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Overall Summary

❑ Changes in constrain, particularly at/near surfaces, are known to change the stress 

intensity and crack shape. This behavior is often referred to as surface “pinning”. 

Observed differences between predicted and experimental behavior have resulted in 

various factors applied to the calculated stress intensity factor. Previous investigations 

resulted in an initial BAMpF surface correction implementation. 

❑ This presentation discusses follow-up investigations to understand the physical 

meaning of the surface correction implementation and any proposed BAMpF 

implementation changes resulting from these investigations.
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Overview

❑ Background

❑ Summary of Previous Investigations

❑ BAMpF Initial Implementation

❑ Investigations Based on Next Steps from Last Year

➢ Material FCGR data

➢ Off-axis cracks

➢ Plastic zone size and limits of LEFM

➢ Elastic-plastic analysis

➢ Existing crack closure models

❑ Revisit Current BAMpF Implementation

❑ Conclusions and Recommended BAMpF Updates
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Background

❑ For corner cracks at a hole, accurate characterization of crack shape and aspect ratio has 

been problematic for both AFGROW and BAMpF

❑ Round Robin results (ERSI and AFGROW) have demonstrated the need to understand the 

underlying discrepancies and update the analysis approach  

❑ Investigations into multi-direction material properties have resulted in mixed results

❑ Recently, SwRI researched the potential use of the crack closure factor for A-10 damage 

tolerance analyses

❑ One recommendation from this investigation was to perform a study utilizing a correction 

factor in BAMpF to understand effects over the entire crack front 

❑ As a result, Hill Engineering investigated discrepancies between naturally occurring crack 

profiles and analytical crack evolution and implemented a surface correction approach for 

BAMpF
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Previous Studies – Equilibrium Crack Aspect Ratio (AFGROW 2011)

❑ Cracks tend to grow to an equilibrium crack aspect ratio trend1,2

➢ Studies based on open hole tests, tension loading

➢ Function of material (Paris exponent), and hole radius/thickness ratio

Example: Numerical prediction of crack aspect ratio variation for corner cracks at a 

hole, tension loading, various starting aspect ratios [Ref 2] 
Crack aspect ratio variation for surface cracks, 

tension loading, various starting aspect ratios [Ref 1] 

The Crack Wants What it Wants
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❑ Using BAMpF to make comparisons to marker bands

➢ Similar to the midpoint elliptical assumptions 

➢ End points evolve naturally and are not perpendicular to the surface

➢ Differences in crack shape up to 20 degrees 

➢ Differences in crack lengths at surfaces were ~10%

AFGROW Round Robin – BAMpF Comparisons

~20o
~15o
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BAMpF Initial Implementation

❑ Initial approach

➢ Implement function to modify Kapp with a correction factor and an angle for both the surface and the bore

• Implement capability to adjust angle utilizing BAMpF parameter features

➢ Utilize an equation based on differences in crack growth profiles to determine correction factor and angle

• Linearly interpolate correction factor from surface to defined angle

➢ Utilize new functionality to determine effects the correction factor and angle have on life and crack shape

β𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒊𝒐𝒏 =
1 − 𝐶𝐹

𝑀𝑎𝑥𝑎𝑛𝑔𝑙𝑒
𝜙 + 𝐶𝐹

CF= Correction factor

Max Angle= Maximum angle the correction factor acts over

Փ=Angle from surface
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Example BAMpF Predictions

❑ AFGROW RR Case 1

➢ Updated AFGROW RR results with 0.8 CF and 20o max angle

➢ Shape and life predictions are very consistent with test data
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Last Year’s Conclusions

❑ Method developed to implement surface corrections into BAMpF using a max angle and CF

➢ Initial predictions indicate a correction factor of 0.8 and a max angle of 20 degrees correlates best to test 

data

➢ Corrections appear to work for crack shapes in both CA and VA testing

➢ Corrections resulted in good life correction for CA tests, however, VA tests showed life that was longer 

than test

❑ So far, this was just experimentation to understand if we can consistently match observed 

test behavior

➢ How do we move forward from here to understand the physics of the behavior and ensure the 

implementation isn’t just a tuning knob (no self-licking ice cream cones)?

➢ What is the correct implementation approach?

➢ What data can we utilize to guide the approach? 

❑ Follow-on analyses have demonstrated increased accuracy for crack shape and damage 

tolerance life
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Next Steps from Last Year’s Effort

❑ Key focus areas

➢ Material FCGR data

• Investigate plane stress relevant data

➢ Off-axis cracks

• Investigate impacts on calculated SIF

➢ Plastic zone size and limits of LEFM

• Investigate plastic zone sizes/depths and 

shapes along crack front

➢ Elastic-plastic analysis

• Characterize differences in stress intensity

➢ Existing crack closure models

• Investigate adaptions to multi-point analyses

Stone, Gilbert, Gooden, Laflen [7] 

Smith and Domyancic [8] 
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Material FCGR Data

❑ Does material resistance change as a function of stress state?

❑ What we know:

➢ Fracture toughness is a function of material constraint

• Irwin yield zone criteria

• Plain strain criteria

• ASTM plain strain criteria

• David Broek criteria

ASTM Plain Strain Standard

𝐾𝐼
𝑌𝑖𝑒𝑙𝑑

2 1

𝑡
≤ 0.47

David Broek Criterion
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❑ What we know:

❑ Plain Stress Criteria

➢ Pre-cracked MT Specimens Static Tested to Failure

➢ Fracture Toughness Properties Well Characterized for 

each Material

➢ Assigned Index Values Linearly Between Known Plane 

Stress and Strain Toughness Values

➢ Line Drawn Between

• (𝐾𝐼/𝑌𝑖𝑒𝑙𝑑)2 1/𝑡=0.47  - Plane Strain (index = 6)

• (𝐾𝐼/𝑌𝑖𝑒𝑙𝑑)2 1/𝑡= p  - Plane Stress (index = 2)

➢ Plane Stress Criteria: (𝐾𝐼/𝑌𝑖𝑒𝑙𝑑)2 1/𝑡= p 

➢ index = 6.7037-(1.4972)/t (𝐾𝐼/𝑌𝑖𝑒𝑙𝑑)2

• 𝐼𝑓 𝑖𝑛𝑑𝑒𝑥 <2,  𝐼𝑛𝑑𝑒𝑥=2  (Plane Stress) 

• 𝐼𝑓 𝑖𝑛𝑑𝑒𝑥 >6,  𝐼𝑛𝑑𝑒𝑥=6  (Plane Strain)

Material FCGR Data
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Crack Growth Rate Data

❑ What we don’t know

➢ How does FCGR data change with stress state and constraint

❑ Investigation

➢ Crack growth rate data for two aluminum alloys (2024 & 7075) were taken from the AFMAT database

➢ Index values were calculated for each data point based on known Kmax, thickness, and material yield 

strength

➢ Data were plotted for several stress ratios using different colors for each stress state (2 - 6) to assess the 

effect of stress state on crack growth rate behavior

➢ These data are shown in the following charts
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❑ 2024-T3 material

Crack Growth Rate Data
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❑ 2024-T351 material

Crack Growth Rate Data
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❑ 7075-T6 material

Crack Growth Rate Data
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❑ Stress state doesn’t appear to have a significant effect on crack growth rate data below 1E-4 

in/cycle

❑ As expected, there is an indication of fracture toughness transition as a function of stress 

state above 1E-4 in/cycle

❑ It is generally difficult to obtain crack growth rate data above 1E-4 under plane strain 

conditions since most test data are taken from MT specimens

Conclusions/Comments
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Next Steps from Last Year’s Effort

❑ Key focus areas

➢ Material FCGR data

• Investigate plane stress relevant data

➢ Off-axis cracks

• Investigate impacts on calculated SIF

➢ Plastic zone size and limits of LEFM

• Investigate plastic zone sizes/depths and 

shapes along crack front

➢ Elastic-plastic analysis

• Characterize differences in stress intensity

➢ Existing crack closure models

• Investigate adaptions to multi-point analyses

Stone, Gilbert, Gooden, Laflen [7] 

Smith and Domyancic [8] 
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Background & Objective

❑ Test coupons have been observed having different out of plane crack shapes from the 

standard 2-dimensional crack used in predictions 

❑ One type of out of plane crack is a crack with shear lip, which is due to the plane stress 

state in thin coupons or near the surface of thick coupons

❑ This behavior is investigated to understand changes in stress intensity for varying out-of-

plane shear lips
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StressCheck Models

❑ For this study, three types of models were created

❑ A StressCheck model for 90º and 45º cracks were created with the angle being parameterized 

❑ Another StressCheck model for a 90º crack with a shear lip was created with the shear lip 

being parameterized at 1% 10%, 20%,50% and 90% of thickness

❑ For every crack, Total crack length (2c) was 1” in a 1” thick coupon
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90º Crack with 10% Shear Lip

❑ Example model
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Summary

❑ The 45º crack has SIFs about 55% of the avg. SIF of the 90º crack 

❑ The shear lips reduce the max stress intensity to approximately 65% of the avg. SIF of the 

90º crack, which is slightly more than the max SIF of the 45º symmetry crack and 10% 

greater than the 45º crack

❑ The presence of a shear lip reduces the avg. SIF of the mid section of the crack slightly 

compared to the 90º crack
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Additional Investigation K2 and K Total

❑ K1, K2, and K Total are plotted for the 90º crack, the 50% 

shear lip crack, and 90% shear lip crack

❑ K Total was calculated by adding K1 and Abs(K2)

❑ K1 is similar near the midsection for all of the cracks, but 

K1 at the shear lip is less than K1 for the 90º crack

❑ K2 introduces spikes in SIF near the surface and transition 

points, theses spikes are close enough together on the 

90% shear lip crack that they cause an increased 

midsection K Total

❑ Even with the introduction of K2, the K Total of the shear 

lips is still less than the K Total for the 90º crack
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Next Steps from Last Year’s Effort

❑ Key focus areas

➢ Material FCGR data

• Investigate plane stress relevant data

➢ Off-axis cracks

• Investigate impacts on calculated SIF

➢ Plastic zone size and limits of LEFM

• Investigate plastic zone sizes/depths 

and shapes along crack front

➢ Elastic-plastic analysis

• Characterize differences in stress 

intensity

➢ Existing crack closure models

• Investigate adaptions to multi-point 

analyses

Stone, Gilbert, Gooden, Laflen [7] 

Smith and Domyancic [8] 
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❑ Recent paper presents an approach to better characterize 

crack shape evolution in a fatigue crack growth simulation

➢ Corner crack in a pin-loaded hole

➢ Constraint factor (α) from plasticity-induced crack closure used in 

analysis

• Based on elastic-plastic FE analyses

➢ Adjustment to relationship between J-integral and SIF to account for 

stress state along the crack front

• Interpolation between plane stress and plane strain

➢ Changing crack propagation rates for different growth directions

➢ In summary, several modifications were incorporated into the typical 

crack growth approach and led to accurate crack shape evolution

Recent Published Paper
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❑ Reference data obtained from 3 tests

➢ Specimens between two steel plates

➢ Connected by means of titanium pin with a tight clearance fit

➢ Quarter-circular notch with 1 mm radius introduced by EDM 

(corner crack)

➢ Constant amplitude loading, R = 0.1, maximum stress of 56 MPa

➢ Marker bands every 10,000 cycles

➢ Marker bands visible in only 1 coupon

Reference Experimental Data

Out-of-plane 

growth near 

surfaces shown 

by thin lines
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❑ Linear FE analyses to obtain the nominal maximum SIF 

based on J-integral

➢ Nominal SIF range corrected for closure using a local 

application of Newman’s crack-closure model

• Requires elastic-plastic analyses to compute the stress state and 

the local value of the constraint factor (α)

➢ Two crack propagation rate curves used to account for material 

anisotropy

• Interpolation along specific crack growth direction of each crack 

front node

➢ Evaluation and correction of SIF repeated every few hundred 

cycles

➢ State of stress characterization (elastic-plastic, update α) 

repeated every 10,000 cycles)

❑ No out-of-plane propagation

❑ Each crack front point propagates orthogonally to itself

Numerical Methods
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❑ Based on J-integral method

❑ J-integral related to SIF based on

❑ Assuming mode I:

❑ What about for stress states in between plane stress and plane strain?

➢ Traditional choice is to use plane strain relationship everywhere except at the free surfaces

➢ Authors developed an interpolating approach between both cases based on the stress state given by the 

elastic-plastic analyses (α)

• α determined from elastic-plastic analyses as a function of position along the crack front

• α = 1.0 for plane stress, 3.0 for plane strain

SIF Calculation
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Crack Closure

❑ Crack closure model by Newman applied locally

➢ Requires knowledge of the local constraint factor, dependent on the local stress state

➢ Plastic region size rp as a function of s obtained from elastic-plastic FE analyses
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Crack Closure

❑ Elastic-plastic analyses to obtain rp(s) use isotropic hardening and the stress strain curve 

below

➢ Contour plot shows plasticized region in gray (Von Mises stress greater than yield strength)

➢ This analysis was repeated every 10,000 cycles to update rp(s)
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❑ LEFM not valid in areas of large plastic zones

➢ Linear extrapolation of SIF near free surfaces

Free Surfaces

This is similar to the “surface 

correction” approach that has 

been in test in BAMpF
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Sensitivity Analyses

❑ Results without J-integral correction near free 

surfaces

➢ Experimental marks are thick gray lines

➢ Thin lines show model results

➢ Without the correction, the model does not reproduce the 

measured crack fronts well

➢ Faster growth near the bore compared to marker band
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Sensitivity Analyses

❑ Results below with fixed constraint factor (α)

➢ First 10,000 cycles of propagation simulated with a constant 

α

➢ Process to determine a constant α

• Elastic-plastic models performed for markers at 20,000 and 

30,000 cycles

• Mean α obtained for marker at 20,000 and 30,000

• α value to be used as constant in crack propagation analysis was 

mean of both α values (for 20,000 and 30,000 cycles), α = 1.9

• Results shown below

• Discrepancy in crack shape relative to test data
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❑ Influence of relationship between J-integral and SIF below

➢ Small differences in terms of crack propagation rate and shape

Sensitivity Analyses

Plane strain Approach based on local stress state (α(s))
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❑ Simulated crack propagation and experimental marker 

bands below

➢ Predicted crack fronts in red are every 10,000 cycles

• Match well with measured marker bands (thick lines)

• Error relative to marker bands near the bore increases as crack grows

❑ J-integral values as a function of percentage curvilinear 

abscissa

➢ Corrected J integral values near surfaces are significantly lower than 

original values

❑ Bottom plots show J versus curvilinear abscissa

➢ Similar derivatives/slopes near both free surfaces

Results
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Conclusions

❑ Application of LEFM near free surfaces is questionable due to large plastic regions, and 

extrapolating the acceptable J-integral values into these regions produced crack fronts that 

compared well with test data

❑ The interpolated approach to compute SIF from J-integral proposed by the authors had little 

influence on the crack propagation

❑ Accurate elastic-plastic modeling to capture the variation of the stress state and crack 

closure (α) along the crack fronts was important to accurately predict the crack shape 

evolution

❑ Results show that different propagation rate curves along different directions are needed to 

predict crack shape evolution
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Revisit BAMF Predictions - AFGROW Round Robin Case 1
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Revisit BAMF Predictions - Other Test Data – Condition #2
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Revisit BAMF Predictions - Other Test Data – Condition #4
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Conclusions and Proposed BAMpF Implementation

❑ Continued investigation of near surface constraint differences focused on evaluating 

influence of:

➢ Material FCGR dependence on stress state

➢ Off axis cracks

➢ Impacts of surface plasticity and surface correction approaches

❑ Natural crack shape evolution drives towards an equilibrium condition

❑ LEFM requirements are often violated near surfaces with “large” plasticity

❑ Initial BAMpF implementation has resulted in accurate predictions of crack shape and 

crack growth life

❑ Improvements in BAMpF analyses are possible based on understanding of equilibrium 

behavior

➢ Extrapolation of SIF to surface

❑ Can we utilize this knowledge to refine our assumptions of crack shape in standard models 

vs. the traditionally assumed elliptical crack front?
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