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/W Current Practice

= 1985, Lincoln introduced reduced initial flaw size (0.005”) approach

= What steps can we take to improve on 0.005”?

m Can we do better than 0.005”?

= .005” known to have issues:
«Severely under predicts benefit for most scenarios
*Over predicts benefit for high stress scenarios
*Over predicts benefit for short edge margin scenarios
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AFGROW offers the option to model the effect of rezsidual stresses on

@ crack growth by reading in a table of rezsidual strezses as a function of
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/W Background

m Parametric angle definition
s AFGROW simulates crack growth using 2 points, one near each free surface
m Stress intensity varies along crack front

m Parametric angles are the angles that define which stress intensity is used for
crack growth at each surface

= Multi-Point analyses (BAMpF) do not use parametric angles, those
analyses represent crack front with multiple points
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Hill Engineering Assessment

m Parametric angle approach

= Optimum angle was inconsistent
m 15 degrees for CP4
m 5 degrees for CP4T
m 10 degrees for CP100

Figure 1: Residual stress extraction lines
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APES Assessment

m Evaluated constant offset and angle approach
m /075-T7351, same geometry for all predictions, individual contour results
m Conservative ~80% of the time Predicted / Actual Results
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HOLSIP 2020

mWing root bending loaded, 33 ksi max stress
me/D = 2.0, V4" plate, 2” hole
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RS Database Update

B ' RS Database Visualizer

Path to database folder

@ View database

entries

CNOff OneDrive\RS Database 2021-08-02\db

) View interpolation

Material Th  Dia Edge Dist % CW HoleFilled IFF Cverload Under
7075-T6 01 0375 0.793 4 No 00 0
7075-T651 0.313 037 0408 4 No 00 0
7075-T651 0313 0.58 1.302 4 No 00 0
7075-T6 039 025 045 4 No 00 0
7075-T651 0313 0375 052125 4 No 00 0
7075-T6 019 05 08 4 No 00 0
7075-Te31 0313 0375 1.27875 4 No 0 0 0
7075-T6 019 025 075 4 No 00 0
7075-Te31 0313 0375 0.9 4 No 0 0 0
7075-T6 019 05 15 4 No 00 0
7075-T6 019 0375 1125 4 No 00 0
7075-T651 0313 025 06 4 No 00 0
7075-Te31 0436 025 045 4 No 0 0 0
7075-T651 0436 0.5 08 4 No 00 0
7075-Te31 0436 025 075 4 No 0 0 0
7075-T651 0436 0.5 1.5 4 No 00 0
7075-TB51 0436 0375 0.675 4 No 0 0 0
7075-T651 0.5 0375 0.9 4 No 00 0

Haole Type
(® Straight

) Countersunk

No warnings or errors. Click to view log.

| Refresh ||Cluer3.r Database

[] Square Dimensions [_] Auto-fit Scale; |0

Decimal
Auto-contour
18.7000

10.7775
2.8550
-5.0675
-12.9900
20.9125

LA ?-zs.aasnl

-36.7576

-44.6801
-52.6026
-60.5251

|Center| [ Fit Thickness| [+x] [ x| [+v|[-v][+2][ 2]

File: 3K1-01-Curs Export Grid
mat: 7075-T
comments: 3K1-01-C xport Lines
thi: 0.1

mNew RS database can directly output custom vectors for AFGROW

8| Export Options *
Path to database folder: |CAOff OneDrive\RS Database

® Angle Enter min and max angle (0, 90): Ty
® View database entries () View interpolation <

Min: |0 Max: |90 N: {100
Material Th  Dia Edge Dist % CW Hole Fillg .
7075-T6 01 03750793 4 No o Decimal

) Offset Enter bottom surface and bore offsets {inches) Auta-cantaur
7075-T651 0313 017 0408 4 No e
7075-Te51 0313 0.58 1.392 4 No Bore: |0 Surface |0 N: [100 i
T7075-T6 019 025 045 4 Mo 10.7775
7075-Te51 0,313 0.275 052125 4 Mo (M is the total number of points for each ling) 8550
7075-T6 019 05 09 4 Mo ’
7075-T651 0.313 0.375 127875 4 No 0 0 0 b
7075-T6 019 025 075 4 No 0 0 0 2.9900
7075-TE51 0.313 0.375 0.9 4 Mo 0o 0 0 S 209125
7075-Te 019 05 1.5 4 No 0 0 0 .
T075-T6 0.9 0375 1125 4 Mo 0o 0 0 -28.8350 I
7075-Te51 0313 0.25 06 4 No 0 0 0 _36.7576
7075-T651 0436 0.25 045 4 No 0 0 0

-44.6801

7075-Te51 0436 0.5 09 4 No 0 0 0
7075-T651 0436 0.25 075 4 No 0 0 0 -52.6026
7075-
7075-Te51 0436 0.5 1.5 4 Mo 0o 0 0 60,5251
7075-Te51 0436 0.375 0.675 4 No 0 0 0
7075-Te51 0.5 0375 0.9 4 No 0 0 0

Hole Type
(® Straight

) Countersunk

No warnings or errors, Click to view log.

| Refresh ||Cluer3.r Database

|Center] | Fit Thickness| [+X] [-x]|[+¥|[-¥][+Z][-Z]

File: 3K1-01-Curs Export Grid
mat: 7075-T6
comments: 3K1-01-C xport Lines
thi: 0.1



RS Database Dataset

m Ran most 2024-T351 geometries available in the RS database

: %CX |Thickness |Diameter |Edge Distance |e/D
m 25 ksi
Casel 3 0.19 0.375 0.5625 1.5
sR=01 Case? 3] 025 025 03[ 1.2
] Case3 3 0.25 0.25 2 8
= 5% growth increment Case4 3] o025 05 06| 12
mP-level =3
Case7 3 0.25 0.5 2 4
Case8 3 0.25 0.75 2 2.67
Case9 3 0.313 0.375 0.675 1.8
Casel0 3 0.5 0.5 1.2 2.4
Casel2 3.5 0.25 0.5 2 4
Casel4 3.5 0.5 0.5 1.2 2.4
Casel5 4 0.19 0.375 0.5625 1.5

Casel7 4 0.25 0.5 2 4




nt=0.19"
mD=0.375"

Case 1
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Case 1 - All Predictions
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Case 1 - All Predictions
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0.4
0.35

s . ® BAMpF
@
o e NO RS - 05"
s
No RS - 0.005"

i .02" bore_.02" surface
S directly along bore B

.. X .01"bore - .01" surf
severely over predicts ore oL suriace
® .007"bore 0" surface

.02" bore_0"surface

O
w

— 0.25

0.15

O
=

Crack Length (inches)
o
M

0.05

0 ® 30deg-90deg
® .007" bore-30 deg
0 5,000 10,000 15,000 20,000
® (0-80degree
Cycles o

0-90 degree
12



/W Observation — Bore RS

m RS determination right at hole bore is most often highly compressive

mUsing RS immediately at hole bore results in unrealistically long life for
corner cracks (for 2 point analyses)

m Surface offset generally has a minimal influence on the prediction

.5447401 s
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Case 2

nt=0.25"
D =0.25"
me =0.3”
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Case 2 - All Predictions

mt =0.25” J
D =0.25"
me =0.3”
. o BAMPpF
0.15 No RS - .05"
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.02" bore-.02" surface
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o
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Observation — 0.005”

=2 Point RS can mitigate unconservative cases of 0.005” approach

= 0.005” approach has been shown to result in unconservative results for high
stress/short edge margin J

0.2
o BAMpF
0.15 e=No RS - .05"
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.02" bore-.02" surface
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Case 3

mt=0.25"
mD =0.25” J

— bL
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Case 3 — All Predictions

mt=0.25"
mD =0.25”
me = 2”
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Observation — .007” bore offset

=.007” bore offset is too little, can result in excessively long life

O
00

@ =) X
0.7 S E : » BAMpF
—_ ® ® X No RS-.05"
8 0 6 0 . X n
£ o o ¥ No RS- .005
o 0.5 £ Y i i
= . .02" bore- .02" surface
c )
Eo 0.4 ° X .01" bore-.01" surface
g 0.3 = .007" bore-Osurface
-~ 8 EE—
® ¢ .007" bore -.007" surf
5 0.2 e
U .02" bore-0"surface
' (5]
0.1 / w» ‘o o’."f:.‘.'{: ® .01"bore-.007" surf
oo =

® 015" bore -.007" surf

o

0 20,000 40,000 60,000 80,000 100,000 ® .013" bore -.007" surf
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mt=0.25"
maD=0.5%5"
me =0.6”

0.4
0.35
0.3
— 0.25
0.2
0.15
0.1

Crack Length (inches)

0

Case 4

0.05 A &b ORSXE

5,000

KX
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10,000
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No RS- .05"

No RS-.005"

.02" bore-.02" surface
X .01" bore-.01" surface

15,000

20



mt=0.25"
maD=0.5%5"
me = 2!!

Crack Length (inches)

Case 7/

ok

K6 Ko Yo o X.X.X:K. 00000

50,000
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100,000
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s NO RS- .05"
No RS- .005"
.02" bore-.02" surface

X .01" bore-.01" surface

150,000
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/W Case 12 — Historical Validation Tests

nt=0.25"
mD=0.5"
me =2"

m3.5% CX

m Tests pre-cracked prior to
cold expansion

= Some validation for
comparing other cases to
BAMpF

a (inches)
o o o
N w =3

o
[N

o

Case 12

¢ PC-CX 2024-9

B PC-CX 2024-10

4 PC-CX 2024-11 A
~—No RS- .05"
—a—.02"bore- .02"surface |

BAMpF

100,000

200,000

300,000 400,000 500,000
N (Cycles)

600,000
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All Cases Summary

=.01” bore and surface offset over predicted 4 cases
m .012” offset conservative for 3 of those cases

m Plot and table are for surface direction

Life Improvement (Life/.05" Life)

BAMpF

100.0 ¢

100

—
o

.005"

.02" x .02"

4 5

6

m 015" x.015"
) 4
X (]
]
)

/7 8 9 10 11 12 13

Case Number

*.01" x.01"

m.015” bore and surface offset conservative for all cases

UF  |BAMpF |[.005" 02"x.02" [.015"x.015" |.01" x .01"

Casel 33.9 4.3 3.0 3.9 5.3
Case? 2.7 4.5 1.6 2.1 3.7
Case3 7.0| 2.3 2.6 4.1 9.2
Case4 6.8 4.8 4.9 6.2 8.5
Case7 23.8 2.9 7.2 11.2 19.9
Case8 33.3 3.9 11.9] 16.2 29.6
Case9 36.8 3.6 5.3 7.5 14.1
Case10 6.9 3.2 5.2 5.2 4.9|
Case12 26.7 2.9 8.9 13.5 24.0
Casel4 5.7 3.2 4.6 4.7 4.6
Case15 13.0| 4.3 4.1 5.5 9.4
Casel7 40.4 2.9 15.1 22.2 36.0
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All Cases Summary — Bore Direction

mTrends for bore direction match the surface direction

m Same cases that over predicted surface benefit over predicted bore benefit

BAMpF

=
o
O
o

—
(@

Life Improvement (Life/.05" Life)

10.0

.005"

L

02" x.02" = 015"x.015" x.01"x.01"

3 4 5 6 7 8 9 10 11 12 13

Case Number

Bore LIF |BAMpF |.005" .02" x .02" ].015" x .015" |.01" x .01"

Casel 13.1 6.9 5.0 6.6 9.2
Case?2 3.0 4.7 1.7 2.3 4.0
Case3 22.5 5.2 7.2 12.1 29.2
Case4 8.5 5.8 6.1 7.8 10.7
Case7 65.9 6.3 19.2 30.0 54.4
Case8 71.0 0.0 23.8 33.4 61.9
Case9 54.0 4.8 7.7 11.0 20.6
CaselO 9.7 4.1 7.3 7.3 6.9
Casel2 73.5 6.3 23.6 36.3 65.4
Caseld 8.1 4.1 6.5 6.6 6.6
Casel5 22.9 6.9 6.8 9.4 16.5
Casel7 112.0 6.3 40.9 60.6 98.9
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M Over Predicted Cases With .01” Offset

= No apparent geometry commonality for .01” offset being unconservative

%CX [Thickness |Diameter [Edge Distance |e/D
Casel 3 0.19 0.375 0.5625 1.5
Case?2 3 0.25 0.25 0.3 1.2
Case3 3 0.25 0.25 2 8
Case4 3 0.25 0.5 0.6 1.2
Case’/ 3 0.25 0.5 2 4
Case8 3 0.25 0.75 2 2.67
Case9 3 0.313 0.375 0.675 1.8
Casel0 3 0.5 0.5 1.2 2.4
Casel2 3.5 0.25 0.5 2 4
Caseld 3.5 0.5 0.5 1.2 2.4
Casel5 4 0.19 0.375 0.5625 1.5
Casel/ 4 0.25 0.5 2 4
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.01” Offset, RS Comparisons

mCase 2 has a nearly constant thru thickness RS
m Case 3 follows trend of other cases
m Case 4 starts most compressive, remains highly compressive

Bore RS, 0.01" Offset

0
—Casel
-10
. Case?2
E -20
— Case3
9 -30
D Cased
& -40
< —Case/
> -50
2 ——Case8
Y -60
o ——Case9
-70
—CaselO
-80
——Casel?2
0 0.1 0.2 0.3 0.4 0.5
—Casel4d

Normalized Thickness



M Study Summary

2.01” x .01” offset appears to work quite well, though not always
conservative compared to BAMpF

m.02” x .02’ offset always conservative, though significantly under predicts
benefit for many cases

.015” x .015” offset always conservative, still under predicts many cases
significantly

m This was all constant amplitude, does spectrum perform similarly?
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HE Assessment Revisited

= Evaluate .02” offset for HE analyses of A-10 CPs
mNO retard atl oNn us Ed Lower wing skin - Wing attach hole - Thick configuration

= With or without RS e
1 - == BAMpF
... No RS - .05"
R -~ « No RS -.005"

\
o
oo

(02" Offset - Surface and bore

‘s
|

_

3

b

Crack Length (in.)

o
o

“i | Q .|
\ﬂfdb %T,@ﬂ

0 250,000 500,000 750,000 1,000,000 1,250,000 1,500,000 1,750,000
Flight Hours




HE Assessment Revisited (2 of 3)

mThin skin

m .015” offset 1.2
over predicts

= .02” offset :
matches well

0.8

%06

} 0.4

0.2

0

Lower Wing Skin - Wing Attach Hole - Thin Configuration

- == BAMPpF
) No RS - 0.05"
| = + No RS -0.005"
== (0.015" Offset
—(0.02" Offset
0.025" Offset

20,000 40,000 60,000 80,000 100,000

Hours

120,000
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HE Assessment Revisited (3 of 3)

mLower wing spar to skin Lower Wing Spar
joint 05 5
= 0.02” offset shows good  °* —— i
agreement 0.4 ..-No RS - 05" lc'
—().02 offset bore and surface ,'
0.35

Length (in.)
=
N o
n w

o
)

MID SPAR CP
<~ / 0.15
LOWER FWD SKIN.}
. & 0.1
% )

0.05 ==

0 500 1,000 1,500 2,000 2,500 3,000 3,500

Hours
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nt=.25"

mD=.5"

me = 0.65”

me/D=1.3

mWing root spectrum
m 33 ksi max stress

Evan Ross Thesis Data

Crack Length (Inches)

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

e/D=1.3
® CX130ED-1
W CX130ED-2 @ " A
i
A CX130ED-3
® A
-=-BAMPpF
® il
—e— 02" Offset
No RS - 0.05" nﬂg ﬁ\‘
©
® £
D
)
& w a
©
@ m ’
A
@
. s
2,000 4,000 6,000 8,000 10,000 12,000 14,000

Life (Flight Hours)
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Evan Ross Thesis Data (2 of 3)

nt=.25"

mD=.5"

me =.75"

me/D=1.5

mWing root spectrum
m 33 ksi max stress

Crack Length (Inches)

e/D=1.5
0.60
® CX150ED-1
0.50 B CX150ED-2 | A He
A CX150ED-3 :
0.40 ----BAMpF e/D = 1.5 g o
—e— 02" Offset i A ‘
0.30 No RS - 0.05" Af ‘
0.20 J A f
] S ¥
0.10 ./‘r.k# I aal W a A ®
0.00
0 5,000 10,000 15,000 20,000

Life (Flight Hours)

25,000
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Evan Ross Thesis Data (3 of 3)

mt=.25"

— L} e/D=2.0
D=,
o 0.80
me=1" ® CX200ED-1 : ® A
0.70 .
W CX200ED-2 :
- e/D = 2 0.60 A CX200ED-3 E
. = : K
m\Wing root spectrum | g _ | ---BAVpFe/0=20 § :
: £ —e— 02" Offset $ ; = ' 3
m 33 kSI max stress = " . | ; 2
£ 0.40 —No RS -0.05 g : ®
5 | ! A
- : ! J
=z
5 030 . i , o,
Q 4 B A
0.20 2 ® B
/ oo ®  m
E ® Vi AARA
0.10 “l_.‘__ogo_.*“A %2 =
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Center Hole Test Data (2 of 3)
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Center Hole Test Data (3 of 3)
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7075-T7351 Analysis

m 240 total P redictions 7075-T7351 Prediction Comparison
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/W Conclusions

m Predicts significantly more benefit for most scenarios

= 2 point analysis with RS is superior to 0.005” approach

m Does not over predict for high stress, short e/D scenarios

= Study was limited to:
m 2024-T351

*Constant amplitude and spectrum loading
*Multiple stress levels
*Multiple geometries

m /0/5-T7351
*6 stress ratios
4 starting crack lengths
*5 RS profiles

2 point RS

0.005”

Nicepng.com
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M Recommendations

m Do not use vectors directly along surface, severely over predicts life
m Constant value offset performs better than parametric angle approach

= Recommend using 0.02” offset for bore and surface
m Application specific validation recommended

m Future work:
m Investigate mid thickness RS for surface direction

m Investigate closed form solution to define RS field as a function of yield
strength

= Further studies to identify if 0.02” offset is best approach for more scenarios
m Apply to additional materials
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Questions?
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