An ultrafast crack
growth lifing model
for efficient prognosis

Harry Millwater, Nathan Crosby

University of Texas at San Antonio

Juan D. Ocampo
St. Mary’s University, San Antonio

nternational Conference on F&t?u\
Damage of Structural Materials XlI

16-21 September 2018 | DoubleTree by Hilton, Cape Cod, Hyannis, MA, USA




AFRL Digital Twin Vision

f‘s ;é?!fxx EE%6¥§

........
ITIIIT et X
II.330

‘1 $52

AFR

THE AIR FORCE RESEARCH LABORATORY ///
LEAD | DISCOVER | DEVELOP | DELIVER '."

CBM+SI & Airframe Digital Twin

Informational Briefing
Spring-Summer 2011

Erlc.tuegel@wpafb.af mll M Pamela.koblyn@wpa!b.almll

Distribution Statement A
Approved for public release: distribution is unlimited.




\ CBM+SI Far-term Vision
<> per AFRL CBM+SI Workshop - Feb 2009

“Digital Twin”: Real-Time, High-Fidelity Operational Decisions for
Individual Aircraft Enabled by Tail Number Health Awareness
 When physical aircraft is delivered, a Digital Model of the aircraft — specific
to that tail number, including deviations from the nominal design — will be
delivered as well.

» The Digital Model will be flown virtually through
the same flight profiles as recorded for the
actual aircraft by its on-board SHM system.

« The modeling results will be compared
to sensor readings recorded by the SHM
system at critical locations to update /
calibrate / validate the model.

« As unanticipated damage is found, it will be added to the Dlgltal Model so
that the model continually reflects the current state of the actual aircraft.

* Prognostics for the airframe will be developed by “flying” the Digital Model
through possible future missions.

» The Digital Model will be used to determine when & where structural damage
is likely to occur, and when to perform maintenance.

88ABW-2011-2246




\ CBM+SI Mid-term Vision
<«9»  per AFRL Air Vehicles Directorate’s “Vision 2009”

 In ten years, aircraft lifecycle management and maintenance
practices will be completely transformed from an inefficient,
inconsistent. disparate. and labor-intensive state to an
efficient, standardized, integrated, and semi-autonomous state.

« The structural capability of individual airframes will be known
and predictable based on the capability to characterize the
current health status, predict the future health status, and
plan usage and maintenance accordingly.

 Risk of structural failure will be quantified and
safety will be enhanced.

« The inspection and repair burden will be
diminished and cycle times for inspections,
repairs, and modifications will be greatly reduced.

The remaining useful life of airframes will be extended.

As a result of all of these improvements, aircraft availability
will be increased and O&S costs will be reduced.

88ABW-2011-2246
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Purpose

Probabilistic damage tolerance analysis requires very
small probabilities, e.g., 1E-7, hence, a large number or

samples are required.
Previous methods allow for a deterministic crack growth

curve and do not consider randomness in crack growth
rate properties and other random variables.

Surrogate models, e.g., Kriging, can be used to speed up
the analysis but are still time consuming and the

accuracy may not be sufficient.
SmartDT users may not have access to Afgrow and
Nasgro.

As a result, an ultrafast internal crack growth lifing code
and strategy was developed, implemented, and verified



Why our own Crack Growth Module

v Purpose: Smart|DT has a directly link with Nasgro and AFGROW. These
codes are state-of-the-art and in use by the industry but are too time

consuming to execute and require a license by the user.
v Nasgro: File-based interface. Runs in parallel. Requires $4K license. Free for FAA

users. Interface currently stuck at V7.1 (current version 8.11). Expected new Nasgrow
interface in 2018.

v Afgrow: COM interface: Windows only, no file transfers. Requires $1K License for all

users. Does NOT run in parallel. Will stay up to date with Afgrow.

v Solution: Embed a crack growth lifing algorithm within Smart|DT for
efficiency and convenience.

Should be MUCH faster, 1000X or more, than commercial codes.
Will not require any user fees or another software install.

Will run in parallel.

Requires significant coding and verification.

Will have only ESSENTIAL capabilities needed for PDTA.



Why our own Crack Growth Module

Typical run times w Monte Carlo (1B samples):
1) Master Curve:
v" 1 CG (30 sec), 1B interpolations->3 hrs on 8 processors (only 3 random variables)

2) Kriging . (N random variables)

v" 400 CG (1/2 hr), 1B interpolations-> 20 hrs on 8 processors
3) Standard Monte Carlo, 1B samples

v General CG: 30s/run on 8 processors = 43K days = 118 yrs!

v" If internal CG code 1000x faster -> 43 days

v If internal CG code 10,000x faster -> 4.3 days

v" If internal CG code 100,000x faster -> 0.43 days = 10 hrs
4) Numerical Integration

v" 100K CG -> 800 hrs on 1 processor

v" If internal CG code 1000x faster -> 0.8 hrs
5) Numerical Integration w Kriging

v" 400 ICG (2s), 100K interpolations-> 100s on 1 processor
6) Importance Sampling

v" Internal CG for optimization then OK ICG -> 1 hr

Current estimate

w/0 inspection



Ultrafast Approach

1) Create an eguivalent constant

2)

3)

amplitude from an arbitrary spectrum

Use an internal agaptive time stepping
Runge-Kutta algorithm to grow the
crack (Cycles become the independent
variable)

Collect the top 100 (or so) damaging
realizations for further examination
and potential reanalysis
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Internal CG Code

CA
ODE RK ODE
Formulation Solver
da _ C(AK(a,c))" =0 tol)’ | |
‘ dN ’ i) h..=h,..xb (-;—) /
DO j—; ~C(AK(a,c))" =0 D
Initial Conditions:a(0)=a,,c(0)=c, 0.005 { s > i




Equivalent Stress

The key idea is to derive an equivalent stress
transformation based on the statistical description of
the random loading, such as the probabilistic
distribution of applied stress range and stress ratio.

B ‘
35 ——Full = = Equivalent ’
Ao, 3
Taa, 4 Ao, 825 |
2 ' Req =0 s 2 |
5 15 |
1 1 /,-’
0.5
A e
0 50000 100000 150000 200000 250000
Flights

T. Swift, Repairs to Damage Tolerant Aircraft, Int. Symposium on Structural Integrity of Aging Airplanes, Atlanta, GA, March 1990
Y. Xiang and Y. Liu, Equivalent Stress Transformation for Efficient Probabilistic Fatigue-Crack Growth Analysis under Variable Amplitude Loadings, J.

Aerospace Eng., 2016




Equivalent Stress Formulation

Variable Amplitude Constant Amplitude
n-1 nl g 1 o1
;Ni - ;Li f(ai, Bi, Aoy, ¢y, My, ...)da Neotar = ZJ f(a 5. ho 1’ P ...)da
_n—l iv1 1
_1;_01'[111 Cp (Adiﬁi\/ﬂ_ai)npda Z.[ p(AGq,B \/ﬁ) p
1 i+1 1
2w, G Z e M e
S T ST . "l
‘ > ENL- G} = Nyorar Ay
- (S o)
= <§pi(Adi) A(Tinp>n_p

m Above derivation using basic Paris Law with constant R; = “™2 for clarity

Smax

m Extends to other crack growth laws — as long as there is no dependency
between the stress spectrum and crack size



UTSA :
Equivalent Stress
Ao,
TAo, R, ‘ A(If;q “o
R, ' -
Nt(ital = N1 +N; = a; 1
ai N =
fao f(Aoy,Rq,0) +f a; f(AUZ:Rz:a) fotaleq.stress ag f(AO-eq» Req' a)
11/ 7

Ao, = i ((1 R 1)”) l.

1=1

Equivalent Stress Transformation for Efficient Probabilistic Fatigue-Crack Growth Analysis under Variable Amplitude Loadings
Yibing Xiang and Yongming Liu
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Excel example

VA

CA

k0 0.05 VA Crack Growth CA Crack Growth

ni sigmaMin sigmaMax | pi*delsigma®n a delta K dadN Deltaa a deltaK dadN Deltaa

1 1 40 55592.41 0.05 17.312 5.0781E-05 5.07811E-05 0.05 13.580 2.0187E-05  2.01872E-05
1 2 36 33005.77 0.050050781 15.100 3.0207E-05  3.02074E-05 0.050020187 13.583 2.0203E-05  2.02027E-05
1 2 36 33005.77 0.050080988 15.105 3.0242E-05  3.02421E-05 0.05004039 13.586 2.0218E-05  2.02182E-05
1 1 2 36 33005.77 0.050111231 15.109 3.0277E-05 3.02768E-05 0.050060608 13.589 2.0234E-05 2.02337E-05
1 2 36 33005.77 0.050141507 15.114 3.0312E-05 3.03116E-05 0.050080842 13.591 2.0249E-05  2.02492E-05
1 2 36 33005.77 0.050171819 15.118 3.0346E-05  3.03464E-05 0.050101091 13.594 2.0265E-05  2.02648E-05
1 3 32 18033.60 0.050202165 12.899 1.6600E-05  1.65996E-05 0.050121356 13.597 2.0280E-05  2.02804E-05
1 3 32 18033.60 0.050218765 12901 1.6610E-05 1.66101E-05 0.050141636 13.600 2.0296E-05  2.02960E-05
1 | 3 32 18033.60 0.050235375 12.903 1.6620E-05 1.66205E-05 0.050161932 13.602 2.0312E-05 2.03116E-05
1 3 32 18033.60 0.050251995 12,905 1.6631E-05 1.66309E-05 0.050182244 13.605 2.0327E-05  2.03272E-05
1 3 32 18033.60 0.050268626 12907 1.6641E-05 1.66414E-05 0.050202571 13.608 2.0343E-05  2.03428E-05
1 3 32 18033.60 0.050285268 12910 1.6652E-05 1.66519E-05 0.050222914 13.611 2.0359E-05  2.03585E-05
1 3 32 18033.60 0.05030192 12.912 1.6662E-05 1.66624E-05 0.050243272 13.613 2.0374E-05  2.03742E-05
1 3 32 18033.60 0.050318582 12.914 1.6673E-05 1.66728E-05 0.050263646 13.616 2.0390E-05 2.03899E-05
1 3 32 18033.60 0.050335255 12916 1.6683E-05 1.66833E-05 0.050284036 13.619 2.0406E-05  2.04056E-05
1 3 32 18033.60 0.050351938 12.918 1.6694E-05 1.66938E-05 0.050304442 13.622 2.0421E-05 2.04213E-05
1 5 30 10259.87 0.050368632 11.138 9.5036E-06 9.50363E-06 0.050324863 13.625 2.0437E-05  2.04371E-05
1 5 30 10259.87 0.050378136 11.139 9.5070E-06  9.50704E-06 0.0503453 13.627 2.0453E-05 2.04529E-05
1 5 30 10259.87 0.050387643 11.140 9.5104E-06 9.51045E-06 0.050365753 13.630 2.0469E-05  2.04687E-05
1 5 30 10259.87 0.050397153 11.141 9.5139E-06 9.51386E-06 0.050386222 13.633 2.0484E-05  2.04845E-05

0.050406667029 0.05040670623
20 . Sum 4.0666703E-04 Sum 4,0670623E-04
30.594023726
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@ (@)  Eqg. Stress Examples
Through Crack in a Hole

All solutions using Afgrow

Crack Size

1.20E+00

1.00E+00

— Full Spectrum c-tip

----Eq. Spectrum c-tip

8.00E-01

6.00E-01

4.00E-01

2.00E-01

0.00E+00
0.00E+00

Variable Value
Width 2.5in.
Hole Offset 1.25
Thickness 0.25in.
Hole Size 0.156 in.
Eqg. spectrum 10.01 KSI
C 1.0E-09
Paris_m 3.8
Walker_m 0.5
Ci 0.005in

5.00E+04

1.00E+05
Cycles

1.50E+05

2.00E+05

2.50E+05




# (@  EQ. Stress Examples

Corner Crack in a Hole

All solutions using Afgrow

Variable Value

Width 4in.

_ w Hole Offset 0.5
B Thickness 0.25 in.

| Hole Size 0.156 in.

! Eqg. spectrum 10.01 KSI
= D C 1.0E-09

Paris m 3.8
Walker_m 0.5
ai =Ci 0.005 in
0.25 0.45
——Full Spectrum / 04 ——Full Spectrum
0.2 ----Eq. Spectrum 0.35 ----Eq. Spectrum
0.3
? 0.15 S
o 2025
A n
e ¥ 02
S o1 g
0.15
0.05 0.1
0.05
0 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500

Flights Flights




EqQ. Stress Examples

Surface Crack in a Hole

Crack Size

0.12

O
[T

o
o
00

O
o
)

— VA c-tip
— VA a-tip
----CA c-tip

CA a-tip

Variable Value
Width 2.5in.
Hole Offset 1.25
Thickness 0.25 in.
Hole Size 0.156 in.
Eq. spectrum 10.06 KSI
C 1.0E-09
Paris_m 3.8
Walker_m 0.5
di=Ci 0.005 in

b

100000

200000
Cycles

2072000

400000

All solutions using Afgrow
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EqQ. Stress Examples

Through Crack in a Lu

1.2
— VA c-ti :
P | —® | All solutions
1 - - -CAc-ti ) :
= using Afgrow
Variable Value
width 4 in.
0.8 Thickness 0.62 in.
hole Size 1.75 in.
Q Eq. spectrum 8.3 KSI
) C 3.98E-10
% 0.6 Paris_m 4.4 =
o Walker m 0.58
< ai 0.005 in
0.4
M 100 Flights
0.2 “ ! ; “
ot 1114 I | T
0
0 50000 100000 150000 200000 250000 300000

Cycles




Over Load Example

All solutions using Afgrow

0.25¢ I T T r T 1 I I
= = CA-ctip| |“" 1 ' !
- = CA -atip - ‘ : | ‘ “‘ ’ /
ol A e A
0.2 |—vA -atip e |
| ‘ Eq Spec—161KSI I ‘
: | ‘ | IIHHHH HHIH IH]HIH [ HHIIHI | IH l“ |’||
e ! ‘
g 0.15 s AYTTRTRTTINY
(¢)p)
X
8 Variable Value ||
(’3 01F Width 4 in.
Hole Offset 0.5
Thickness 0.25 in.
Hole Size 0.156 in.
C 1.0E-09
0.05 Paris m 3.8
Walker m 0.5
Qi = Ci 0.005 in
0 | | | | | | | |
0.5 1 1.5 2 2.5 3 35 4.5
Cycles %104
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0.4

0.35

o
) —
a w

Crack Size
©
N

0.15

0.1

0.05

I

—VA c-tip| Variable | Value '
—\/A a-tip | Ci 1.0e-009
P mi 3.8 f
CA c-tip | Eq. Spect [ 10.062 KsI /
- = CAa-tip|| = Q 1.0e-009 /
-3 m2 2.5 /
E Eq. Spec2 | 9.620 KSI /
= ;
© w /
“ Variable Value
— B Width 4in. i
|’<_> Hole Offset 0.5
Thickness 0.25 in.
; t = Hole Size 0.156 in. |
== Walker m 0.5
[ = ai=Ci, 0.005in
1 5 6
><1O5
21
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Fast ODE Solver

0 Based on best practices from well known and available
ODE solvers, e.qg., Petsc, Sundials, RKSuite

0 Paired Runge-Kutta implementations, 2(3), 4(5), 7(8),
e.g., 4t and 5% order solutions computed simultaneously.
Gives high quality error estimate.

0 Automatically selects step size based on user input and
error estimate. Produces large steps early in the life,
smaller steps later.




RKSUITE_90

Developed by Richard Brankin and Ian Gladwell

Incorporated into NAG ODE library

3 paired Runge-Kutta implementations (2-3, 4-5, 7-8)
Range and step integration methods

Automatically selects initial step size

Initially used module variables for integral parameters

— For Parallelization in SMART|DT, the code was modified to use
Fortran 2008 extensible types to pass integral parameters



- @ Example Bogacki-Shampine

4-5 pair

erf

1+ O previous stages ““““““““““ ““““““““““““““ 4444444 -
® current stage ; ; :

m Quick example using erf, starting at x=-1.5, stepping to x=0.5
m This RK pair uses 8 stages per step
m ..stagel ...
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Example Bogacki-Shampine

(1Y OF
& %,
< 5 3
— £ 2,
Z e ) =
0
| ROADRUNNEET S &
1852
]

erf ; 5 : : z
1+ O previousstages - ST e, ST e -
® current stage ; ; : t

Y T — S o =

T S — — T o S— T -
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Example Bogacki-Shampine

(1Y OF
& %,
< 5 3
— £ 2,
Z e ) =
0
| ROADRUNNEET S &
1852
]

erf : : : :
1+ O previousstages ... ST IHRTRPIE R SRR .
® current stage ; ; : :

ost T

T S — — T o S— T— -
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Example Bogacki-Shampine

(1Y OF
& %,
< 5 3
— £ 2,
Z e ) =
0
| ROADRUNNEET S &
1852
]

erf

1+ O previousstagesé ““““““““““““““ L “““““““““““““ L .
o current stage : : :
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Example Bogacki-Shampine

(1Y OF
& %,
< 3 3
,— £ A,
% 4 1
\J
 ROATRUNNESS
1852
n

T T T
erf '

@) previousstagesé ““““““““““““““ “““““““““““““ “““““““““““ S -
® current stage ; ; i i

osf —_— — — T - —

T S — — S S— T _—
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Example Bogacki-Shampine

(1Y OF
& %,
< 3 3
,— £ A,
% 4 1
\J
 ROATRUNNESS
1852
n

erf

1+ O previous stages ““““““““““““ “““““““““““““““““ L -
® current stage ; i i
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Example Bogacki-Shampine

(1Y OF
& %,
< 3 3
,— £ A,
% 4 1
\J
 ROATRUNNESS
1852
n

T T T
erf '

@) previousstagesé “““““““““““““ ““““““““““““ ““““““““““““““ o -
® current stage ; ; : :

sk — N N o v ]

T S — — S S— T _—
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Example Bogacki-Shampine

(1Y OF
& %,
< 3 3
,— £ A,
% 4 1
\J
 ROATRUNNESS
1852
n

T T T
erf '

@) previousstagesé “““““““““““““ ““““““““““““ ““““““““““““““ o -
® current stage ; ; : :

0.5 v — — R e 2= _—

T S — — S S— T _—

31



I I I I I I
erf :
1+ O includedstages .. RN TR PP B .
X excluded stage : : z ;
| -
05 | ki=f|x,+ch, y,ﬁfhEu
ST
s
O ...................... N T T R
yn+1 yn+hzbikl
=l
st A T
| 7 | | i
1 e > SEaEEaY both 4% and 5t order evaluations. ignore -
; ; stage 2 in calculation of the final valye
-2 -1.5 -1 -0.5 0 0.5 1

m For Runge-Kutta formulas, the order of the method is determined by
constraints satisfied by the coefficients

m Different linear combinations of the same stages can produce both 4th
and 5% order estimates of y,+1
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& Adaptive Step Size Control

0.030 -
4th order approximation
0.025 1| @ 5t order approximation 4th l ,
5th
tol ) I
4 0
-J-C-J OIOZO hnext = hcurrent X b (_) EI
()] E.
C 1
< 0.015 -
V4
: d
O a
0.010 1 —= f(a,c,K_.,C,m,B(a))
dN _
0.005 -
o
e—
0.000 + T T T T T T
0 200 400 600 800 1000
cycles
0 g is the absolute value of the difference between 5™ and 4™ order evaluations of the
crack size
0 Constants b and d determined empirically by the authors
0 Step size is increased or decreased depending on the ratio of the user—defined 33

tolerance to the error



0.1
)
N
n
~
U
L.
O

0.01

0.001

Adaptive Step Size Control

Variable step sizes - corner crack integration

+ c-tip

Cycles

: F
a-tip -
| +
+
,{,
W X
= e =
#
+ .

- g “ —
» T 1
+

%
+
+
_’_
w X | | | | | |
10000 20000 30000 40000 50000 60000 70000
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Thru

Corner

(Newman-Raju)

Surface

(Newman-Raju)

e Tension Loading only,
bending / pin loading
not implemented yet

e Centered Hole only

e Weight functions not
implemented . : .




Beta Tables

I Thru crack betas

B m Can use AFGROW / NASGRO to
2 B generate beta tables for any solution
N B m Allows ICG to solve any crack models

with high accuracy

I C-tip direction

al a2 aN
cl Bi1 B2 Bin
c2 Ba1 B Ban
cN Bn1 B2 B

I A-tip direction

al a2 aN
cl Bi1 B2 Bin
c2 Ba1 B Ban

cN Bn1 Bn2 BN




Beta Table

Crack dir a

Crack dir c

Crack ¢ Direction

0.01
2.41897
186217
1061
085848
070264
059237
051012
044674
0.3%71
035645
032353
0.2%613
027322
02537
023634
022242
020975
0.19859
0.18872
0.17932
017203
0.16432
0.15643
015254
0W7
014241
0.13791
0.13378
0.12391
0.12634

0.03
29278
246454
20747
175995
15093
130975
109476
0.3541
084726
076685
070208
064828
060261
0.56319
052873
04983
0.47122
044694
042505
0.40521
033718
037065
0.35551
0.34158
032872
0.3%51
0.30576
029548
02859
027694

164863
164242

163611
162975

032138

154761
154443

0.045
048058
07273%
09245

110089
1230%6
132933
140474
146074
150233
148239
147452
147373
147833

14812
148535
149157
149633
150058

15041
150893
150906
151052

151138

0.41363
040725

005
045244
067706
086773

10251

124936
132657
138541
143034
146464

143796
143557
143665
143964
144355
144775
145188
145571

14591
146202
146443
146634
146777
146875
146932
146952
146937
146892

14682

0.055
304957
268403
237467

06851 211383

169378
170762
154949

141451
129871
113884

0.68066
064397

053481
057137
054988

05176
043474
0.47887
0.46403
045012
0.43705

0.055

Crack a Direction
007 0075 003 0085
308541 309491 31036 3MS
274109 275526 276778 277895
245351 247275 24898 250445
221072 22357 225685 22751
200687 202492 205% 20812
183202 185336 183038 191546
166173 171561 174565 177242
15517 158744 161334 164793
143854 147557 150882 153878
133953 137735 14183 14425

Betac

072334

0.6533
0.65553
063277
060733
0.58463
0.56375
0.54446
052657

0.50%3
043432
0.47972
0.46601

Beta a

13%23
138141

1374
135324
136918
137024
137261
137548
137853
13894
138457
138791

0.7672

0085
0.39165
057004

07224
085333

13431

136476
136693
136887
137053

T, |
081074 065474 0.89333 094455
07713 081225 08535 089527
0.73652 077498 08136 085249
07055 07413 077334 0.81489
067757 071227 074858 078149
065223 062548 0.71885 0.75154
062907 066108 063284 072446
060777 063871 066936 069979
058809 0603 064775 067717
056981 058898 0.62779 065631
055278 058121 060325 063693
053684 05646 0591% 0619
052183 054504 057578 06022

Crack a Direction
007 0075 003 0085
037656 03632 035127 034053
054404 052132 050127 048344
068647 065436 062712 060235
081053 077206 073783 0.70713

w4 Aamaas Annina A anang

PRIFSPRERIANY

129438 124736 120426 116313
131703 12776 122833 118847
133617 129172 124979 121006
132464 130883 12676 12286
131791 123888 128327 12447
13452 125293 127463 123918
131345 128988 126956 125194
131395 128289 126694 124764
131552 128934 1266 124553
131777 12808 126657 124502
132044 123293 126813 124571
132332 12865 127024 124725
132629 125832 127279 124942
132925 130129 127962 125201
133213 130428 127861 125483
133489 130726 128%7 125795
133743 131015 128475 126
133992 131234 128779 12643
134217 13186 123075 126748

003
0.33078
0.46745
058017
067363

0.7675
084433
091086
0.96805

101636

105866
109417
112442
11025
17241

119156
1.20825
122293
1.23654
123085
122707
122649
122534
122625
122795
123023
123291
123589
123305
124232
124565

104769
107083
103114
110906
112502
113937
115244
116451
117629
117354
11724
11725
117358
117541
117783
113063
113389
118732

011
34378
282119

255879
234187
25875
200467

175438
16518

147952

14065
134057
128081
122644

113151
108397
105126
107686
053469
0.95553
09646
088166
0.86042
082215
0.79641
0.77282
075109
0.73036

0.125
315915
28396

258133
2.36838
219147
204082
191123
179841

161

14613

030742
087851
0.85235
0.62828

08081

0125
0.38867
047218
054459
060942
066779
076716

0.84624

112134

0.14
317257
285484
259938
239029

2.21621
206899
19427
183298

165114
15747
150586
144348
138666
13347
128699
124307
120252
116503
11303
109803
108819
104043
101464

036844

09478
092944
0.90317
087905

01
0.26585
036575
0.44148
050626

0.61636
06637
070649
074509
077984
081108

08644
0.88714
090765
092622
034309

097265
098574
099793

102027
103068
104075
105053
106031
107088
107346
1078851

0145
3767

260464
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Example Problems

m Solve the first order ODE (thru crack) or the coupled
system of ODEs (corner, surface).

m N - independent variable
®m a,C — dependent variables.

da

——C(AK(a,c))" =0
N (AK(a,c))
ﬁ—C(AK(a )" =0
dN ’

Initial Conditions :a(0)=a,,c(0) =c,
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Through Crack at Hole
STensionz

m Cparis = 10, nparis = 3.8, delsigma =10.062 ksi

Comparison of Afgrow, Smart, and Mathematica results

1 'o T " " " " T " " " T " " " " T " " " " T
Betas from Afgrow
0.8
0.6 N
o 0000 0.2 04 06 08 1.0
©
0.4
0.2
o
e
0 o wmm@ﬁmzﬂéﬂ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0 50000 100000 150000 200000
N
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Corner Crack at Hole

STensionz

m Cparis = 10, nparis = 3.8, delsigma =10.062 ksi
CC @ hole: dashed MMA, solid Afgrow CA & VA, dotted Smart

7 26 secs in Afgrow using cycle- /
© i by-cycle integration /

0909090994

| | | | | | | | | | | | | | | | | | | |
0 100000 200000 300000 400000
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Surface Crack at Hole

Tension

m Cparis = 10, nparis = 3.8, delsigma =10.062 ksi

SC @ hole: dashed MMA, solid Afgrow CA & VA, dotted Smart <

I I I I
0.20 i
a tip
4
0.15 I,
| Transition /
/
/
0
® 0.10+ |
/
s’
4
7’
0.05F -
c tip
0.00 -
£ | I I I I | I I I I | I I I I | I I I I | |
0 100000 200000 300000 400000

N
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Thru Crack at Lug

Tension

m Cparis = 10, nparis = 3.8, delsigma =8.3 ksi

Thru crack at hole in lug

0.
0.
0.
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 50000 100000 150000 200000 250000
N
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Crack Growth Capabilities

Afgrow Nasgro ICG
Create avsn Y Y coming
MCS Y Y Y
NI Y Y coming
Kriging Y Y coming
RUL Y Y coming
. . Comprehensive NSRRI
K solutions Comprehensive Read Beta tables
(tension only)
Weight functions Comprehensive Comprehensive N
Net section yield Y Y coming
Retardation Y Y N
Adaptive error control o o g RK4(5)
Parallel capable N Y Y (multi-threaded)
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Internal CG Code

CA
ODE RK ODE
/\ Formulation Solver
| j—]‘\‘/—ch(a,c))uo — 7
R
Initial Conditions:a(0)=a,,c(0)=c, " o
ICG Capabilities Crack Growth Result
Method 4-5t order Runge-Kutta
Accuracy Error controlled by user tolerance
Speed ~20000/sec single proc. o —
Parallel 95% speedup on 8 proc. //
K solutions Newman-Raju, read beta tables ,_//




Conclusions

- Equivalent constant is extremely accurate at
predicting variable amplitude crack growth —
for all problems to date

- Adaptive RK algorithm to grow the crack is
very effective (~20000 evaluations/sec)

Capability to read beta tables provides an
attractive method to incorporate a variety of
crack models.

- The top 100 (or so) damaging realizations
can be further examined for potential

reanalysis
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