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Background

Ç The A-10 ASIP team has recently focused on characterizing Fatigue Crack 

Growth Rate (FCGR) properties in different orientations with the specific 

emphasis of corner crack growth at a hole. Historically, A-10 comparisons of 

predictions versus test corner crack growth aspect ratios have resulted in 

distinct differences. These differences were also evident in recent Round 

Robin efforts by the AFGROW and ERSI working groups.

Ç Initial investigations into characterizing multi-direction FCGR properties have 

proven promising, however, FGCR data is limited at this point

Ç The A-10 ASIP team has funded a specific task with Hill Engineering, with 

support from LexTech, to develop multi-direction FCGR material property 

capability within AFGROW and the Broad Application for Modeling Failure 

(BAMF), a multi-point fatigue crack growth tool
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Approach

Ç Review available multi-direction FCGR data

Ç Develop and evaluate interpolation approaches

Ç Incorporate updates into BAMF

Ç Incorporate updates into AFGROW

Ç Complete test case predictions for defined conditions 

üAFGROW and ERSI round robin cases
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FCGR Test Data, Al 2024-T351, R = 0.1

Previous Inverse Calculations

a-direction

c-direction
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FCGR Test Data, Al 2024-T351, R = 0.5

L-T

L-S
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FCGR Test Data, Al 2024-T3511, R = 0.1
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FCGR Test Data, Al 7075, R=0.1

L-T

L-S

L-TS

L-T

L-S

L-TS
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FCGR Test Data ïGeneral Observations

Ç Some consistent trends for three separate aluminum alloys

ü 1E-9 ï1E-7

ÅL-S - faster rates relative to L-T

ÅL-TS ïslower rates relative to L-T

ü 1E-7 ï1E-5

ÅL-S ïrates converge with L-T

ÅL-TS ïslower rates relative to L-TS

ü 1E-5 ï1E-2

ÅL-S ïrates appear to converge to L-T

ÅL-TS ïrates appear to converge to L-T

ÅSome tests continue to demonstrate slower rates

Ç Several different coupon designs

ü Need to segregate out coupon design impacts L-T

L-S

L-TS

Many Uncertainties Remain



© 2019 Hill Engineering, LLC

hill-engineering.com9

AFGROW/BAMF Implementation

Ç Approach

ü Investigate interpolation routines to incorporate FCGR data from multiple orientations

ü Incorporate routines into AFGROW

ü Incorporate capability in BAMF to define orientations in models and pass orientation angles to AFGROW

ü Exercise several case studies to investigate initial approach

Ç Interpolation investigations

ü No clear path based on available FCGR data

ü Initially ïkeep it simple within the general framework of AFGROW

ü Initial case studies may result in changes to interpolation routine moving forward

Weõre learning as we goé
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AFGROW Implementation

Ç Approach

ü Up to 2 material directions allowed

ü Defined angle will determine interpolation routine:

Å90 degrees - interpolates from c-direction to a-direction over 90 degrees

Å Interpolation between L-T and L-S

Å45 degrees - interpolates from c-direction to a-direction over 45 degrees

Å Interpolation between L-T and L-TS, assumes L-TS and L-S are the same

Å0 degrees-uses a-direction data for all data points

ÅL-S only

ÅNo interpolation uses c-direction data for all data points

ÅL-T only

Ç Functions for interaction (Angle in Degrees)

ü ISPredictManage.SetCrackDirectionParameter("Crack " & k, "P" & i, "direction_type", 

Afgrow.CrackDirection.BetweenDirection) 

ü ISPredictManage.SetCrackDirectionParameter("Crack " & k, "P" & i, "angle", Mat_Dir_Angle(0, k, i))
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AFGROW Implementation
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AFGROW Implementation
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BAMF Implementation

Ç Approach

ü Definition of material orientations on solid model 

ÅThis is based on the local nucleation system of the crack

Å If the c-direction is the x-direction on the local nucleation system no value needs to be defined

ü Angle is based on angle used for growth direction 

ü Functions for interaction (angles in degrees)

Å ISPredictManage.SetCrackDirectionParameter("Crack " & k, "P" & i, "angle", Mat_Dir_Angle(0, k, i))

ɗ

ɗ

ɗ

ɗɗ
ɗ



© 2019 Hill Engineering, LLC

hill-engineering.com14

Round Robin for Cx Holes 

Ç Conditions 1 and 3

Ç Input Data

ü Geometry

ü Initial flaw size, shape, location, and orientation

ü Material properties

ü Loading spectrum

ü Constraints

ü Residual stress (contour results)
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Round Robin for Cx Holes 

Ç 2024-T351 Fits for Analyses

ü Right or wrong, the a-direction fit was hybrid of L-S 

and L-TS data

ü The c-direction fit was based on L-T data
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ERSI Condition 1-Test Case
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ERSI Condition 1-Test Case
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ERSI Condition 1-Test Case
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ERSI Condition 1-Test Case

Ç Range of FCGR Exercised

ü c-direction

Å6.2 ï8.7 ï20 ksi-root-inch

ü a-direction

Å7.1 ï12 ksi-root-inch
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ERSI Condition 3-Test Case
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ERSI Condition 3-Test Case
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ERSI Condition 3-Test Case
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ERSI Condition 3-Test Case

Ç Range of FCGR Exercised

ü c-direction

Å6.8 ï10.5 ï20 ksi-root-inch

ü a-direction

Å7.8 ï14 ksi-root-inch
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AFGROW Round Robin

Ç 7075-T651 Fits for Analyses

ü Right or wrong, the a-direction fit was hybrid of L-S and 

L-TS data

ü The c-direction fit was based on L-T data except upper 

rates above 1E-6 were adjusted based on data from 

APES presented during AFGROW RR
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AFGROW RR Case 1
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AFGROW RR Case 1
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AFGROW RR Case 1
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AFGROW RR Case 1

Ç Range of FCGR Exercised

ü c-direction

Å6.4 ï11.5 ï20 ksi-root-inch

ü a-direction

Å6.8 ï14.0 ksi-root-inch
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AFGROW RR Case 4
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AFGROW RR Case 4
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AFGROW RR Case 4
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AFGROW RR Case 4

Ç Range of FCGR Exercised

ü c-direction

Å6.6 ï13.2 ï20 ksi-root-inch

ü a-direction

Å7.5 ï16.0 ksi-root-inch
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Summary and Conclusions

Ç Some subtle trends in FCGR data for various material directions

üStill murky at this point

Ç Utilization of multi-directional material properties successfully 

incorporated into AFGROW/BAMF

Ç Predicted aspect ratio behavior improved with multi-directional 

capability

Ç Prediction sensitivity for different interpolation approaches varied 

across test cases

Ç Initial foundation set to evaluate new capability
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Moving Forward

Ç Continue to develop/evaluate test data for different crack scenarios

Ç Investigate variations in interpolation approach

üInterpolation routine and angle

Ç Investigate predicted behavior with residual stress
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Thoughts?
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Round Robin for Cx Holes 

Ç Purpose
ü Identify the random and systematic uncertainties associated with DTAs that incorporate residual 

stresses produced by Cx of fastener holes

ü Many factors influencing the total uncertainty have been discussed and are currently under 
investigation by various members of the ERSI team

ü For the first round-robin exercise, the focus will be on systematic uncertainties, or the uncertainty 
associated with the system or process used by the analyst (also known as epistemic uncertainties or 
model-form uncertainties)

ü Specific input data was provided to each analyst participating in the exercise to minimize the random 
uncertainties associated with these types of analyses.

ü The analyst was free to use any means to incorporate the residual stress into the DTA, any software 
suite, etc., however, it was important that the analyst adhered closely to the guidance provided so that 
the variability in the predictions will be limited to the aspects left to analystôs discretion.

ÇMain Focus ïunderstand analyst-to-analyst prediction variability 
given fixed input data 
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Round Robin for Cx Holes 

Ç Conditions

Ç Input Data
ü Geometry

ü Initial flaw size, shape, location, and orientation

ü Material properties

ü Loading spectrum

ü Constraints

ü Residual stress (contour results)
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Crack Aspect Ratio Comparisons
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Overview - Crack Aspect Ratio Investigation

Ç Significant crack aspect ratio differences observed (predicted vs. 

test)

Ç Recent investigations w/ AFGROW Round Robin results indicate 

rate differences as a function of material orientation

Ç Retrodiction of crack growth rate data in (a) and (c) directions 

investigated to understand differences

Ç Updated rate data generated for both orientations and predictions 

recalculated for baseline non-Cx conditions

Ç Revisit previous a/c studies to investigate updated rate data 

applicability
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FCGR Data Comparisons

L-T Data and Fit

Inverse Calculated FCGR Data

a-direction

c-direction
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FCGR Data Comparisons
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Round Robin for Cx Holes ïCase #1 



© 2019 Hill Engineering, LLC

hill-engineering.com45

Round Robin for Cx Holes ïCase #1 

Ç Non-Cx Centered Hole

Lifing Software FE Software Crack Front Shape

# of Points 

Defining Crack 

Front

Material 

Model R shift

Negative R 

Behavior

Growth 

Increment

1 CPAT StressCheck Multi-Point 30
Contour Integral 

Method
Tabular

linear log-

log
Rlo, Kmax 2%

2 CPAT StressCheck Multi-Point 20
Contour Integral 

Method
Tabular

linear log-

log
Rlo, Kmax 0.5-2.0%

3 AFGROW N/A Elliptical 2
Standard, Classic 

Newman/Raju
Tabular Harter-T Rlo, Kmax

cycle by 

cycle

4a NASGRO N/A
Elliptical

Straight Thru
2

NASGRO CC08/TC13 

univariant WF
Tabular 10 cycles Beta R

4b NASGRO N/A
Elliptical

Straight Thru
2

NASGRO CC16/TC03 

Fawaz/Anderson
Tabular 10 cycles Beta R

4c NASGRO N/A
Elliptical

Straight Thru
2

NASGRO CC10/TC13 

bivariant WF
Tabular 10 cycles Beta R

4d NASGRO N/A
Elliptical

Straight Thru
2

NASGRO CC08/TC13 

univariant WF

NASGRO 

Equation
10 cycles Beta R

4e NASGRO N/A
Elliptical

Straight Thru
2

NASGRO CC16/TC03 

Fawaz/Anderson

NASGRO 

Equation
10 cycles Beta R

4f NASGRO N/A
Elliptical

Straight Thru
2

NASGRO CC10/TC13 

bivariant WF

NASGRO 

Equation
10 cycles Beta R

5 AFGROW-BAMF StressCheck Multi-Point 11
Contour Integral 

Method
Tabular Harter-T Rlo, Kmax 3%

6 AFGROW N/A
Elliptical

Straight Thru
2

Standard, Classic 

Newman/Raju
Tabular Harter-T Rlo, Kmax 5%

7 CPAT StressCheck Multi-Point 15
Contour Integral 

Method
Tabular Harter-T Rlo, Kmax 5%

8 AFGROW N/A
Elliptical

Straight Thru
2

Standard, Classic 

Newman/Raju
Tabular Harter-T Rlo, Kmax

cycle by 

cycle

Other

Case #1
Key Modeling Factors

Crack DefinitionSoftware Material Model

Submission #

Stress Intensity 

Calculation
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Round Robin for Cx Holes ïCase #1 

Ç Non-Cx Centered Hole

ERSI Submissions

Relook ï2D 

Material Properties


