mission event 

duration(s) to determine peaking factor(s). The limit stress is equal to Peaking Factor*Stress 

RMS and is calculated for each mission event analyzed. 

Zonal acceleration PSD predictions may be used with Mile’s equation for a quick, alternative 

approach. A modal analysis is conducted for the secondary hardware and the frequency of 

vibration is selected as the fundamental frequency of the secondary hardware. This frequency 

and a conservative quality factor may be used to determine the quasi-static acceleration loading 
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of the structure to be applied during a static analysis. A breakout model of the hardware is used 

to conduct a static analysis using the limit acceleration load. Limit stress is extracted at 

location(s) of interest for each mission event analyzed. In this case, the fundamental frequency 

should be selected judiciously, per a review of the modal participation factors in the degrees of 

freedom most relevant to directions where loading would cause significant stress in the 

secondary structure. 

Spectrum Generation: Random vibration input is assumed to be Gaussian, and a Rayleigh 

distribution of fully reversed load cycles is assumed for the response. The peak cyclic stress is 

selected as the limit stress scaled by any desired Fatigue/Fracture Analysis Factors (FAF), with 

the shape of the Rayleigh distribution being determined by selection of desired 

probability/confidence level. The total number of cycles is determined by apparent frequency of 

vibration multiplied by the duration. 

For conservatism, the maximum limit stress determined across all mission events and the 

maximum apparent frequency determined across all mission events is used with the total mission 

duration. 

For reduced conservatism, event-consistent stress, apparent frequency, and duration may be used 

to calculate a load spectrum for each event. Per Miner’s rule of accumulative fatigue damage, 

these spectra can be applied separately, and the damage combined linearly. 

Example Calculation: A stress PSD is calculated for two events, Ascent and Descent, and 

separate stress spectra are derived and then combined.  

The peak cyclic stress, including peaking factors and fatigue analysis factors, is determined to be 

20 ksi for Ascent, with an apparent frequency of vibration of 100 Hz. The duration of the event is 

100 seconds, giving a total cycle count of 40,000 cycles, including a 4x scatter factor (40,000 = 

100*100*4). A Rayleigh distribution is assumed, and the stress cycles are organized into bins 

with a width of 2.5 ksi. The peak cyclic stress, including peaking factors and fatigue analysis 

factors, is determined to be 25 ksi for Descent, with an apparent frequency of vibration of 200 

Hz. The duration of the event is 150 seconds, giving a total cycle count of 120,000 cycles, 

including a 4x scatter factor (120,000 = 200*150*4). A Rayleigh distribution is assumed, and the 

stress cycles are organized into bins with a width of 2.5 ksi. A cumulative stress cycle spectrum 

is then constructed by combining the Ascent and Descent spectra, shown in Figure 11.7-2, 

Combined Stress Spectrum. 
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Figure 11.7-2—Combined Stress Spectrum 

If multiple ascents and descents are to be analyzed, the number of cycles in the final cycle 

spectrum shown directly above may be multiplied by the number of missions. For example, if 5x 

missions are to be analyzed, ~175,000 cycles at 10 ksi is a conservative, yet appropriate, estimate 

for the number of cycles in that bin is (175,000 = 35,000*5). This estimate is conservative due to 

the consideration that 5 missions at maximum predicted (i.e., limit load) levels is not statistically 

probable. If conservatism is to be removed from this multiple mission analysis, consideration 

should be given to either reducing the load or reducing the total duration per statistical 

considerations of probable vibration environments vs enveloping vibration environments. If the 

duration or load level is decreased, this same sequence of steps may be followed to derive new 

stress spectra. 

11.7.4  Case 2:  Pressurized Secondary Hardware 

Example Hardware: Plumbing lines, COPVs, valves 

Load Source: Structure is subject to inertial/acceleration loading driven by the parent structure it 

is attached to (i.e., structure-borne vibration) and internal pressure. 

Stress Generation: Same methods as for nonpressurized secondary hardware, but effects of 

pressure are included, e.g., pressure-stiffening effects included in static and/or vibration analyses. 

Spectrum Generation: Same method as for nonpressurized secondary structures, but pressure-

stress cycles are included for the operational lifetime of plumbing (e.g., operational pressure and 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

295 of 527 

fill/flow cycles). Per Miner’s rule of accumulative fatigue damage, the inertial acceleration and 

pressure-driven stress spectra can be applied separately, and the damage combined linearly. 

 

11.7.5  Case 3:  Engine Feedlines 

 

Example Hardware: Flex joints, bellows, inlet/outlet plumbing 

 

Load Source: Structure is subject to inertial/acceleration loading driven by the parent structure to 

which it is attached (i.e., structure-borne vibration), internal pressure, and flow-instability 

effects. 

 

Stress Generation: For structure-borne, inertial acceleration, and pressure-driven stresses, use the 

same methods as for pressurized secondary hardware. For flow-instability effects, Finite Element 

Analysis, closed-form solutions, or test data may be used to determine stress and/or strain 

spectra. 

Spectrum Generation: Same method as for pressurized secondary hardware, with additional 

stress cycles as determined from flow-instability effects. Per Miner’s rule of accumulative 

fatigue damage, these additional cycles can be applied separately from the inertial acceleration 

and pressure-driven stress spectra, if the analyses were performed separately. The flow-

instability effects must be considered separately if the inertial acceleration-driven stress spectrum 

is to be generated from a Rayleigh distribution. This is because the flow-instability input spectra 

should not be assumed to be a Gaussian distribution, and the structural response from the loading 

cannot be assumed to be a Rayleigh distribution.  

If the effects of all three loading sources are to be considered simultaneously, a transient analysis 

may be conducted for time segments representative of various mission events. Load cycles from 

the transient analysis may be counted using the rainflow algorithm for direct computation of 

stress and/or strain spectra. Similarly, test data may be used to determine time histories for use 

with the rainflow algorithm. 

Example Calculation: Fluid lines are subjected to short duration and high-amplitude internal 

pressure spikes from water-hammer effects that result from actuation valves for the controlling 

engine position. A rainflow counting algorithm is employed to determine the resulting strain 

spectrum. 

In addition to the standard flight pressure transducers, strain gages and high-sample rate pressure 

transducers were placed on the return lines during testing. The resultant strain on the hardware 

was measured and correlated with the pressure spike magnitude, as shown Figure 11.7-3, 

Pressure Spike Amplitude to Strain Correlation. The higher sample rate pressure recordings 

indicated that the standard flight transducers that sampled at a low rate did not adequately 

capture the peak pressure cycles and that the higher sample rate was necessary to capture this 

dynamic behavior. 
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Figure 11.7-3—Pressure Spike Amplitude to Strain Correlation 

During operation of the engine, the pressure in the return line was measured. The rainflow 

counting algorithm as detailed in ASTM E 1049-85, Standard Practices for Cycle Counting in 

Fatigue Analysis, was employed. The algorithm is available as a standard part of Matlab’s Signal 

Processing Toolbox or as a download from the Mathworks File Exchange. The algorithm is 

illustrated in Figure 11.7-4, Rainflow Counting Example, and Figure 11.7-5, Binning of Pressure 

Spikes, and more information can be found at the following link: 

https://www.sciencedirect.com/science/article/pii/B9780123852045000033. The first plot shows 

a representative time history due to the pressure spikes. In the second plot, the first plot is rotated 

so that the time axis is vertical. A trace is run along each line mimicking rain flowing off a 

pagoda style roof. The method counts cycles based on taking the local maximum and minimum 

points and assigns a half-cycle for each instance of the following: (1) It reaches the end of the 

time history, (2) It merges with a flow that started at an earlier tensile peak, or (3) An 

opposite tensile peak has greater magnitude. 

https://www.sciencedirect.com/science/article/pii/B9780123852045000033
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Figure 11.7-4—Rainflow Counting Example 

 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

298 of 527 

  
Figure 11.7-5—Binning of Pressure Spikes 

For example, considering the points A-B-C-D-E-F-G-H Figure 11.7-4, the first trace “flows” 

from A to B and then to D. This counts as a half-cycle with magnitude equal to D-A. The next 

tensile half cycle is from E to H with a magnitude equal to H-E again. On the compressive side, 

one half-cycle is from B to C with a magnitude of C-B, with another D to A with magnitude of 

D-A. After running through the complete pressure spike history of the engine test the number of 

cycles and corresponding magnitudes are tallied. This is then binned into several groups. In this 

study, the pressure spikes were separated into 10 bins of equal width (e.g., 0 to 5 atm, 5-10 atm, 

10-15 atm, etc..) as shown in Figure 11.7-5. 

From the empirical relation determined from the prior testing the pressure bins are converted into 

bins of strain. While the illustration here was performed for low cycle fatigue assessment, the 

same approach can be utilized to predict crack-growth behavior with NASGRO® by using load 

blocks. The load spectra were used here for a fatigue analysis, but it can just easily be applied to 

a damage tolerance evaluation. 

In the literature, a strain-life curve for the metal alloy that covers failure due to Low and High 

Cycle Fatigue failure modes is shown in Figure 11.7-6, Strain to Cycles to Failure Correlation.   
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Figure 11.7-6—Strain to Cycles to Failure Correlation 

Using this curve, the number of cycles to failure was calculated for each discrete strain bin using 

the maximum value of the bin range. The amount of life debited from the cycles in each bin is 

calculated as the number of cycles in the bin divided by the cycles to failure for the 

corresponding strain. The total Cumulative Damage Index (CDI) is then calculated as the sum 

across all bins. For design verification purposes, the maximum allowable value for the CDI is 

often taken to be 0.25 (a value of 1 indicating failure has been reached, divided by a life design 

factor of 4), but can vary based on program-specific requirements. In other cases, the allowable 

CDI is equal to unity divided by the life design factor which may also be equal to unity. As an 

example, say a pressure range of 20 to 25 atm had 1,000 cycles. Based on the test data, this 

pressure range equates to a strain range of 0.9 to 1%. Looking up 1% strain range on the Low 

Cycle Fatigue curve, this equates to 10,000 cycles to failure. The 1,000 cycles from this bin uses 

0.1, or 10%, of the life of this part. This process is then repeated for all bins and CDI is a sum of 

all bins.  

11.7.6  Case 4:  Engine Nozzle 

Load Source: Structure is subject to inertial acceleration loading driven by attached engine 

components (i.e., structure-borne vibration) and acoustic loading driven by internal and external 

fluctuating surface pressures (FSP). 

Stress Generation: The forcing from the acoustic loading is assumed to be random and 

Gaussian in nature, so a Rayleigh response assumption is appropriate. The forcing from the 

structure-borne vibration will likely be harmonic due to the rotating turbomachinery, so is 

analyzed as a separate load case.   

For the acoustic-borne vibration, a Vibro-Acoustic Analysis (VAA) may be conducted using the 

FEM. The internal FSPs, representative of the free-flow exhaust plume, are applied as a pressure 

PSD to the inside surface of the nozzle across spatially correlated acoustic patches per axial and 

radial decay functions formulated per the internal loads. The external FSP, representative of any 
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aerodynamic effects or ground effects, are applied as a pressure PSD to the external surface of 

the nozzle across spatially correlated acoustic patches per axial and radial decay functions 

formulated per the external loads. A frequency response analysis is conducted for each desired 

mission event, with the stress PSD used to calculate event-specific apparent frequencies and 

RMS values. The stress PSD is used along with event durations to determine the peaking factor. 

Limit stress is equal to Peaking Factor*Stress RMS and is calculated for each mission event 

analyzed. 

The structure-borne vibration levels from the engine turbomachinery at the nozzle interface is 

used as a harmonic force distributed over the interface in the FEM. A frequency response 

analysis is conducted for each desired mission event, with the stress PSD used to calculate event-

specific apparent frequencies and RMS values.  

Spectrum Generation: Random vibration input is assumed to be Gaussian, and a Rayleigh 

distribution of fully reversed load cycles is assumed for the response. The harmonic cycles from 

the turbomachinery are calculated separately. 

For the acoustic loading, the peak cyclic stress is selected as the limit stress scaled by any desired 

Fatigue Analysis Factors, with the shape of the Rayleigh distribution being determined by 

selection of desired probability/confidence level. The mean stress as calculated from a static 

equivalent mean nozzle pressure may be applied and considered as part of a mean stress 

correction. The total number of cycles is determined by apparent frequency of vibration 

multiplied by the duration. 

For conservatism, the maximum limit stress determined across all mission events and the 

maximum apparent frequency determined across all mission events is used with the total mission 

duration. 

For reduced conservatism, event-consistent stress, apparent frequency, and duration may be used 

to calculate a load spectrum for each event. Per Miner’s rule of accumulative fatigue damage, 

these spectra can be applied separately, and the damage combined linearly. 

For the structure-borne vibration, the peak cyclic stress is selected as the RMS stress scaled by 

any desired Fatigue Analysis Factors. All cycles are assumed to be at this peak cyclic stress. The 

total number of cycles is determined by apparent frequency of vibration multiplied by the 

duration. 

Per Miner’s rule of accumulative fatigue damage, the spectra from the random vibration and the 

harmonic excitation can be applied separately and the damage combined linearly. 

11.7.7  Case 5: Primary Structure 

Example Hardware: Stage tanks and interstage assemblies 

Load Source: Structure is subject to acoustic loading driven by external fluctuating surface 

pressures, internal and/or external pressure loading, and vehicle-level compression and tension. 
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Stress and Spectrum Generation: In this case, the vehicle-level compression and tension loads 

induce the most significant stress, and the life of the hardware is not likely to be driven by high-

frequency dynamics. 

A time-consistent analysis is conducted using net section load outputs from Coupled Loads 

Analysis (CLA) and the rainflow algorithm is used to calculate the load spectrum. A structural 

FEM is used to calculate the stress at location(s) of interest from a unit compression/tension 

cycle and the rainflow count is scaled to produce a stress spectrum. If net section loads are 

determined to induce significant strain in the structure, a low-cycle fatigue model should be 

considered. 

If effects of high-cycle fatigue from the acoustic loading are to be considered, a separate VAA 

can be conducted. The same FEM used for the CLA can be used for the VAA, or a separate SEA 

can be conducted. It is not common to use the VAA or SEA results solely to derive loading 

spectra for the primary structure. Rather, these methods are often used to predict the motion 

and/or response of secondary hardware or units attached to the parent structure. Please note that 

the determination of loading spectra for primary structure is generally the responsibility of an 

organization’s Structural Dynamics group, and expert technical skill is required to determine 

accurate spectra. The details here and in the following example discussing SEA are meant to 

provide insight and are not intended to provide guidelines for how this analysis is to be 

conducted. With FEM-based VAA or SEA, the external acoustic loading, representative of any 

aerodynamic effects or ground effects, are applied as pressure PSD to the external surface of the 

structure. An analysis is conducted for each desired mission event, with the stress PSD used to 

calculate event-specific apparent frequencies and RMS values. The stress PSD is used along with 

event durations to determine the peaking factor. Limit stress is equal to Peaking Factor*Stress 

RMS and is calculated for each mission event analyzed. This random vibration input is assumed 

to be Gaussian, and a Rayleigh distribution of fully reversed load cycles is assumed for the 

response. The peak cyclic stress is selected as the limit stress scaled by any desired Fatigue 

Analysis Factors, with the shape of the Rayleigh distribution being determined by selection of 

desired probability/confidence level. The total number of cycles is determined by apparent 

frequency of vibration multiplied by the duration.  

If the load spectrum from the net section loads is to be considered along with the load spectrum 

from the acoustic-borne random vibration spectrum, a fatigue model considers low-cycle and 

high-cycle fatigue failure modes may be necessary. 

Example Calculation: A force time history is used to calculate a stress spectrum for a primary 

structure. 

Coupled Loads Analysis is used to determine a force time history for various mission events. 

Figure 11.7-7, Example Time History, shows an example time history. 
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Figure 11.7-7— Example Time History 

The rainflow counting algorithm was used to determine the force spectrum. In this case, a Matlab 

function was downloaded from the Mathworks File Exchange to compute the spectrum. For 

more information on the rainflow counting algorithm, see section 11.7.5, Case 3: Engine 

Feedlines. The resulting histogram, showing the number of load cycles for combinations of mean 

and alternating stress, is shown in Figure Example Force Spectrum. 

 
Figure 11.7-8—Example Force Spectrum 

A FEM of the structure is used to determine the amount of stress induced from 1 kip of axial 

force applied as a net section load. If the units of the spectrum shown in the histogram above are 

taken to be 100 kips, then the final stress spectrum has the same number of mean/alternating 
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cycles as the spectrum above, with magnitudes being 100 times the stress determined from the 

FEM. In the literature a strain-life curve covering low and high-cycle fatigue failure modes for 

the material was found. Using this curve, the number of cycles to failure was calculated for each 

discrete strain range bin using the maximum value of the bin range. The amount of life debited 

from the cycles in each bin was calculated as the number of cycles in the bin divided by the 

cycles to failure for the corresponding stress. The total CDI was then calculated as the sum 

across all bins. As an example, there are around 2,000 cycles with a mean of 0 kips and an 

amplitude of 5 kips (0.05*100 kips). The FEM predicts a stress of 5 ksi for every kip, so these 

2,000 cycles at 5 kips induce 2,000 cycles at 25 ksi. Looking up 25 ksi on the fatigue curve, this 

equates to 100,000 cycles to failure. The 2,000 cycles from this bin use 0.02, or 2%, of the life of 

this part. This process is then repeated for all bins and CDI is a sum of all bins. 

Statistical Energy Analysis: Some concepts of SEA for use with predicting the response of a 

primary structure are included below. There are several commercially available SEA software 

options, and the following simple example was put together using Wave6.  

 

In SEA, a system is split into a set of coupled subsystems and statistical wave mechanics 

methods are used to describe the input, storage, transmission, and dissipation of vibro-acoustic 

energy throughout the system. It provides benefits over traditional FEA when accurate 

predictions may be computationally expensive such as for large, complex structures in a 

frequency range of interest that can include thousands to millions of natural modes of vibration. 

While both SEA and FEA solve a system of equations to determine a structural response, the 

number of equations involved in an SEA solution can be orders of magnitude less than the same 

structure solved with FEA. This is largely due to SEA discretizing the structure into subsystems 

with similar dynamic properties, resulting in fewer degrees of freedom than an FEA that 

discretizes the structure into elements.  

 

A common analogy is that of two water tanks, as shown in Figure 11.7-9, Water Tank Analogy 

for SEA. In this analogy, water is stored in each tank, representing the energy in each system.  

The size of each tank is representative of its storage capacity, and the total energy stored in each 

subsystem is a function of its modal density, i.e., how many natural modes are available to 

absorb vibrational energy. Water flows from Tank A to Tank B, which represents the energy 

transmission between the two subsystems. The amount of energy transferred is a function of the 

coupling between the two subsystems and the difference in energies between them, similar to 

how the flow of water between the two tanks is proportional to the difference in pressures. Water 

is being poured into Tank A, which represents the source supplying energy into the system. Both 

tanks have small outlets from which water is leaving the system, representing the losses in the 

system which often occur through damping.  
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Figure 11.7-9—Water Tank Analogy for SEA 

A simple cylinder with an annular shelf was constructed in Wave6, as shown in Figure 11.7-10, 

Example SEA Model. The system in Figure 11.7-9 is modeled as three connected subsystems 

using Statistical Energy Analysis. 

 

 
Figure 11.7-10—Example SEA Model 

This model contains three connected subsystems: The cylinder (i.e., representing the 

primary/parent structure), the shelf, and the acoustic cavity inside the cylinder. One percent 

damping was included for all subsystems and an arbitrary flat power spectrum was input to the 

surface of the cylinder. The model was solved in 1/3 proportional octave bands from 30 Hz to 

8 kHz. The acceleration PSD results for the shelf are shown in blue in Figure 11.7-11, Example 

SEA Results. An analyst intending to develop a load spectrum for secondary hardware on the 

shelf could use these results to inform their approach per Case 1. The acceleration PSD results 

for the cylinder are shown in black in Figure 11.7-11. These results can be used by an analyst 

intending to develop a load spectrum for either secondary hardware attached to the cylinder or 

for the cylinder itself, although the latter approach is not common due to vehicle-level dynamics 

governing the load spectrum for a primary structure and SEA more commonly being used for 

attached secondary structures. 
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Figure 11.7-11—Example SEA Results 

 

11.8  Analysis Conservatisms 

 

The crack size used for analysis must conservatively bound the actual physical size of detected 

cracks and any possible nondetected adjacent cracks and/or crack tip extensions that will add to 

the effective length of the detected cracks. The enveloping size to be used should be compatible 

with the particular NDE method utilized for the crack detection. 

 

Figure 11.8-1, Analysis Crack Sizes for Detected Cracks, presents analysis crack sizes for 

various detected crack cases. The recommended approach is to add the detected crack size to the 

particular crack type and NDE method inspection limit based on NASA-STD-5009B. That is, for 

a crack detected on the surface, the analysis length would be taken as the detected length plus the 

NDE capability. If no information is available on the depth other than it is not a through crack, 

the analysis depth should be taken to be 95 percent of the thickness. If a detected embedded flaw, 

cannot be verified as truly embedded, i.e., does not break through to the surface, it should be 

considered as a through crack. If it can be verified only for one surface that it does not break 

through, it should be considered as a surface crack. 
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Figure 11.8-1—Analysis Crack Sizes for Detected Cracks 

 

The stresses computed at the detected crack location must be determined for the worst-case limit 

loads expected during the mission (i.e., upper bound load induced stresses). All additional 

stresses such as residual stresses must also be appropriately combined in the analysis. 

 

The fracture toughness used for the analysis must be a lower bound fracture toughness, based on 

available material data. If fewer than seven values of material toughness data are available, the 

lower bound must be taken as the lower value of the following two cases: (a) the lowest value of 

all available applicable data, or (b) the average of the available applicable data divided by the 

factor 1.20. The crack growth rate material data used for the analysis of known cracks should be 

upper bound. Upper bound data may be estimated by enveloping the growth rate data, including 

the lower and upper tail regions available in NASGRO®. This envelope should be compared 
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with any other known data points to make certain that it does indeed envelope the data. Several 

methods exist for establishing the upper bound growth curve, ranging from statistical +3 

bounding to hand drawn curves. Figure 11.8-2, Analysis Crack Sizes for Detected Cracks, shows 

an example of a da/dN versus K curve with mean and upper bound curves. The analyst should 

contact the RFCB and associated materials group for approval of upper bound properties before 

analyzing the cracked hardware. In the absence of any other known data, the analyst may use the 

NASGRO® data as is (i.e., the average) and apply an appropriate increase to the service life 

factor. Because this multiplying factor can range from 2 to beyond five (5) times, the analyst 

should seek guidance from the RFCB in selecting a final service life factor. In general, material 

data will be required for an RFCB to approve use of cracked hardware.

 
Figure 11.8-2—Analysis Crack Sizes for Detected Cracks 

 

The analysis must show, as a minimum, that the component has a service life factor of four (4) 

based on the conservatively bounded crack sizes, applied stresses, fracture toughness, and upper 

bound crack growth rate. For especially critical applications, the RFCB may require a larger 

service life factor. To protect against cracks near instability, it is necessary to impose a safety 

factor to provide margin against limit load fracture. In addition to the service life factor, the 

analysis also must show a fracture safety factor of 1.4 as follows: (Kc/K) > 1.4. Here, Kc is the 

appropriate lower bound fracture toughness, K is the stress intensity at limit load for the crack 

size computed to exist at the end of one service life. This “end of one service life” crack size 

should be calculated using the initial crack size determined from Figure 11.8-1, the upper bound 

crack growth rate, and the load spectrum for one service life. 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

308 of 527 

Finally, load sequence can accelerate crack growth. The load spectrum should be reviewed for 

scenarios such as compressive overloads that may result in tensile residual stresses that could 

accelerate crack growth. Any potential accelerated crack growth should be accounted for in the 

analysis of detected cracks. 

 

11.9  Composites Damage Tolerance: Delamination 

 

One of the most common failure modes for composite structures is interlaminar failure or 

delamination. In space hardware, flaws are bound to occur due to FOD, impact damage, or poor 

compaction. The use of fracture mechanics to evaluate these delaminations is common practice. 

An approach to evaluating these delaminations involves the total strain energy release rate which 

is the rate at which energy is transformed as a material undergoes fracture. The energy release 

rate is expressed as the decrease in total potential energy per increase in fracture surface area and 

is thus expressed in terms of energy per unit area. 

 

The total strain energy release rate, GT, the mode I component due to interlaminar tension, GI, 

the mode II component due to interlaminar sliding shear, GII, and the mode III component due to 

interlaminar scissoring shear, GIII, need to be calculated for a given geometry, material system, 

and loading scheme. The three modes, including Modes I, II, and III of crack growth, are shown 

in Figure 11.9-1, Three Modes of Fracture. To predict delamination onset or growth, these 

calculated G components are compared to measured interlaminar fracture toughness properties, 

often given as a function of mixed-mode ratio GII /GT. Failure is expected when the calculated 

total energy release rate, GT, exceeds the measured interlaminar fracture toughness, Gc. The 

Composite Materials Handbook-17 is an extensive document that can be used to guide the 

analyst in the assessment of delaminations in composite hardware. 

 

 
 

Figure 11.9-1—Three Modes of Fracture 

 

Typical steps in evaluating delaminations in composite structures were adapted from Goyal and 

Lundgren (2015) and are generally as follows: 

 

1. Establish processing parameters: A baseline must be established for the relevant 

surface cleaning agents, abrasive media used for surface preparation, and the cure cycle. 
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Traceability is required for manufacturing coupon test specimens, subcomponent test specimens, 

qualification hardware, and production hardware.  

  

2. Characterization of fracture properties: Fundamental properties, including fracture 

toughness, need to be characterized for the material systems employed in the joint design. The 

Double Cantilever Beam (DCB) measures the Mode I critical energy release rate and the End 

Notch Flexure (ENF) measures the Mode II critical energy release rate. Fracture tests should 

consider environmental degradation due to temperature and moisture, geometric sensitivity (e.g., 

adhesive thickness), and processing parameters (e.g., surface preparation and cure cycle). As an 

alternative to the ENF and DCB tests, fracture toughness may be estimated from tests similar in 

configuration to the flight hardware. These tests will be discussed later. 

 

3. Determining acceptable flaw size: With known maximum operating loads, finite 

element models or tests can be used to establish critical flaw sizes, which may vary depending 

upon the location within the joint. In space applications, factors of safety are used to define the 

acceptable flaw size relative to the critical flaw size. These acceptable flaw sizes require fracture 

analysis using analytical methods described later. 

 

4. Identifying inaccessible bondlines: A recommendation is to assume that the portion of 

a bondline that is inaccessible to inspection is debonded. Fracture mechanics must be used to 

demonstrate that the structure is adequate under the maximum service loads and assumed flaw 

condition.    

 

5. Establishing minimum detectable flaw size: Appropriate NDE techniques need to be 

deployed to inspect for flaws in a joint to an acceptable POD defined by the program. The 

sensitivity of the inspection is limited by several factors, among them accessibility, accuracy, and 

repeatability. Consequently, a minimum detectable flaw size must be defined from NDE studies 

using flight-like coupons with various known flaw sizes.  

 

6. Accepting the design: If NDE can determine that there are no flaws larger than the 

acceptable flaw size and the structure is tolerant to debonds in areas obstructed from inspection, 

the structural joint can be considered robust and reliable. Otherwise, the structural joint should be 

redesigned. 

 

For practicality, LEFM is generally used to assess when delamination progression is expected 

based on the strain energy release rate (SERR) calculation. The virtual crack closure technique to 

be described later is a common fracture analysis method used in the evaluation of flaws in a 

composite structure.  

 

Benchmarking is required to gain confidence in the software tools used. Benchmarking 

highlights the issues associated with the input of a particular code. Once the parameters have 

been identified, they may be used with confidence to model more complex configurations. 

Benchmark cases must be simple and independent of software used. The BBA ensures that the 

fracture analysis methodology is adequate and can be applied with confidence in assessing the 
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full-scale hardware (see Figure 11.9-2, Building Block Approach for Damage Tolerance 

Evaluations). The BBA can be found in the Composites Materials Handbook-17. 

 

 

 
Figure 11.9-2—Building Block Approach for Damage Tolerance Evaluations  

(“Development of benchmark examples for quasi-static delamination propagation and fatigue 

growth predictions.” Ronald Krueger SIMULIA Community Conference, Providence, RI, May 

14-17, 2012) 

 

11.9.1  Fracture Toughness Characterization 

 

Mode I testing is performed using the DCB specimen using the procedures in ASTM D5528, 

Standard Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-

Reinforced Polymer Matrix Composites. An initial delamination is fabricated in the sample using 

Teflon™ inserts. Loading hinges are bonded to the top and bottom surfaces for tensile loading 

the specimen’s delaminated end. During the test, the displacement rate is held constant, and the 

applied load, crosshead displacement and delamination length are recorded as stable 

delamination growth occurs. Edges are coated with white paint and markers to track the 

delamination tip. The initial delamination is achieved by incorporating a Teflon™ film at the 

midplane of the laminate layup prior to curing. There are issues pertaining to the test specimen 

layup. With these test specimens, the delamination front may not be straight due to uneven 

distribution of the energy release rate across the width of the beam. This uneven distribution is 

caused by the anticlastic bending effect. Secondly, the main delamination may branch into 

multiple cracks that may follow the fiber-matrix interfaces. This situation may lead to Mode II 

loading. In addition, the phenomenon of fiber bridging caused by fiber nesting in 0-degree 

composites can lead to variations of the critical energy release rate. A complex fracture behavior 

involving fiber breakage, ply jumping, and fiber bridging often occurs when arbitrary orientation 

in ply angles is considered in the design of DCB test specimen. The delamination branches to 

interfaces away from the midplane which leads to larger values of fracture toughness. 
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Researchers have investigated if the complex fracture behavior is a function of the test rather 

than an intrinsic property of the material. They developed a DCB test method to suppress crack 

jumping and fiber bridging effects. To achieve pure Mode I delamination in a layup other than 0-

degrees, the arms of the DCB specimen were designed such that these are balanced and 

symmetric so as to eliminate the stretching-shearing and stretching coupling effects. In addition, 

the layup of the angle ply laminate was designed to minimize the bending-twisting effects. The 

tests were designed to ensure there was no curvature or shear distortion of the laminate due to 

thermal stresses from curing. 

 

For Mode II testing, the three-point ENF test was standardized as ASTM D7905/7905M, 

Standard Test Method for Determination of the Mode II Interlaminar Fracture Toughness of 

Unidirectional Fiber-Reinforced Polymer Matrix Composites. Because delamination growth can 

be unstable, compliance data for calibration are obtained at low loads. The specimen is shifted in 

the fixture to produce three delamination lengths. The Mode II fracture toughness is obtained for 

the onset of growth from the implanted insert and a natural precrack. The critical energy release 

rate for Mode II can also be determined using the End Load Split (ELS), mixed mode bending 

apparatus, or the four-point end notch flexure. In the ENF test, if the delamination length is less 

than approximately 35 percent of the total length, the test specimen undergoes unstable 

delamination. The ELS test configuration is clamped at one end and a load is applied at the other 

end. For this test configuration, the delamination growth is unstable for short delamination 

lengths that are less than 55 percent of the length of the specimen. In both test configurations, 

Mode II loading is promoted by the relative sliding of the upper surface of the lower lamina with 

respect to the lower surface of the upper lamina. The relative sliding occurs due to the rotation of 

the upper and lower arms. The practical difficulties in measuring the Mode II fracture toughness 

with these test configurations is the choice of starter defect, the stability of the test, and frictional 

effects between the crack faces. Using a film insert as a starter defect leads to a larger fracture 

toughness than a test specimen with a precrack. The main problem encountered with the Mode II 

tests is that determining fracture toughness can be challenging due to the potential delamination 

instability of short cracks. 

 

The Mixed Mode Bend (MMB) test method, standardized as ASTM D6671/6671M-13, 

Standard Test Method for Mixed Mode I-Mode II Interlaminar Fracture Toughness of 

Unidirectional Fiber Reinforced Polymer Matrix Composites, is able to introduce Mode I and 

Mode II loadings via loading hinges bonded to the delaminated end and attached to the fixture 

base and the upper loading lever. The ratio of Mode I to Mode II can be varied by adjusting the 

position of a loading saddle. Mode I to Mode II ratio is increased by loading away from the 

specimen’s delaminated end. ASTM D6671 provides equations for calculating the Mode I and 

Mode II components (GI and GII) and total fracture toughness, Gc. For most composite 

materials, Gc increases as the percentage of Mode II loading increases. The end goal is to 

develop a mixed-mode fracture criterion for delamination propagation.  

 

These three tests can play an important role in the evaluation of damage tolerance of composites 

containing delaminations. A summary of test configurations is provided in Table 11.9-1, 

Summary Table for Fracture Test Configurations. The derivations for test geometries that can 

lead to unstable crack growth are provided in Goyal, et al. (2004). 
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Mixed mode fracture criterion for the progression of delamination should be determined based 

on characterization testing using the MMB configuration. As an example, the linear interaction 

between Mode I and Mode II is as follows: 
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where the Mode I, II, and III energy release rates are GI, GII, and GIII, respectively; and the 

critical Mode I, II, and III energy release rates are GIc, GIIc, and GIIIc, respectively. The 

constitutive law that governs the delamination process typically follows the onset and growth 

criteria per the preceding equations. The power law criterion is: 
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where 𝜶 and 𝜷 are the mixed-mode interaction parameters. The B-K mixed-mode criterion is as 

follows: 

 

𝑮𝒄 = 𝑮𝑰𝒄 + (𝑮𝑰𝑰𝒄 − 𝑮𝑰𝒄) (
𝑮𝑰𝑰

𝑮𝑰 + 𝑮𝑰𝑰
)

𝜼

 

 

and is the 𝜼 is the B-K mixed mode parameter. The choice of the mixed mode criterion depends 

on correlation mixed mode data from the MMB test configuration. 

 

The fracture toughness, 𝑮𝒄, is mode-dependent, which implies that the propagation criterion 

must be a function of the pure mode fracture toughnesses and a mixed mode ratio. The 

interaction between fracture modes is usually fitted from experimental data of different mixed-

mode tests. In the treatise by J. Reeder, mixed mode fracture criterion are discussed (see J. 

Reeder, “3D Mixed-Mode Delamination Fracture Criteria–An Experimentalist’s Perspective,” 

https://ntrs.nasa.gov/api/citations/20060048260/downloads/20060048260.pdf). 

 

Conservative assumptions can be made such as not taking advantage of the additional capability 

provided by the R-curve or using Mode I fracture toughness alone to assess the hardware.  

 

https://ntrs.nasa.gov/api/citations/20060048260/downloads/20060048260.pdf
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Table 11.9-1—Summary Table for Fracture Test Configurations  

Test Configuration 
Failure 

Modes 
Failure Description 

1. Double cantilever beam 

(DCB) 

Layups: [0]2  

 

 

 

Mode I 

(1) Delamination front may be curved.  

(2) For short cracks, delamination is dominated by 

strength, while for long cracks delamination is 

dominated by fracture energy. Unstable delamination 

growth occurs under load control.  

 

2a. End Load Split (ELS) 

 
 

2b. End Notch Flexure (ENF) 

 

 

Mode II  

 

(1) Unstable delamination growth occurs either under 

displacement or load control if the crack length to 

specimen length ratio is 0.55 for the ELS and 0.35 

for the ENF.  

(2) The energy dissipated due to friction is negligible 

compared to the fracture dissipation. Frictional forces 

can cause temporary crack arrest.   

 

3a. Fixed Ratio Mixed Mode 

(FRMM) Layups: [0]2 

 

 

 

3b. Mixed Mode Bending (MMB) 

 

Mixed-

mode 

failure 

(1) Delamination may be governed by GI and GII. 

(2) The delamination growth is unstable under either 

load or displacement control if the crack length to 

specimen length ratio is 0.4 for the FRMM and 0.35 

for the MMB.  

 

 

11.9.2  Virtual Crack Closure Technique 

 

A fundamental paper to the Virtual Crack Closure Technique is “A Finite Element Calculation of 

Stress Intensity Factors by a Modified Crack Closure Integral” by Rybicki and Kanninen.  

 

The VCCT (reference Krueger, R. [2004]) is a widely-used method for computing energy release 

rates based on results from continuum two-dimensional (2D) and solid three-dimensional (3D) 

finite element analyses, which allows the calculation of the individual mode components 

required when using the mixed-mode fracture criterion. Often the application of this fracture 

mechanics-based approach is referred to as “performing a VCCT analysis” to distinguish it from 

other approaches. Strictly speaking, VCCT calculates the mixed-mode energy release rates based 

on the computed forces and displacements obtained from a finite element analysis. VCCT allows 

 

 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

314 of 527 

the calculation of the total strain energy release rate, GT; the mode I component due to 

interlaminar tension, GI, the mode II component due to interlaminar sliding shear, GII; and the 

mode III component due to interlaminar scissoring shear, GIII. These calculated G components 

are compared to measured interlaminar fracture toughness properties, often given as a function of 

mixed-mode ratio GII /GT. Failure is expected when the calculated total energy release rate, GT, 

exceeds the measured interlaminar fracture toughness, Gc.  

 

The VCCT is a method that has been extensively validated and used widely to evaluate 

delaminations in composite hardware, especially to disposition nonconforming conditions. The 

work by Krueger, R. (2004) provides history of the method, provides the theoretical background, 

and provides application examples. The paper provides equations for two dimensional and three-

dimensional elements; modifications for the use of the method with geometrically nonlinear 

finite element analysis and corrections required for elements at the crack tip with different 

lengths and widths; and problems that could be encountered when delaminations propagate 

between different materials.  

 

The VCCT has been implemented in commercial codes, although it is suggested that whenever 

VCCT is employed it be benchmarked against known analytical solutions and literature data. 

Delamination assessments should be accompanied by building block test data validation. 

Abaqus, MARC™, NASTRAN™ and ANSYS® now include VCCT capability. The following 

codes also have similar capabilities: SAMCEF™, GENOA™, and ESRD StressCheck®. 

Automatic propagation analysis and fatigue crack growth is possible.   

 

11.9.2.1  Virtual Crack Closure Technique Modeling Overview 

 

The modified crack closure integral, as VCCT is called in the original publication, is primarily 

based on Irwin’s crack closure integral where it is assumed that the energy required to extend a 

crack by ∆a is identical to the work required to close it to its original length. In the context of 

finite element analysis, the energy ∆E released when a crack of length a is extended by one 

element from a to (a + ∆a) is identical to the energy required to close the crack ahead of the 

crack tip. The work ∆E required to close this crack along one element side can be calculated by 

multiplying the shear and opening forces calculated at the nodal points at its closed state with the 

respective differences in shear and opening nodal displacements when the crack is open. This 

analysis requires two steps and is often referred to “crack closure method”, “two-step crack 

closure technique” or “2-step VCCT” (Krueger, 2004). To avoid performing two analyses, self-

similar crack growth is assumed such that a crack extension of ∆a from a to (a + ∆a) does not 

significantly alter the state at the crack tip. The energy ∆E released when the crack is extended 

by ∆a from (a + ∆a) to (a + 2∆a) is identical to the energy required to close the crack. Thus, the 

work ∆E required to close the crack along one element side can simply be calculated in one step 

by multiplying the shear and opening forces. 

 

A top-level mathematical overview of VCCT is provided. For convenience, only a section of the 

delaminated area which is modeled with eight-node three-dimensional solid elements is 

illustrated in Figure 11.9-3, VCCT Applied to a Delamination Modeled with Three-Dimensional 
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Eight-Noded Solid Elements. The mode I, mode II, and mode III components of the strain energy 

release rate, GI, GII, and GIII are calculated as  

 

𝑮𝑰 = −
𝟏

𝟐𝚫𝑨
 𝑭′

𝒛𝑳𝒊 (𝒘′
𝑳𝓵 − 𝒘′

𝑳𝓵∗) 

𝑮𝑰𝑰 = −
𝟏

𝟐𝚫𝑨
 𝑭′

𝒙𝑳𝒊 (𝒖′
𝑳𝓵 − 𝒖′

𝑳𝓵∗) 

𝑮𝑰𝑰𝑰 = −
𝟏

𝟐𝚫𝑨
 𝑭′

𝒚𝑳𝒊 (𝒗′
𝑳𝓵 − 𝒗′

𝑳𝓵∗) 

 

with ∆A = ∆ab as shown in Figure 11.9-4, Three-Dimensional Eight-Noded Solid Elements 

VCCT Nomenclature. 

 

Here, ∆A is the area virtually closed, ∆a is the length of the elements at the delamination front, 

and b is the width of the elements. For better identification in this and the following figures, 

columns are identified by capital letters (L) and rows by lower case letters (i, k, ) as illustrated 

in the top view of the upper surface. Hence, F’xLi, F’yLi and F’zLi denote the forces in the local 

system at the delamination front in column L, row i. The corresponding displacements behind the 

delamination at the top face node row  are denoted 𝒖′𝑳𝓵,  𝒗′𝑳𝓵 and 𝒘′𝑳𝓵 and at the lower face 

node row   are denoted 𝒖′𝑳𝓵∗, 𝒗′𝑳𝓵∗  and 𝒘′𝑳𝓵∗. All forces and displacements are obtained first 

from the finite element analysis with respect to the global system. The forces and displacements 

are then transformed with respect to the local crack tip coordinate system (x’, y’, z’) that defines 

the normal and tangential coordinate directions at the delamination front in the deformed 

configuration, as discussed earlier for two-dimensional elements. Equations for higher order 

elements, further details, and additional references are provided in an overview paper by 

Krueger. 
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Figure 11.9-3—VCCT Applied to a Delamination Modeled with Three-Dimensional Eight-

Noded Solid Elements 

 

 
 

Figure 11.9-4—Three-Dimensional Eight-Noded Solid Elements VCCT Nomenclature 

 

Very large 3D finite element models may require extensive modeling and computational effort. 

The use of a shell-to-solid submodeling techniques offers great potential for saving modeling and 

computational effort because only a relatively small section in the vicinity of the delamination 

front needs to be modeled with solid elements. Large built-up structures such as aircraft fuselage 

and wing components are traditionally modeled and analyzed using plate or shell finite elements 
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to keep the modeling and computational effort affordable. Often, beam elements are used to 

represent the stiffeners and shell elements are used to model the skin. It may appear appealing to 

apply VCCT to cases where the delamination is located at an interface between different element 

types. 

 

When mixed-mode conditions exist, the computations of the relative contribution of the strain 

energy release rate components (GI, GII, and GIII) may not be reliable. This problem is likely 

related to the bi-material interface problem. The relative contribution of the individual modes can 

depend on element order, shear deformation assumptions, kinematic constraints in the 

neighborhood of the delamination front, continuity of material properties, and section stiffness in 

the vicinity of the disbond when delaminations or disbonds are modeled with plate or shell finite 

elements.  

 

For example, mesh refinement studies showed that computed values of GI, GII, and GIII did not 

converge when the structure above and below the plane of delamination was modeled with plate 

elements with different section properties (thickness or layup) (reference Glaessgen, et al. 

[2002]). A comparison of computed mixed-mode strain energy release rates obtained from plate 

models with values computed from three-dimensional models showed differences in results near 

the free edges of the structure where the stress state is three-dimensional (reference König, et al. 

[2000]). Currently, the community at large has not yet reached a consensus on an approach or a 

set of approaches that provide a practical solution to this problem. New methodologies need to 

provide analysis tools to determine the mixed-mode fracture parameters along an arbitrarily 

shaped crack or delamination front located at a bi-material interface in a three-dimensional solid 

modeled with any combination of elements.  

 

Oscillatory due to the mathematical singularity at the delamination front due to two dissimilar 

materials at the interface will not be mitigated by using a three-dimensional model. In composite 

materials nonconvergence of the individual modes results, total energy release rate can converge.  

 

11.9.2.2  Fracture Margin Assessment Using the Virtual Crack Closure Technique 

(VCCT) 

 

An example is provided on how the structural margins using VCCT can be predicted. The 

modeling is performed in two dimensions, so the GIII mode is not computed and assumed to be 

negligible compared to the total energy release rate. This approach has been successfully used in 

several NASA programs. The mode I and mode II fracture toughness for the material or the 

interface material in question should be calculated. Next the best fit to mixed mode fracture data 

from a test like MMB test configuration should be determined.  

 

If it was found that the mixed-mode Power Law for flaw propagation 
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was the best fit, then the structural margins of safety (MS) for a design can be calculated using 

the following formula: 
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where m = GII/GI is the mixed-mode ratio, FS is the factor of safety, and GI and GII are Mode I 

and Mode II energy release rates at the delamination front. The mixed-mode Power Law for flaw 

propagation was used in Equation 1. 

 

Many spaceflight programs have used a Factor of Safety (FS) of 2.0 and it protects for variability 

in fracture toughness properties and uncertainty with analysis. The acceptable flaw size is such 

that MS = 0 and FS = 2.0, while the critical flaw size is such that MS = 0 and FS = 1.0. The 

choice of FS of 2.0 can be explained as follows: The 2.0 FS on fracture energy is nearly 

equivalent to 1.4 in the load space, as the fracture energy is typically proportional to the square 

of the load. The factor of 1.4 is used in most NASA human spaceflight programs. 

 

11.9.2.3  Example # 1:  Application of VCCT to a Composite Joint 

 

In this example, a durable composite joint (referred to as DRJ) that incorporates a 2.8-inch-long 

preformed insert was analyzed and assessed using a damage tolerance analysis approach. The 

insert is made of the same layup and materials as the doubler system. The insert core is Rohacell 

200WF, Figure 11.9-5, Schematic of the Composite Joint Configuration. The examples presented 

in this section are from Goyal and Lundgren (2015). 

 

 
Figure 11.9-5—Schematic of the Composite Joint Configuration 

IM7/5320-1

[0/+45/-45/0] 
IM7/8552
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The critical energy release rates, while typically measured from Mode I and Mode II tests, were 

estimated as GIc = 2.8 lbf/inch and GIIc = 5.6 lbf/inch based on fracture toughness 

characterization. The Power Law is used as the mixed mode fracture criterion as an example 

application using the Equations in section 11.9.2.2. Following fracture methodology best 

practices, the surface preparation of the composite joint samples is consistent with fracture 

toughness characterization samples. 

  

Using the VCCT available in Abaqus® and finite element models with material properties in 

Table 11.9-2, Mechanical Properties for the Material Systems used in the Composite Joint, the 

following cases were examined: (1) Analysis of minimum detectable flaw size, (2) No inspection 

of a portion of the bondline due to a physical obstruction, and (3) Acceptable flaw sizes per 

bondline zone. The DRJ design will be subject a maximum tension load of 12,900 lbf. DRJ 

bondlines are inspected with handheld ultrasound, and it is assumed that the corresponding 

minimum detectable flaw size is 0.25 inch. 

 

Table 11.9-2—Mechanical Properties for the Material Systems used in the Composite Joint 

 
A flaw size equal to the minimum detectable flaw size (i.e., 0.25 inch) was introduced on all four 

edges of the bonded doublers (see Figure 11.9-6, Edge Flaws were Assumed between the 

Facesheet and the Doublers), since stresses peak at reentrant corners of a bonded joint design. At 

the crack-tip, the energy release rates were calculated as GII  = 1.26 lbf/inch and GI  = 0.51 

lbf/inch, and the MS using Equation 1 was calculated as +0.71. A larger flaw, 1.0 inch, greater 

than the minimum detectable flaw size was simulated in the middle of the joint between the 

insert and the facesheet (see Figure 11.9-7, A Large Flaw is Assumed to be Located between the 

Facesheet and the Insert (Bottom) Away from the Reentrant Corners of the Joint, and Another 

Large Flaw is Assumed to be Located between the Facesheet and the Doubler (Top). The MS for 

this simulation was greater than +1000.0 (GII  = 0.02 lbf/inch, GI  = 0. lbf/inch). In another 

simulation, a 1.0-inch flaw was simulated in the middle of the joint between the doubler and the 

facesheet. The MS for this simulation was greater than +5.0 (GII  = 0.42 lbf/inch, GI  = 0.01 

lbf/inch). As expected, the larger flaws were not critical away from the reentrant corners of the 

joint. In summary, for the maximum expected loads, the design is tolerant to flaws equal or 

Material Model Region
E11

(Msi)
E22 = E33

(Msi)
v12 = v13 v23

G12 = G13

(Msi)
G23 (Msi)

a IM7/5320-1 Doublers 22.2 1.31 0.370 0.400 0.78 0.47

b IM7/8552
Sandwich Panel
Facesheets

23.8 1.70 0.316 0.400 0.86 0.50

a Foam
Sandwich Panel Core & 
Insert Core

0.056 0.056 0.230 0.230 0.23 0.23

b Adhesive Foam Splices 0.30 0.30 0.400 0.400 0.11 0.11

c Teflon Facesheet Gaps 0.001 0.001 0.400 0.400 0.00036 0.00036

a Test
b Literature
c Assumed
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below the minimum detectable flaw size. Interestingly, a designer may optimize the spew fillet; 

but this design step becomes redundant if the minimum detectable flaw size is 0.25 inch (since a 

flaw must be assumed at the edge of the joint). 

 

 
 

Figure 11.9-6—Edge Flaws were Assumed between the Facesheet and the Doublers 

 

 

 
 

Figure 11.9-7—A Large Flaw is Assumed to be Located between the Facesheet and the 

Insert (Bottom) Away from the Reentrant Corners of the Joint, and Another Large Flaw is 

Assumed to be Located between the Facesheet and the Doubler (Top) 

 

A hypothetical situation of an obstruction preventing inspection of the doubler-to-facesheet 

bondline is now considered. An edge flaw 0.7 inch is simulated across the uninspectable zone. It 

is assumed that prior inspections did not indicate defects at the insert-to-facesheet bondline. The 

MS is +0.58 (GII  = 1.4 lbf/inch, GI  = 0.53 lbf/inch); the design is tolerant to a flaw in the portion 

of the bondline where inspection was not possible. 

 

Acceptable flaw sizes per bondline zone were estimated such that the margin of safety was 0.0 

with a safety factor of 2.0. This required several simulations varying the flaw size. Only edge 

flaws were considered because flaws away from the edges were demonstrated to be structurally 

benign. The acceptable flaw size for an edge flaw between the doubler and the facesheet was 

determined to be 0.9 inch (see Figure 11.9-8, Margin of Safety for an Edge Flaw between the 

Facesheet and the Doubler.) The acceptable flaw size for an edge flaw between the insert and the 

facesheet was determined to be 0.45 inch (see Figure 11.9-9, Margin of Safety for a Flaw 

between the Facesheet and the Insert). These acceptable flaw sizes are detectable by NDE 

techniques.  

a a

a a

a

a
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In summary, as an illustration of the bonded joint analysis methodology, the design acceptability 

of the DRJ design subject to the maximum expected tension load of 12,900 lbf was investigated. 

This illustration demonstrated that the design is tolerant to flaws greater than the minimum 

detectable flaw size of 0.25 inch. Acceptable flaw sizes were determined for the facesheet-to-

doubler bondline and insert-to-facesheet bondline. These acceptable flaw sizes are greater than 

the minimum detectable flaw size and can be found through inspection. Finally, the design was 

demonstrated to be robust in the presence of a flaw across the region of the bondline that is not 

inspectable.  

 

 
 

Figure 11.9-8—Margin of Safety for an Edge Flaw between the Facesheet and the Doubler 
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Figure 11.9-9—Margin of Safety for a Flaw between the Facesheet and the Insert 

 

11.9.2.4  Example # 2:  Application Using the Virtual Crack Closure Technique 

 

There are many applications where it is necessary to adhesively attach secondary structures. 

Accessibility may be limited, which may prohibit NDE inspection. Unless access can be gained, 

these bondlines cannot be inspected using NDE. It would be impractical to assume a fully 

debonded interface. The following discussions are limited to situations where the bondline 

cannot be inspected. The design must be shown to be tolerant to flaws of sufficient size such that 

under load, visual inspection can detect an edge debond. The fracture toughness of the bonded 

joint system must be determined from coupon tests using pertinent material systems. Once the 

adequacy of the design is demonstrated for the loads expected in service, a workmanship screen 

is necessary for accepting the manufactured hardware. A proof test with loads higher than 

service loads can be used as an effective workmanship screen. 

 

In the following hypothetical illustration, a 2-inch by 2-inch by 13-inch secondary structure, 

weighing 5 lbs, is bonded to a primary composite structure and the assembly is subject to 100G’s 

in the axial and lateral directions (see Figure 11.9-10, Margin of Safety for a Flaw between the 

Facesheet and the Insert). With the characteristic element size of 0.01 inch at edge of the bonded 

joint, and under these load conditions, the peel stress alone (i.e., 8,000 psi) exceeds the strength 

capability of the adhesive. The problem is revisited using a fracture mechanics approach. Energy 

release rates for a 0.25-inch by 2.0-inch edge flaw, a 0.6-inch by 2.0-inch edge flaw, and a 1-inch 

by 2-inch centered flaw were calculated using Abaqus® and VCCT to be less than 1.0 lbf/inch. 

These calculated energy release rates are significantly lower than the critical energy release rates 

that result in crack growth in EA9394, and this design is considered adequate. While the design 

is acceptable, a proof test is still required to ensure that the structural integrity of the bondline 

can be maintained during flight conditions.  
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Figure 11.9-10—Margin of Safety for a Flaw between the Facesheet and the Insert 

 

11.9.3  Cohesion-Decohesion Elements 

 

Cohesive-decohesive zone models, referred to as CZM, are generally used to predict the 

initiation and progression of delamination. The prediction of initiation of delamination tends to 

be of lower confidence than the prediction of delamination progression, as the initiation of 

delamination can be influenced by the mesh size. These approaches are used with caution in 

practical application and are usually employed with extensive experimental testing. Further, 

significant knowledge is required on how these techniques operate to interpret the results 

accurately. 

 

To provide more background, delaminations stemming from unbonds or debonds require careful 

evaluation due to their potential detrimental effects on the structural integrity of the part. In 

practice, acceptance criteria for these types of defects are generally developed and substantiated 

using coupon-level and subscale-level tests. When defects violate the drawing criteria, these 

defects are assessed and repaired. In special cases, subscale-tests may not be able to fully capture 

the load paths in the full-scale structure. In these instances, VCCT can be used to formulate a test 

program and establish loads such that the predicted energy release rates in sub-scale tests 

envelop the energy release rates predicted in the full-scale configuration. To increase confidence, 

structural margins for the defect are generally assessed using analytical techniques such as 

VCCT, as it provides a straightforward calculation against the fracture limits of the material. 

 

In practice, a delamination that progresses is not an acceptable failure mode in structural 

applications because it could lead to unknown events; the benefits of utilizing CZM diminish 

from this perspective. CZM can be highly beneficial in (1) the support of anomaly investigations, 

(2) supporting the definition of test programs, (3) supporting the design and analysis of more 

complex structural components, (4) demonstrating that a potential flaw could arrest with no 

additional adverse consequence to the structure, and (5) demonstrating stability of an irregular-

shaped flaw. 

 

100G

100G

5-lb Secondary Structure

2 in. x 2 in. x 13 in.

Primary Structure:

IM7/8552

Composite

EA9394

Assumed flaw

size

Flaw 

Configuration

GI

(lbf/inch)

GII

(lbf/inch)

0.25-inch flaw 0.4 2.0e-4

0.6-inch flaw 0.44 4.2e-4

1-inch middle flaw 1.6e-2 1.0e-4
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There are many other practical applications where CZMs have been used to study flaws in 

COPVs (Goyal and Rome [2012]), bolted joints (Goyal and Rome [2006]), solid rocket nozzles 

(Goyal, et al. [2008]), hypersonic applications (Goyal, V.K. [2015]), and studying the burst 

pressure of cylinders with wrinkles (Goyal, et al. [2005]).  

 

Since its inception nearly 30 years ago, CZM has matured through academic and industry 

research and has been incorporated in finite element commercial codes (e.g., Abaqus® and 

ANSYS®). This has made the use of CZM more practical and more accessible to end users. It is 

discussed in this Handbook because it can be a valuable addition to the toolbox of a practitioner. 

Any time CZM is used, it should be validated against coupon-level test data and preferably with 

subscale-testing.  

 

CZM is an alternative to modeling technique VCCT, and it is described in Goyal, et al. (2004). 

Many formulations have been developed but all the formulations have similar features. CZM 

models material degradation due to failure processes between plies using a simplified 

constitutive representation that governs the behavior between two separating surfaces that are 

initially coincident. The interfacial constitutive behavior is described in terms of the separation 

across the surfaces between the two initially coincident surfaces that are tied by a continuous 

distribution of “breakable” nonlinear springs (see Figure 11.9-11, Interface Element Consists of a 

Continuous Distribution of Breakable Springs. 

 

 
Figure 11.9-11—Interface Element Consists of a Continuous Distribution of Breakable 

Springs 

 

11.9.3.1  Traction-Separation Constitutive Law 

 

At a high-level, the traction-separation constitutive law is used with cohesive elements as shown 

in Figure 11.9-12, Traction-Displacement Constitutive Relationship of a Cohesive Element, and 

placed between adjacent elements representing plies as shown in Figure 11.9-13, Decohesion 

Elements Placed between Laminates (Gray Solid Elements).  

 

Undeformed

Deformed

Undeformed
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Figure 11.9-12—Traction-Displacement Constitutive Relationship of a Cohesive Element 

 

 
 

Figure 11.9-13—Decohesion Elements Placed between Laminates (Gray Solid Elements) 

 

The constitutive law governing the failure process has the following features: 

 

1. Initial high penalty stiffness (K): Simulates a rigid connection between the two 

initially coincidental surfaces and prevents the surfaces from penetrating. After delamination 

occurs, the high penalty stiffness simulates contact between the two surfaces.  

 

2. Interfacial strength (𝝉𝒐): The fracture process at a point initiates when the traction 

across the two surfaces reaches the interfacial strength, strength, 𝝉𝒐.  

 

3. Fracture toughness (𝐆𝒄): Fracture occurs at an interfacial material point when the 

fracture energy equates the 𝐆𝒄. This is the amount of energy dissipated per unit of newly created 

crack and represents the area under the curve. 

 

4. Shape of the softening curve and process zone: Can be any shape such as linear or 

exponential, and it is considered a material property. For a relatively large process zone (e.g., 

fiber bridging), the shape of the softening function should be characterized by experiment; but 

for small process zones, the shape of the curve has little effect on the fracture response. 
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5. Damage variable D: Ensures that interfacial damage is not restored. As the relative 

displacement increases, the maximum interfacial traction is reduced; and the energy dissipated is 

irrecoverable. D = 0 corresponds to no damage and 𝒟 = 1 equates to complete fracture. 

 

To model the interaction between interlaminar tension and shear, a delamination initiation and 

interaction failure criterion such as the following can be used: 
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where T1 and T2 are the interfacial traction components associated with shear, and S1 and S2 are 

the interfacial shear strengths. T3 is the normal interfacial traction component, S3t is the tensile 

interfacial normal strength, and S3c is the compressive interfacial normal strength. The quadratic 

failure criterion includes a “friction coefficient”’ that incorporates the apparent increase in shear 

strength due to transverse compression. The constitutive law must also satisfy the mixed mode 

fracture criterion for the particular material of interest.  

 

11.9.3.2  Validation Cases  

 

The cohesion-decohesion models should be validated against closed form solutions and test data 

prior to assessing hardware. As an example, Goyal, et al. (2004) presents validation against 

Mode I double cantilever beam (see Figure 11.9-14, Predictions by Predictive Failure Analysis 

(PFA) of the Double Cantilever Beam Compare Well to Experimental Data and Analytical 

Solutions), Mode II end load split (see Figure 11.9-15, Predictions by PFA for the End Load 

Split Compare Well to Analytical Solutions), Mode II end notched flexure (see Figure 11.9-16, 

Predictions by PFA for the End Notch Flexure Compare Well to Analytical Solutions), mixed 

mode bending (see Figure 11.9-17, Predictions by PFA for the Fixed Ratio Mixed Mode 

Compare Well to Analytical Solutions), and additional validation against experimental data (see 

Figure 11.9-18, CZM Predicted Load-Displacement Response for Double Cantilever Beam and 

End Load Split Accurately). These figures show the numerical structural response compared to 

test data or analytical results. The structural response is given in terms of reaction force as a 

function of either opening displacement or tip-displacement.  
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Figure 11.9-14—Predictions by Predictive Failure Analysis (PFA) of the Double Cantilever 

Beam Compare Well to Experimental Data and Analytical Solutions 

(Reference V. K. Goyal, E. R. Johnson, C. G. Davila, “Irreversible constitutive law for modeling 

the delamination process using interfacial surface discontinuities,” Composite Structures 65 

[2004], pp 289-305) 

 

 

 
 

Figure 11.9-15—Predictions by PFA for the End Load Split Compare Well to Analytical 

Solutions 

(Reference V. K. Goyal, E. R. Johnson, C. G. Davila, “Irreversible constitutive law for modeling 

the delamination process using interfacial surface discontinuities,” Composite Structures 65 

[2004], pp 289-305) 
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Figure 11.9-16—Predictions by PFA for the End Notch Flexure Compare Well to 

Analytical Solutions 

(Reference V. K. Goyal, E. R. Johnson, C. G. Davila, “Irreversible constitutive law for modeling 

the delamination process using interfacial surface discontinuities,” Composite Structures 65 

[2004], pp 289-305) 
 

 

 

 

Figure 11.9-17—Predictions by PFA for the Fixed Ratio Mixed Mode Compare Well to 

Analytical Solutions 

(Reference V. K. Goyal, E. R. Johnson, C. G. Davila, “Irreversible constitutive law for modeling 

the delamination process using interfacial surface discontinuities,” Composite Structures 65 

[2004], pp 289-305) 
 

 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

329 of 527 

 

Figure 11.9-18—CZM Predicted Load-Displacement Response for Double Cantilever Beam 

and End Load Split Accurately 

(Reference V. K. Goyal, E. R. Johnson, C. G. Davila, “Irreversible constitutive law for modeling 

the delamination process using interfacial surface discontinuities,” Composite Structures 65 

[2004], pp 289-305) 

 
Additional validation examples can be found in NASA/CR-2012-217347.  

 
Bonded joints can also be analyzed using CZM, but an appropriate failure criterion is needed to 

ensure accurate prediction of propagation. In V. K. Goyal, et al. (2008), the CZM model was 

validated against experimental data prior to using it to assess flight hardware for a bonded joint 

application. The CZM model compared well against test data of a single lap joint made of woven 

carbon epoxy fabric and epoxy-acrylate adhesive (see Figure 11.9-19, Failure and Response of 

the Single Lap Joint Test Configuration). The CZM model performed well against test data of a 

double cantilever beam made of an Aluminum 6061-T6 with a thermoplastic acrylic polymer 

adhesive (see Figure 11.9-20, Failure and Response of a Double Cantilever Beam Test). Finally, 

in a third validation example, the predicted failure and response of the crack lap shear test 

configuration compared well with experimental data (see Figure 11.9-21, Failure and Response 

of a Crack Lap Shear Test). 
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Figure 11.9-19—Failure and Response of the Single Lap Joint Test Configuration 

(Reference V. K. Goyal, E. R. Johnson, and V. K. Goyal, “Predictive Strength – Fracture Model 

for Composite Bonded Joints,” Composite Structures 82 [2008], pp 434-446) 

 

 
 

 
 

Figure 11.9-20—Failure and Response of a Double Cantilever Beam Test 

(Reference V. K. Goyal, E. R. Johnson, and V. K. Goyal, “Predictive Strength – Fracture Model 

for Composite Bonded Joints,” Composite Structures 82 [2008], pp 434-446) 
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Figure 11.9-21—Failure and Response of a Crack Lap Shear Test 

(Reference[V. K. Goyal, E. R. Johnson, and V. K. Goyal, “Predictive Strength – Fracture Model 

for Composite Bonded Joints,” Composite Structures 82 [2008], pp 434-446) 

 
Cohesive models for the prediction of delamination have been extensively validated by analysis 

and experimental test data for the DCB and mixed mode bending (MMB) (see NASA/TM-2002-

211737 and Versino, et al. [2015]). Sub-element testing such as separation of skin/stiffener in 

flexure loading, including the behavior in the postbuckling regime, was accurately captured by 

cohesive zone models (see Bisagni, et al. [2011]) and NASA/TP–2020-220584. These methods 

were also successfully applied to composite bonded joints with complicated failure modes (see 

Leone, et al. (2015). 

 

11.9.3.3  Cautions 

 

Some of the basic requirements for an accurate cohesive analysis are: 

 

1.  The mesh sufficiently is refined and at least 3-5 elements are employed in the process 

zone. 

 

2.  Penalty stiffness is set high enough to avoid introducing unwanted compliance and 

low enough to avoid numerical issues. 

 

3.  Accurate knowledge of strengths and critical energy release rates is important. When 

linear elastic fracture mechanics conditions prevail, i.e., the critical dimensions, including crack 

length, are much larger than the length of the process zone, the analysis solution becomes less 

dependent on the value of the cohesive strengths selected. 
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These issues are discussed in Turon, et al. (2007).  

 

The following are cautions that need to be taken when utilizing cohesion-decohesion elements: 

 

Caution 1: Given the singularity at a crack tip, the load required to initiate damage is mesh 

dependent. The definition of crack “initiation” should correspond to the point where the initial 

crack tip initially opens (D = 1), not when damage first starts (D > 0). 

 

Caution 2: Softening laws often cause convergence difficulties in the load incrementation 

procedure, which are accompanied by the appearance of negative eigenvalues, cuts in the load 

increment, and followed by a termination of the analysis. The most severe convergence 

difficulties are the result of unstable crack growth, i.e., when more elastic energy is released by 

an infinitesimal amount of crack propagation than is needed for creating new fracture surfaces. 

Procedures to achieve convergence include dynamics analysis, viscoelastic regularization of the 

damage rate, or modification of the tangent stiffness matrix. See Dávila, et al. (2008) and; Goyal 

(2002). 

 

Caution 3: Fracture in composites is most often composed of a number of interacting 

micromechanical events such as delamination, transverse matrix cracking, fiber bridging, 

delamination migration, and surface delving. These mechanisms build up in the wake of the 

crack front and cause blunting, bridging, and an effective increase in the critical energy release 

rate for propagation. Standard characterization protocols may define the critical energy release 

rate at the first point of nonlinearity and may not consider the resistance effects. Cohesive 

analyses based on conservative values of the energy release rate will underpredict the 

propagation curves. Techniques exist to represent R-curves with cohesive elements such as by 

superposition of bilinear laws (reference Airoldi, et al. [2012]). 

 

Caution 4: Changes in mode mixity can occur during loading. All fracture problems where 

mixed mode is induced by flexure (e.g., MMB specimen or skin/stiffener separation) exhibit 

local variations of mode mixity, where the damage starts predominantly in mode II, and it 

evolves towards mode I. The material science needed to account for different mode histories has 

not been developed. Nevertheless, thermodynamically consistent cohesive models have predicted 

energy release rates and mode mixities that are consistent with standard material characterization 

procedures (reference Turon, et al. [2018]). 

 

11.9.4  Analytical Fatigue Assessments 

 

Note that the community at large has not yet reached a consensus on an approach for 

characterizing fatigue driven delamination growth under mixed-mode conditions and research is 

ongoing. Most models are phenomenological, based on the observed macro-scale behavior of test 

specimens, and it is suggested that a more physics-based approach that focuses on clarifying the 

mechanisms involved is required to come to a full understanding of the problem of delamination 

growth.  
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The number of cycles to delamination onset, ND, can be obtained from a delamination onset 

curve ASTM D6115-97, Standard Test Method for Mode I Fatigue Delamination Growth Onset 

of Unidirectional Fiber-reinforced Polymer Matrix Composites. This onset curve (solid line) is a 

power law fit  

𝑮 = 𝒎𝟎  ∙   𝑵𝑫
𝒎𝟏 

 

of the experimental data (i.e., open circles) obtained from a DCB test using ASTM D6115-97.  

 

Note that standards for mode II and mixed-mode I/II delamination onset currently do not exist; 

the test methods for static fracture toughness testing have been used to generate onset curves. As 

additional information, an example of a mixed-mode I/II failure surface is provided to guide the 

analyst who is seeking input data for performing a mixed-mode fatigue onset analysis using 

commercial codes. 

 

To perform a delamination onset analysis using VCCT, only one quasi-static analysis to 

determine Gmax, and the mixed-mode ratio, GII/GT , are required. The number of cycles to 

delamination onset, ND, can then be determined directly from the experimental data. A time-

dependent analysis is not required.  

 

The number of cycles during stable delamination growth, NG, can be obtained from a fatigue 

delamination propagation relationship. The delamination growth rate (solid line) can be 

expressed as a power law function (Paris Law) 

 

𝒅𝒂

𝒅𝑵
=   𝒄 ∙ 𝑮𝒎𝒂𝒙

𝒏   

 

where da/dN is the increase in delamination length, da, per cycles, dN, and Gmax is the maximum 

energy release rate at the front at peak loading. The factor c and exponent n were obtained by 

fitting the curve to the experimental data obtained from DCB tests.  

 

Since composites do not exhibit the same threshold behavior commonly observed in metals, 

considerable research effort has been spent recently to develop a fatigue delamination threshold 

criterion. If not provided, a cutoff value, Gth, below which delamination growth is assumed to 

stop, may need to be chosen by the analyst for analysis input.  

 

To perform a delamination fatigue growth analysis using VCCT, only a series of quasi-static 

analyses to determine, Gmax, (and the mixed-mode ratio, GII/GT) are required. The increase in 

delamination length, da, is determined by the element length at the crack tip ∆a. The number of 

cycles, dN, can be determined directly from the Paris Law. The implemented procedure to move 

the mesh or release nodal constraints to advance the front remain the same as for the static case. 

As the delamination advances, the number of cycles, dN, for each incremental growth are 
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summarized to obtain the total number of cycles of stable delamination growth, NG. A time-

dependent analysis is not required to perform this type of analysis. Implementation of algorithms 

in commercial codes to perform delamination growth analysis under cyclic loading is ongoing 

and has not yet reached the maturity of automated quasi-static delamination propagation. 

 

Examples where cohesive-decohesive model formulations have shown effectiveness of 

predicting the fatigue delamination behavior in composites include: 

 

1. Clamped tapered beam: see Liang, et al. (2021). 

 

2. Three-point bend doubler skin/stiffner configuration: see NASA/TP–2020-220584.  

 

3. DCB and MMB test configurations: see NASA/TP–2020-220584.  
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APPENDIX A 

 

 

SPACE LAUNCH SYSTEM (SLS)  

 

MULTIPURPOSE STAGE ADAPTOR (MSA) FRACTURE 

CONTROL PLAN (FCP) AND ACCOMPANYING FORM 1676 

 

 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

336 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

337 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

338 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

339 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

340 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

341 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

342 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

343 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

344 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

345 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

346 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

347 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

348 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

349 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

350 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

351 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

352 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

353 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

354 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

355 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

356 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

357 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

358 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

359 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

360 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

361 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

362 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

363 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

364 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

365 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

366 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

367 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

368 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

369 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

370 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

371 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

372 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

373 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

374 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

375 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

376 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

377 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

378 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

379 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

380 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

381 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

382 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

383 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

384 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

385 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

386 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

387 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

388 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

389 of 527 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

390 of 527 

 
 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

391 of 527 

APPENDIX B 

 

 

SPIE MULTI-PURPOSE CREW VEHICLE STAGE ADAPTER 

(MSA) 

 

FRACTURE CONTROL SUMMARY REPORT 
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APPENDIX C  

 

FRACTURE CONTROL PLAN FOR THE LUNAR FLASHLIGHT 

PROPULSION SYSTEM  
 

 

 

 

  



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

427 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

428 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

429 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

430 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

431 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

432 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

433 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

434 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

435 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

436 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

437 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

438 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

439 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

440 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

441 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

442 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

443 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

444 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

445 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

446 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

447 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

448 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

449 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

450 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

451 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

452 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

453 of 527 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

454 of 527 

 



NASA-HDBK-5010, VOLUME 2, REVISION A 

 

 
 APPROVED FOR PUBLIC RELEASE – DISTRIBUTION IS UNLIMITED 

 

455 of 527 

APPENDIX D  

 

FRACTURE CONTROL REPORT – LUNAR FLASHLIGHT 

PROPULSION SYSTEM 
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APPENDIX E  

 

FRACTURE CONTROL BOARD EXAMPLE 

 

E.1  Fracture Control Board 

 

The Fracture Control Plan for the Example Project will be implemented through the activities of 

the Contractor FCB, defined in Contractor FCB Charter. The structure of the board is shown in 

Figure E.1-1, Fracture Control Board Structure. Technical specialists may be used to review 

technical issues that lie outside the expertise of the other members of the board.  

Figure E.1-1—Fracture Control Board Structure 

 

The focus of the FCB is to facilitate the use of sound engineering practices in the design, 

selection of materials, analysis, inspection, fabrication, maintenance and operation of structures 

to reduce the risk of catastrophic failure from either a material defect or damage.  

 

In general, the FCB is responsible to verify adequate systems are in place to ensure: 

 

• Implementation of traceability and documentation showing adherence of hardware to 

approved drawings, specifications, plans, and procedures 

• Compilation and configuration control of the fracture control and related structural 

documentation for the lifetime of the hardware 

• Establishment of management procedures/policies for implementing Fracture Control 

Plans to define fracture-related activities and practices for fracture-sensitive hardware. 

 

Members of the FCB Technical Subcommittee have specific responsibility to: 

 

• Create and/or review and approve fracture control documents that include fracture control 

plans, fracture control analysis reports (FCARs), etc. (these documents are also reviewed 

and approved by the chief engineer and program management) 

o Establish fracture classification of parts  

o Perform fracture mechanics and damage tolerance analyses 

 

• Identify required NDE or other requirements for fracture critical parts 

Technical Subcommittee Chair 

 Members of the technical subcommittee 

 Fracture Control Board Technical Secretary 

Fracture Control Board Chair 

Fracture Control Board Technical Subcommittee 
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• Assess anomalies related to fracture-critical parts  

• Provide direction for questions or issues relating to fracture control 

• Review drawing and document changes to assess potential fracture impact 

• Develop fracture control test plans 

o Review and approve all fracture control test data 

• Work as technical resource to Contractor engineering and program management 

o Be a resource for MRB related to potential fracture issues 

• Serve as technical resource in failure investigations 

• Communicate fracture concerns to program office 

• Serve as technical resources for issues with tooling, facilities, etc.  

 

Formal reviews by the Contractor FCB are required for the following: 

• Approval of fracture approaches or proposals that will be presented to a MSFC FCB 

• Approval of part fracture classifications and fracture control approaches for major 

subsystems  

• Approval of the fracture control approach, technical rationale, and recommendations used 

to address a significant fracture control issue  

 

E.2  Contractor FCB Interaction with the MSFC FCB 

 

Figure E.2-1, Interaction of the Contractor FCB and MSFC FC Team, provides a schematic 

representation showing how the Contractor FCB or FCB member typically interacts with the 

MSFC FCB or FCB member.  The interaction may be driven by MRB issues, product or process 

changes, by direct request of the Contractor Program Office or by the personal initiative of an 

Contractor FCB member to discuss or coordinate a fracture-related technical issue with a MSFC 

FCB member.   
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Figure E.2-1—Interaction of the Contractor FCB and MSFC FC Team 

 

 

E.3 Material Review Board Activities and Fracture Control 

 

All Material Review Board (MRB) activity related to fracture critical parts will be coordinated 

with a Contractor FCB Technical Subcommittee member.  Issues that are deemed a Fracture 

Control Board Concern by the Technical Subcommittee member will require the fracture 

mechanics aspect of the discrepancy to be addressed in the MRB disposition and will require 

concurrence of the subcommittee member.   

 

The following are examples of Fracture Control Board Concerns: 

• Any issues that relate to proof testing 

Formal 
MSFC FC 

team 

Formal 
Contractor 

FCB 

NASA 
Resident 

Office 

MSFC Project 
Office 

MSFC IPT  
(Would include an FC team 

representative if changes have 
an impact on fracture control) 

Contractor FC 
Chairman or 

Representative 

MSFC FC team 
Representative 

Contractor 
Project Office 

MRB Issues 

Product or 
Process Changes 

NASA Resident 
Office personnel 
attend local and 
senior MRB 
meetings and 
provide direct 
input and 
recommendations 
to the MSFC 
Project Office 

The primary path for information to be communicated 
to the MSFC FC is through the MSFC Project Office.   

The MSFC FC team provides technical recommendations to 
the project office on fracture-related issues per MWI 8071.1.  

The project office is encouraged to attend FC meetings 

The Contractor FCB makes 
technical recommendations to 
Project Office on fracture-
related issues.  The Project 
Office is encouraged to attend 
FCB meetings 

Contractor fracture control 
engineers are encouraged 
to discuss technical issues 
with MSFC fracture 
engineers. Contractor 
fracture control engineers 
do not discuss program-
related issues or make 
commitments for the 
company. 
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• Rework or repairs after proof testing 

• NDE inspection for flaws (including visual inspection), such as NDE indications, and any 

condition that prevents adequate NDE inspection for flaws 

• Fracture toughness, K1c, J1c or KJ1c 

• Any damage that may alter material properties or induce residual stress 

• Any damage that may cause cracks 

• Material interactions that may cause hydrogen embrittlement or stress corrosion cracking, 

such as metal surface exposure to foreign substances, or non-qualified materials 

 

The Contractor FCB Subcommittee member may identify other issues as Fracture Control Board 

Concerns if, in their judgment, they may represent a fracture concern for the hardware.   

 

Include a reference to the Contractor Safety and Mission Assurance Plan (if appropriate) for the 

Material Review Board process. 

 

 

E.4 Product or Process Changes and Fracture Control 

 

For changes that may impact the fracture control of a part or a fracture critical process, Project 

Engineers coordinate design or process changes with member of the Contractor fracture control 

board who has signature authority for fracture control.  The Project Engineer develops a formal 

Change Request that is reviewed by a NASA Integrated Product Team (IPT).  For changes that 

affect a fracture-controlled part or critical process (NDE, proof test, fabrication controls, etc.) a 

member of the MSFC FCB is generally invited to participate in the discussion of the change at the 

IPT meeting. 

 

Following review by the IPT, the Change Request is reviewed by the Contractor Configuration 

Control Board (CCB).  After the CCB has reviewed and approved the change, fracture-related 

changes are reviewed by the MSFC Engineering Review Board (ERB).  MSFC FCB 

representatives are generally requested to review proposed changes that may impact fracture 

critical processes or parts.   

 

The description provided above is a simplified version of how critical hardware or process changes 

are made.   
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