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ABSTRACT

The application of engineered residual stresses (ERSs) on aircraft structure provides an op-

portunity to significantly extend the total fatigue life of critical components. In order to reach

required service life goals within budgetary constraints, the ability to implement ERS into

analyses is essential. However, it has been repeatedly demonstrated that in order to properly

quantify, apply, and analyze ERSs, sophisticated analytical tools, advanced technical knowl-

edge, and specialized training are required. The ERS implementation (ERSI) working group

provides the opportunity for collaborative development of best practices for government,

contractors, and engineers supporting the implementation of ERSs into life predictions.

The ultimate goal of the working group is to develop a more holistic framework for the im-

plementation of ERS, with validated tools and processes for application to aircraft structures,

minimizing expensive test programs, and offering benefits to all stakeholders. The ERSI

Fatigue Crack Growth Analysis Method committee has taken the initiative to develop round

robin fatigue life predictions for cold expanded holes. An initial round robin effort was com-

pleted to quantify the epistemic uncertainties in the prediction of fatigue crack growth, given

a fixed set of input data. The results of this round robin are presented, including the variations

in the predictions and comparison with test results, as well as lessons learned and best

practices.
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Introduction

The engineered residual stress implementation (ERSI) working group is an organization initially established by

individuals within and supporting the United States Air Force (USAF) to (1) develop a roadmap for the im-

plementation of engineered deep residual stress for fatigue and fracture critical aerospace components, (2) high-

light the gaps in the state-of-the-art, and (3) define the most effective ways to document requirements and

guidelines for a more holistic, physics-informed method for fleet-wide implementation. Since its inception

in 2016, ERSI has grown to over 120 participants from different countries, Department of Defense organiza-

tions, national labs, universities, original equipment manufacturers (OEMs), industry partners, and USAF

Aircraft Structural Integrity Program managers.

ERSI is structured into eight committees, each with a particular focus on key aspects of the implementation

of ERS into fatigue crack growth (FCG) predictions. The FCG Analysis Methods committee is chartered with

identifying best practice and analysis approaches for the implementation of ERS. One key initiative of the com-

mittee was the development and execution of an FCG analysis round robin, providing an opportunity to evaluate

aspects of the analysis process, identifying current gaps, and developing best practices.

An initial FCG Analysis Methods round robin was completed to quantify the epistemic uncertainties

in the prediction of crack growth life, given a fixed set of input data. Specific input data were developed to minimize

the effect of random uncertainties; however, the analysts were free to use any means to incorporate the residual

stresses into their FCG life prediction. The effort was an opportunity to exercise various analytical methods, com-

paring them to experimental results and uncovering strengths and weaknesses of the various approaches.

TEST METHOD AND OVERVIEW

Four conditions, including baseline non–cold expansion (Cx) and Cx, were selected for the round robin effort. For

all Cx conditions the FTI split sleeve cold expansion (SSCx) process was used. These conditions were selected

based on the relevance to actual aircraft conditions as well as clear documentation of all the inputs provided to the

analysts. Additional details of the experimental results were previously published and included the coupon geom-

etry, maximum stress, stress ratio (R), fatigue lives, crack shapes defined by markerbanding, and other specific

details associated with the experimental programs.1–4 Specific inputs were provided to participants, including

coupon geometries, material properties, initial crack (size, shape, location, and orientation), the constant am-

plitude loading spectrum, boundary conditions, and residual stress (developed via the contour method).5

FCG rate data (da/dN versus ΔK) were supplied in tabular form. All holes were processed with the 16-0-N

SSCx standard tool kit.6 The level of applied expansion for these two conditions was calculated knowing the

initial hole diameter, the mandrel maximum diameter, and the sleeve thickness. From these known dimensions,

the applied expansion could be calculated with the final residual expansion determine knowing the initial and

final hole diameters.

A summary of the provided inputs is included in Table 1 and figure 1, showing a graphical representation of

the residual stress distribution that was provided to each participant in a tabular format. The residual stress

TABLE 1
Benchmark specimen conditions

Case # Material

Specimen

Type

Thickness,

in (mm)

Width,

in (mm)

Hole

Diameter,

in (mm)

Edge

Distance,

in (mm)

Applied

Expansion,

% Loading

Max Stress

ksi, MPa

1 2024-

T351

Non-CX 0.25 (6.35) 4.00

(101.6)

0.50 (12.7) 2.0 (50.8) N/A Constant

Amplitude

(R= 0.1)

10 (68.9)

2 CX 3.7 25 (172.4)

3 Non-CX 0.6

(15.24)

N/A 10 (68.9)

4 CX 3.2 25 (172.4)
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distribution shown in figure 1 was determined via the contour method and represents the hoop residual stress on

the crack plane that is developed from the SSCx process.5,7 The residual stress field would represent the com-

ponent of stress acting in and out of figure 1 and is the main residual stress field effecting the crack growth

performance of a component or part. Analysts were free to use any means to incorporate the provided residual

stress tabular data into the crack growth prediction, any software suite, etc.; however, it was important that the

analysts adhered closely to other guidance provided so that the variability in the predictions was limited to the

aspects left to the analyst’s discretion.

ANALYSIS APPROACH

Eight analysts participated in the round robin, each taking a different approach to analyze the conditions pro-

vided. Analysts were free to choose their preferred software, resulting in several different software packages uti-

lized within the round robin. The classical fracture mechanics-based software programs NASGRO (Version 8.2)

and AFGROW (Version 5.3.3.23) were used in addition to software packages that coupled finite element analysis

(FEA) to FCG software such as Broad Application for Modeling Failure (BAMF) (Version 5.0) and the Crack

Propagation Analysis Tool (CPAT) (Version 1.2). In each of these latter two approaches, the FEA software used

was StressCheck (Version 10.3).

Many analysts took the round robin effort as an opportunity to evaluate multiple analytical approaches,

highlighting the strengths and weaknesses of each. The NASGRO analyses used the Fawaz-Anderson corner

crack solutions as well as advanced univariant (1-D) and bivariant (2-D) weight function solutions. The

AFGROW analyses used the “classic Newman-Raju corner crack solutions” with a 2-D Gaussian integration

method to estimate the residual K values in each crack growth direction.8 The Newman-Raju curve fit equations

were used for parametric angles of 5° and 80° along the crack front for the c and a-direction, respectively. Both

NASGRO and AFGROW used conventional linear elastic fracture mechanics approaches in performing the

analyses in that the computed stress intensity factors (SIFs) were linearly combined (applied stress plus residual

stress) and used to computeΔK and then da/dN. However, the NASGRO analyses used a NASGRO equation fit to

the supplied tabular da/dN data, whereas the AFGROW analyses used the Harter-T interpolation method9 on the

tabular data to compute da/dN.

FIG. 1 Residual hoop stress for cases 2 and 4: center hole (bottom) and short edge distance conditions (top). The left

edge and lower left corner represent the edge of the hole and the initial crack locations assumed for analysis,

respectively.
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It was determined that the classic Newman-Raju corner cracked hole stress intensity solutions (KI) are ap-

proximately 10–15 % lower than the Fawaz-Anderson Advanced corner crack solutions in the a-direction. This

resulted in overly conservative predictions using the Classic solution in AFGROW. At the time of the round robin

effort, the Gaussian integration method was not available for use in the AFGROW Advanced Model Interface.

Subsequently, this capability was added to AFGROW and these predictions were repeated with much better

results. The NASGRO and AFGROW approaches compute crack growth at two crack tips: the a-tip in the bore

of the hole and the c-tip along the surface. This contrasts with the coupled FEA approaches that compute crack

growth at multiple points along the crack front. A summary of the key modeling factors for each submission is

detailed in Tables 2 and 3.

Coupled FEA-FCG Methods

Solution Domain

Coupled FEA-FCG analysis provides users flexibility in modeling actual geometries and simulate boundary con-

ditions representing the specimen in a fatigue test fixture. CPAT utilized a solution domain that consisted of half

model symmetry through the hole with constraints to simulate the effects of the grip in the testing fixture, whereas

BAMF users utilized a full through hole model with constraints to mimic the grips in the testing fixtures (fig. 2).

Crack Front Shape—Basic Assumptions

The direction of crack growth is normal to the crack front, and the crack grows in the plane of the initial crack.

The shape of the crack is represented by a spline curve passing through equally spaced points along the crack

front. The number of points is user-defined, and the coordinates of the points are updated automatically every

crack increment. The user-specified crack increment Δa, controls the largest Δa increment of crack growth be-

tween each analysis step:

Δamax = ð farthest point on crack frontÞ � ðmax:Δa percentÞ (1)

For these analyses, users utilized a max. Δa between 1–5 %. In the case of CPAT, each crack increment was

computed as follows:

1. Every point i along the crack front is characterized by the load cycle ratio Ri and stress intensity factor
(SIF) amplitude ΔKi as obtained from the finite element solution.

TABLE 2
Summary of modeling considerations for baseline cases #1 and #3

Submission

Number

Key Modeling Factors Baseline Cases 1 and 3

Software Crack Definition

Stress Intensity Calculation

Lifing

Software FE Software Crack Front Shape

Number of Crack

Front Points

1 CPAT StressCheck Multipoint 30 Contour Integral Method

2 CPAT StressCheck Multipoint 20 Contour Integral Method

3 AFGROW N/A Elliptical 2 Standard, Classic Newman-Raju

4a NASGRO N/A Elliptical/Straight Thru 2 NASGRO CC08/TC13 univariant WF

4b NASGRO N/A Elliptical/Straight Thru 2 NASGRO CC16/TC03 Fawaz/Anderson

4c NASGRO N/A Elliptical/Straight Thru 2 NASGRO CC10/TC13 bivariant WF

4d NASGRO N/A Elliptical/Straight Thru 2 NASGRO CC08/TC13 univariant WF

4e NASGRO N/A Elliptical/Straight Thru 2 NASGRO CC16/TC03 Fawaz/Anderson

4f NASGRO N/A Elliptical/Straight Thru 2 NASGRO CC10/TC13 bivariant WF

5 BAMF StressCheck Multipoint 11 Contour Integral Method

6 AFGROW N/A Elliptical/Straight Thru 2 Standard, Classic Newman-Raju

7 CPAT StressCheck Multipoint 15 Contour Integral Method

8 AFGROW N/A Elliptical/Straight Thru 2 Standard, Classic Newman-Raju
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2. The corresponding values of (da/dN)i are computed by linear interpolation from the available da/dN−ΔK
data.

3. For the point with (da/dN)max, it computes the corresponding ΔN=Δamax/(da/dN)max (fig. 3).
4. With ΔN fixed, it uses (da/dN)i of each point for computing the corresponding increments

Δai= (da/dN)i ΔN.

In the case of BAMF, a similar approach is used:

1. BAMF calculates the SIF that is due to mechanical load (Kapp)i and residual stress (Krs)i using StressCheck,
and passes this information to AFGROW.

2. AFGROW computes Ri and ΔKi for each control point along the crack front for a single cycle and then
computes the corresponding (da/dN)i by interpolation; AFGROW computes the Δai for each cycle, until a
single value Δai/ai is greater than the user input.

3. AFGROW passes new crack lengths to StressCheck, and the process is repeated.

Crack Meshing

The mesh was updated automatically for each crack increment. The mesh was refined around the crack front with

two layers of elements graded in geometric progression toward the crack front for the extraction of the SIFs using

TABLE 3
Summary of modeling considerations for Cx Cases #2 and #4

Submission

Number

Key Modeling Factors Cx Cases 2 and 4

Software Crack Definition

RS Incorporation

Approach

Stress Intensity

Calculation

Lifing

Software

FE

Software

Crack

Front Shape

Number of

Crack Front

Points

1 CPAT StressCheck Multipoint 30 Crack Face Pressure

(B-Spline)

CIM-LC

2 CPAT StressCheck Multipoint 20 Crack Face Pressure

(Legendre Polynomial)

CIM-LC

3a AFGROW N/A Elliptical 2 2-D Gaussian Integration

(Free Surface)

Classic Newman-Raju

3b AFGROW N/A Elliptical 2 2-D Gaussian Integration

(5 degrees)

Classic Newman-Raju

3c AFGROW N/A Elliptical 2 2-D Gaussian Integration

(10 degrees)

Classic Newman-Raju

4g NASGRO N/A Elliptical/Straight

Thru

2 Bivariant WF NASGRO CC10/TC13

Bivariant WF

4h NASGRO N/A Elliptical/Straight

Thru

2 Bivariant WF NASGRO CC10/TC13

Bivariant WF

4i NASGRO N/A Elliptical/Straight

Thru

2 Univariant WF NASGRO CC08/TC13

Univariant WF

4j NASGRO N/A Elliptical/Straight

Thru

2 Univariant WF NASGRO CC08/TC13

Univariant WF

5 BAMF StressCheck Multipoint 11 Polynomial Fit Crack Face

Pressure

CIM-LC

6 AFGROW N/A Elliptical/Straight

Thru

2 1-D Gaussian Integration

(20 % from free surface)

Classic Newman-Raju

7 CPAT StressCheck Multipoint 15 Crack Face Pressure

(Legendre Polynomial)

CIM-LC

8 BAMF StressCheck Multipoint 10 Crack Face Pressure

(Legendre Polynomial)

CIM-LC
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the contour integral method (CIM).10 The solution was obtained by the finite element method, and control of the

error of approximation in the computation of the SIFs was provided by increasing the number of degrees of

freedom by p-extension (hierarchically increasing the order of the approximating displacement functions) on

a fixed mesh.10 A typical mesh refinement along the crack front of a corner crack is shown in figure 4.

Incorporation of Residual Stresses

The residual stress data, provided in tabular form, needed to be in equation form to be utilized as a crack face

traction for both CPAT and BAMF. Each analyst utilized a different fitting algorithm to model the residual stress

FIG. 2

Solution domain and

boundary conditions for

CPAT (top) and BAMF

(bottom).

FIG. 3

Computation of Δa for

each point along the

crack front.
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field. For example, figure 5 shows a typical interpretation of the tabular data for case #4 using Legendre poly-

nomials of order 16 with a fitting error of 0.42 % in L2-norm.

The formula-based residual stress resulting from the fitting was applied as a normal traction to the crack face

to compute SIFs as a result of residual stresses, KRES, at points along the crack front using the CIM for loaded

cracks (CIM-LC).11 Because the principle of superposition is used, the effect of the residual stresses and the

mechanical load were treated as two separate load cases during the analysis. For each load case, the SIF is com-

puted at each point along the crack front. For the remote traction, the KMECH is computed using the CIM and for

KRES using the CIM-LC. For specimens without Cx holes, only the mechanical load is applied.

FIG. 4 Typical tetrahedral element mesh refined along the crack front (highlighted in red). The detailed view shows the

size of an element in the crack front relative to the size of the surface crack.

FIG. 5 Input RS data points (left) and fitted RS (right) data for case #4 with Legendre polynomial of order 16.
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Incorporating FEA-SIFs into the Crack Growth Analysis

The method of superposition was used to incorporate the SIF in the crack propagation algorithm. The driver of

fatigue crack propagation is the SIF amplitudeΔK, and the residual stresses only affect the R as shown in figure 6.

At each point along the crack front, the values of KMECH and KRES are computed from the finite element solutions,

next the values of Kmax, Kmin, ΔK= (Kmax – Kmin) and R are computed from which da/dN is obtained by

interpolation, and finally the corresponding crack increment is determined.

Life Prediction

Crack propagation rates derived from the available da/dN–ΔK data obtained at fixed load ratios were used for the

predictions. Linear log-log interpolation was used for finding da/dN for load ratios not covered by the exper-

imental data. For a given ΔKcalc and Rcalc at a point along the crack front, the two bounding curves (Ra and Rb)

were identified (bounding the computed values with respect to Rcalc), and the da/dN values were interpolated

along the two curves to produce log(da/dNa) and log(da/dNb), respectively, corresponding to ΔKcalc. Then, a

second interpolation is performed between the curves to obtain the final da/dN.

log
da
dN

=
log da

dNb
− log da

dNa

Rb − Ra
ðRcalc − RaÞ + log

da
dNa

(2)

Typical calculation records along a crack front are shown in figure 7.

No extrapolation was used. When the R value at a point along the crack front was less than R=−0.25, only
one interpolation was performed along the “R=−0.25 curve” using Kmax instead of ΔK.

FIG. 6

Superposition to

incorporate the effect of

residual stresses in crack

propagation.

FIG. 7 Typical calculation records at points along the crack front.
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Results

A summary of the key modeling factors for each submission is detailed in Tables 2 and 3. The submitted

predictions were compared to experimental results looking at surface and bore crack length versus cycles

(c versus N, a versus N), crack growth rates versus cycles (dc/dN versus N, da/dN versus N), crack growth

rate versus crack length (dc/dN versus c, da/dN versus a), crack aspect ratio evolution (a/c versus a/t), SIF

comparisons (KMECH and KRES), through thickness transition, critical crack lengths, and the slope at the tran-

sition point. FCG predictions (c versus N) and crack propagation rates (dc/dN versus c) for all cases are com-

pared with the experimental results in figures 8–11, with classic AFGROW predictions colored green,

NASGRO predictions colored blue, and coupled FEA-FCG software predictions colored red. Crack aspect

ratio comparisons (a/c versus a/t) are also included in figure 12 for cases #2 and #4. These results are of

FIG. 8 Prediction of fatigue crack propagation life (left) and propagation rates (right) for case #1. Symbols without lines

correspond to experimental data.

FIG. 9 Prediction of fatigue crack propagation life (left) and propagation rates (right) for case #2. Symbols without lines

correspond to experimental data.
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particular interest to highlight similarities and differences between the results from the various prediction

approaches.

Discussion

For cases #1 (fig. 8) and #3 (fig. 10), both non-Cx holes and the life predictions were generally consistent across

all the analytical approaches. For case #1, the predicted lives ranged between 40–90 % (underpredicted) of the

average experimental lives, indicating some possible differences between the provided rate data and the exper-

imental coupons. For case #3, the FCG predictions and growth rates were consistent across all the analytical

approaches and correlated with observed experimental results. Crack growth rates were computed with the secant

FIG. 10 Prediction of fatigue crack propagation life (left) and propagation rates (right) for case #3. Symbols without lines

correspond to experimental data.

FIG. 11 Prediction of fatigue crack propagation life (left) and propagation rates (right) for case #4. Symbols without lines

correspond to experimental data.
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method.12 Comparisons of the predicted to the measured growth rates versus crack length in the right side of

figure 8 and figure 10 show reasonable agreement.

For cases #2 (fig. 9) and #4 (fig. 11), both Cx holes and the AFGROW classic Newman-Raju solutions

utilizing 1-D and 2-D Gaussian integration to compute the residual SIFs were quite inconsistent with the 2-D

cases overpredicting the experimental life. The NASGRO and FEA-FCG life predictions were consistent for both

cases #2 and #4. Similar to the results for case #1, case #2 predicted lives ranged between 45–60 % (underpre-

dicted) of the average experimental lives. Initial growth rates underpredicted observed experimental results fol-

lowed by overpredictions for crack lengths greater than approximately 0.10-in. (2.54-mm). For case #4, predicted

lives were within the range of the experimental results. Submission 6 tended to be an outlier relative to the other

submissions. Several attempts to contact the submitter to review the analysis approaches and determine the root

cause of the differences was unsuccessful. Ultimately, the predictions for submission 6 were included in the sum-

mary for completeness; however, additional interpretation of the root cause is not possible.

Comparisons of the predicted to the measured crack growth rates (dc/dN) in the right side of figures9 and 11

have mixed conclusions. In the centered hole coupons (case #1 and case #2) (symbols in fig. 9), measured crack

growth rates are initially about 1 to 5E-5 in./cycle (2.54 to 12.7E-4 mm/cycle), then dip down, bottoming out at

approximately 2E-7 in./cycle (5.08E-6 mm/cycle) at a surface crack c length of 0.15 in. (3.81 mm); then, they grow

monotonically higher until failure. Predicted crack growth rates of all submissions missed the dip demonstrated

from the test data. In the short edge margin holes (case #3 and case #4), the measured rates of two of the test

coupons did not exhibit a dip, which is shown in the previous two cases (symbols in fig. 11 right). Only sub-

missions 3a, 3b, and 3c (all AFGROW with 2-D Gaussian integration) demonstrated a dip; the other 10 sub-

missions predicted no dip. However, the crack growth rate reduction predicted by these three AFGROW solutions

resulted in excessively long lives. This may be explained by the lower K-solution used in the a-direction that drove

the net K-solution to fall near or below the crack growth threshold.

What is the possible cause of the inability of each submission to consistently pick up the dip in the crack

growth rates? One cause could be crack shielding; in this case, crack closure (crack face closing before the applied

load is fully released) and thus crack deceleration could be present, but this is unknown because none of the

submissions modeled closure. Recent investigations have also indicated the interaction of the crack with the

residual stress or the possibility of an initial shakedown of stresses or both, resulting in the redistribution of

stress.13,14 Another possible cause is the uncertainty in the residual stresses supplied and presumably used in

each submission. It is well established that the contour method used to determine the residual stresses has higher

levels of spatial uncertainty near the free surfaces.15,16 It is possible that the residual stresses that were supplied do

FIG. 12 Prediction of crack aspect ratios for Cx case #2 (left) and case #4 (right). Symbols without lines correspond to

experimental data.
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not accurately represent the initial or evolving residual stress in the test coupons and thus the correct stress state

was not modeled in the submissions.

Crack aspect ratio comparisons (see fig. 12) also provide insight into the different modeling approaches and

the associated predicted behavior relative to experimental data. Except for submission 6, all predictions under-

predicted the observed experimental behavior. The same relative behavior was not observed in the baseline cases,

which consistently resulted in an overprediction of crack aspect ratio relative to the observed experimental behav-

ior. What factors may be contributing to this discrepancy? As mentioned previously, recent investigations have

indicated an initial shakedown of stresses resulting in redistribution of stress. In these investigations, the stresses

near the bore of the hole are reduced (less compressive) and the overall stress field redistributes further away from

the hole. This initial change in the residual stress field, which appears to stabilize at some point during cycling of

the experimental coupons, may explain the discrepancy in both the predicted aspect ratios as well as the inability

to predict the observed dip in the crack growth rate as shown in figure 9. It should be noted that the residual

stresses utilized in the predictions were generated from experimental coupons that were not precycled; therefore,

any initial redistribution of stress would not be captured in the input residual stress and the resulting analyses.

Conclusions

Overall, the round robin exercise proved to be quite beneficial, highlighting the differences in the approaches. For

all cases, the predictions were consistent between similar analytical approaches, based on AFGROW, NASGRO,

and FEA-FCG models, except for submission 6 for Cx holes, which tended to be an outlier relative to the other

submissions. As a follow-on to the initial submissions, additional evaluations have been completed to dissect the

predictions and understand the key contributing factors. This has born significant fruit, uncovering necessary

improvements to analytical tools and methods, highlighting best practices, and identifying new focus areas mov-

ing forward. The results of these efforts will be documented in future releases of the analysis methods best prac-

tices document.17
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