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] AFGROW, Version 5.3.4 I AFGROW %
LexTech N
New Capabilities & Features

Topics

New Classic K-Solutions

Residual Stress Capability for Advanced Models *

Bearing & Bending Loading for Continuing Damage Models
New Tabular Crack Growth Rate Capabilities **

Damage Tagging

Environmental Tagging

Spectrum Management/Generation

Future Development Plans

* |Introduced in Version 5.3.3
** Introduced in Version 5.3.1



LexTech New Classic Models

* Internal Axial Crack in Pipe
* External Axial Crack in Pipe

* Interdependent Through Cracks -

* Single Edge Through Crack in a Finite Height Plate -

* Constant K Specimen =

* Axial Through Crack in Pipe
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e Recent Improvements to the AFGROW . AFGROW I

Residual Stress Capability

Issues Resolved in AFGROW Release 5.3.3.23 (October 19, 2019)

A Newton Interpolation error was found in the Gaussian integration routine
Large residual stress distribution slope change at through crack transition
The part-through crack correction was not being applied properly

This capability was not available for use with Advanced Models *

* The Classic Newman-Raju K-solution for a corner cracked hole was determined to be ~10 to
15% lower than the Fawaz/Andersson Advanced Model K-solution. The updated residual stress

capability was subsequently used with the ERSI round-robin residual stress data and the Advanced
Model Interface. The results were compared to the round-robin test results.
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LexTech  AFGROW 2-D Gaussian Integration Method

Residual Stresses >
@ AFGROW offers the option to model the effect of rezsidual strezzes on

fHE ?égg‘ihgﬁti;efl?%‘%é”ﬁiﬂgF{%EEEJi’fi;ii:&il”?‘ii‘é?ﬁ* For part-through Cracks, the
Integration is now performed twice:

_ Integration is performed first for r <= thickness.
Sy - walue of a stresz in £ axiz direction; ThIS reSUItS In a reSIduaI K table fOI’ the Corner

1 - diztance from the center point of the crack along o™ axis;

Select type of Data CraCk
{* Shess " Residual £
Enter stress and Generate SIF table using Integration is performed again for all integration
R = | points with S(0,r) (a-direction) set to 0.0
= g:@;@é@:g AR - (equivalent to a 1-D crack case). This is the
2 | oot | -4 | 465 o residual K table used after transition to a through
3 002 | -43.42 | -50.5 —_—
4 | 003 | -42 | -4 - crack.
5 nnd | -apg | s IV
OF, Cancel Mo Stresses
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LexTech

.NET

AFGROW 2-D Gaussian Integration Method

Residual Stresses *

AFGROW offers the option to model the effect of residual streszes on

@ crack growth by reading in a table of residual strezzes as a function of
crack length than AFGROW uzes theze values to generates a table
of 'Residual Stress Intensity Factors' [SIF).

S - walue of a stress in £ axiz direction;
r - digtance from the center point of the crack along = o asis;

Select type of Data

¥ Shess " Residual K,
Enter strezs and ' Generate SIF table using
Mumber of Sets: |75 El: (+
~
Set r SrO) | S(Or) |-
15 0.24 -5.42 -60 Fila
16 0.245 -5 -60
17 | 0249 | -475 | -6D Open
18 0.25 -3 -60 S ave
19 0.3 1 585 1Y
0k, Cancel Mo Streszes

Important Note:

Two integration points are needed beyond the
longest crack expected for each integration process.
The Gaussian integration method uses a Newton
polynomial interpolation method that requires two
points ahead of each integration point for valid
results.



LexTech  Modeling Two Points along the Crack Front

Two Points on the Crack Front are Currently Used for
the Advanced Model Residual Stress Implementation

Az2C A=<C

A - Dimension
[——
A - Dimension
e
-

C - Dimension C - Dimension

When performing analyses for the ERSI round robin effort, the best correlation was obtained when
mapping the 3-D residual stress field approximately 5 degrees from either free surface.
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LexTech  Modeling Two Points along the Crack Front

AFGROW p=

Residual Stress (Ksi)

5 Degrees Inside Free Surface

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
10
e®0g4
. o 00000 4 4 0 T
®
-10
®
®
-20 ®
®
®C - Dimension

-30 *

®A - Dimension

Radial Distance from Crack Origin



] ] ] . Arﬂnow NET
LexTech Life Prediction Demonstration

: AFGROW - [C\Users\harterja\Documents\AFGROW Related\Workshop 2017\RoundRobin\Case02b.dax:1] - O x
PRLLD »U A-2-lum® -2 2R D tREXS BTN
fa] FILE INPUT EDIT VIEW PREDICT TOOLS REPAIR INITIATION WINDOW HELP _ 8 X
ISpecimen '}
o= &l
Crack Growth Rate Data
16+000 T # Appearance _ =
16-001 ’ (l?lame) 1 Specimen
1002 / R 000 ’ ‘:::;h 0 4007000
t :
1e-003 !
10004 / Thickness 0 0251500
% / Constrained 2 True
= 1e-005
© / 4 Load
T 1e-006 [ [ & |
/ Axial I 1.000000
1e-007 ;
/ Bending 2 0.000000
1e-008 )
/ Bearing I 0.000000 -
1e-009
16-010 Remove All
0.1 1 10 100
AEK
Note: For R < 0.0, Kmax is used instead of Delta K

E Crack Gr... [ Cyclic Str.

Ml Crack Le..

= Status

Toolsor

QOutput

Crack #1

Clength= 011543 Beta Tension= 1.6117 Beta Compression=1.6117 Rik)= 01000 Rfinalj=0.1000 Delta k=1.04812+001 D(/DMN=9.8053=-006
ALength = 016845 Beta Tension= 1.5688 Beta Compression=1.5688 Rilk)= 01000 Rfinalj=0.1000 Delta k=1.2325e+001 D{)/DMN=1.5066=-005
a/t= 0.6698 a/c=1.4594

Max stress  12.000, r= 010, 19469 Cycles, Subspectra: 0. Pass: 3

Terminate - runtime : 0 hour(s) 0 minute(s) 10 second(s)

E Qutput

For Help, press F1

MNotification List

W Fnglish



() Bearing & Bending Loading for . AFGROW I
LexTech . :
Continuing Damage Models

Bearing Load Solution is Curve Fit Using FEM results and the
Newman-Raju Format

« Corner Crack Parameter, G2, Based on the Through Crack Infinite
Plate Solution

« Parameters G4 & G5 Modified as Necessary
« Parameters G6 & G7 Added to Minimize Curve Fit Errors

« Transverse Through Crack Bending Solution Employs the (1/3 —
2/3) User-Defined Fraction of the Axial Solution




Bearing & Bending Loading for
Continuing Damage Models

AFGROW p=

& AFGROW - [Predict Data1:1]

Doy A -y WM-EAE DS Y RBXS BTN

FILE INPUT EDIT VIEW PREDICT TOOLS REPAIR INITIATION WINDOW  HELP

Crack Growth Rate Data * I X Specimen I‘f_x Properties
o 0 Specimen
Crack Growth Rate Data Gl
16-001 4 Appearance
1e-002 (Name) a
} —R= 0.00 4 Size
16-003 ] Width o
1e-004 / Thickness a
5 1e-005 7 Constrained a
S 1e-006 4 Load
1e-007 / Axial v}
16-008 ( Bending a
16-009 Bearing o
1e-010 Remove All
0.1 1 10 100
AK
Note: For R < 0.0, Kmax is used instead of Delta K

= Status Ml Crack Le.. E Crack Gr... [ Cyclic 5tr... S Repair

"8l [F Properties

Qutput

Specimen

4000000
0.250000
True

1.000000
0.000000
0.000000

- B X
v I X

B S S S s S A
This space for comments
B S S S s S A

& output

For Help, press F1

Notification List

W English




LexTech  New Tabular Growth Rate Capabilities

Multiple Growth Directions
Independent Tabular Rate Data for Two, Orthogonal Directions
Abllity to Interpolate for Multiple Point Modeling

Environmental Growth Rate Data
Default Tabular Material Data Set
Additional Data Sets for Alternate Environmental Rate Data
Uses Spectrum Tags Utilize Appropriate Rate Data



Lelgch Using Data for Multiple Crack Growth
Directions

Crack Growth Rate Data for
L-S, T-S, and S-L Orientations
are Very Difficult to Find




Lelxi%m Using Data for Multiple Crack Growth . AFGROW I
Directions

Multiple Point Solutions
Require a Method to
Interpolate Rate Data Along
the Crack Front

AFGROW, Version 5.3.5
(upcoming release) will allow
Interpolation using an
Interpolation angle (y)

—..—t\_ o—
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LexTech

AFGROW p=

Multiple Crack Growth Directions

1.E-04

1.E-05

1.E-06

*

*

C Length (Specimen 1)
A Length (Specimen 1)
Through Crack (Specimen
é) Length (Specimen 2)
A Length (Specimen 2)
Through Crack (Specimen
? Length (Specimen 3)
A Length (Specimen 3)

Through Crack (Specimen
3)

e C Length Fit (Dual Rate)

— A |_ength Fit (Dual Rate)

Round Robin Fit

100

AFGROW Round-Robin Data



Lextech  Multiple Crack Growth Directions

Materials *
= h;laterlal List @ Inputvalues of Delta_K for dajdN values and up to 10 different R(stress ratio) values. Matrix must have at leasttwo R values and two da/dN
-General values. Input Delta_K for R >=0, input Kmax for R < 0.0
7 Data Set
= ; ) Mame: |7075-T7651 L-T LHA Plate
- C Direction
i A Direction =

Mumber of da/dn Sets: 18 : Number of R Sets: || -

R[ 1]
'@' 0.1

da/dN[1] 1.00e-006

Ultimate Strength: 75

Young's Modulus: 10400

LidhllE 2.00e-006 6.425 Coefficient of Thermal Expansion:  1.31e-005
da/dN[3] 4.00e-006 8
da/dN[4] 6.00e-006 9.2 Poisson's Ratio: 0.33

E da/dND3] 1.00e-005 11.05 Upper limit on dajdN, DADNHIE 0.1

da/dN[6] 2.00e-005 14.65
da/dN[7] 4.00e-005 21
da/dN[8] 6.00e-005 25
da/dN[9] 1.00e-004 29
da/dN[10] 2.00e-004 34
da/dN[11] 4.00e-004 38
da/dN[12] 1.00e-003 41
da/dN[13] 2.00e-003 44
da/dN[14] 1.00e-002 50
da/dN[15] 2.00e-002 52
da/dN[16] 1.00e-001

Lower limit on da/dM, DADMNLO:  4e-007

Plane Stress Fracture Toughness, KC: 62

Plane Strain Fracture Toughness, KIC: | 30

Delta K threshold value @R=0: 4.7

Yield Strength. YLD : 64

Lower limit on R shift (Max: 0): -0.33

Upper limit on R shift (0, 1y 0.72

OK | | Cancel ‘ | Apply ‘ ‘ Add | ‘ Delete ‘ | Read ‘ | Save | ‘ Help




Lextech  Multiple Crack Growth Directions

PC-CX7075-2 a-tip PC-CX7075-2 c-tip
0.30 2.0
1.8
0.95 —@— Test —@— Test
——MacAllan A 16 ——MacAllan A
.E ——MacAllan B ’é\ 1.4 ——MacAllan B
E 0.20 E ——MacAllan C
= MacAllan C =
7 < 1.2 o
4y} _ o Dalwhinnie
= Finlaggan el
S 0.15 S 1.0 Finlaggan
c Black Label c
3 3 Black Label
% Dewars B % 0.8
9 0.10 E Dewars B
O Jura O 06 Jura.
—— Cathead 04 — Cathead
0.05 —@—Round Robin Fit —8— Round Robin Fit
—&—Dual Rate Fit 0.2 —e—Dual Rate Fit
0.00 0.0
0 10,000 20,000 30,000 40,000 50,000 0 20,000 40,000 60,000 80,000 100,000 120,000

Cycles Cycles



Lextech  Multiple Crack Growth Directions

Specimen 2
1.6
1.5 -
~ Crack Shape Trend Could
g 14 * Not Be Predicted Using a
g ., Single Growth Rate
g Curve
Q ® Test Data
£ 12
—Round Robin Fit
1.1 - —Dual Rate Fit
1 . ' .
0.00 0.05 0.10 0.15 0.20

Front Face Length (c), inch



Ledtech - Multiple Crack Growth Directions

AFMAT Demonstration



I_I!I NET
Letech  Multiple Crack Growth Directions

& lest Profile b4 -+

€« C @& afgrownet a % B 2 00 & @& O e

AFGROW | AFMAT

Home | Product Reference | Specimen | TestProfile @ Tabular Lookup da/dN Data = Administration

AF Mat > Test Profile
Test Profile

AND = 45 X

Property Type  EqualTo Fatigue Crack Growth Rate (da/dN vs deltakK) v @ X

Orientation  EqualTo L-S vy X
Apply
»- ALLOY STEELS Condition ;
Id Allo Paa Heat Property Type Orientation Specimen Type SeStimes feoduct Environment Temperature
*»- Aluminum y Source A b P L R yp Thickness Form P
- TITANIUM ALLOYS Tl-
Additional Fatigue Crack
10V- 0.2 A+B Compact Tension ‘ 3.5PCT
84 NASA Growth Rat L-S 0.625 F
& oFE- WORK;STA rowth mate (CT) orang - nacL
Data (da/dN vs delta K)
3AL
- Additional Fatigue Crack
10V- 0.2A+B 9 Compact Tension -

aR NAQA Zrranth Pata < N AR Frrminm I AR AIR
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LexTech

Multiple Crack Growth Directions

.NET

& Test Profile

< c

X 4+ — |
@& afgrow.net/afmat/testprofile.aspx Q % B T Q0 & & Q| O
rorbE (da/dN vs delta K) Load Specified)
Fatigue Crack .
12543 7010 | OR 773651 Growth Rate L-S Compact Tension 0.3 Plate LAB AIR 72
FORCE (CT)
(da/dN vs delta K)
Fatigue Crack .
12586 7010 R 773651 Growth Rate L-S Compact Tension 0.3 Plate LAB AIR 250
FORCE (CT)
(da/dN vs delta K)
AIR Fatigue Crack Part Through Surface
16328 2024 FORCE T851 Growth Rate L-S Crack (PTSC) (Max 0.374 Plate HHA 70
(da/dN vs delta K) Stress Specified)
AIR Fatigue Crack Part Through Surface
16329 2024 FORCE T851 Growth Rate L-S Crack (PTSC) (Max 0.377 Plate HHA 70
(da/dN vs delta K) Stress Specified)
AIR Fatigue Crack Part Through Surface
16330 2024 FORCE T851 Growth Rate L-S Crack (PTSC) (Max 0.759 Plate HHA 70
(da/dN vs delta K) Stress Specified)
AIR Fatigue Crack Part Through Surface
16331 2024 FORCE T851 Growth Rate L-S Crack (PTSC) (Max 0.76 Plate HHA 70
(da/dN vs delta K) Stress Specified)
22 NI Fatigue Crack .
C t T HIGH PUR
18192 MO NASA UNK Growth Rate L-S ( ggpac ensien 1.969 Ring oo 396
CR 37 (da/dN vs delta K)
22 NI Fatigue Crack .
C t T HIGH PUR
18193 MO NASA UNK Growth Rate L-S ( gTr?paC ension 1.969 Plate oo 388
CR 37 (da/dN vs delta K)
H < |l . » | Pagesize: 20 v 26 items in 2 pages




[m)

LexTech

Multiple Crack Growth Directions

AFGROW p=

General Specimen ‘ Reference ‘

| Favorite

Product Test and Data Plot

Reference

Reference ID:
Title:

Authors:
Report Number:

Volume:
Sponsoring Agency:

Contract Number:
Starting Date:
Abstract:

Comments:

90981

Data Sheets for Final Report on "Investigation of the Effects of Stress and Chemical Environments on the Prediction of Fracture in Aircraft

Structural

Krupp, W.E,; Wimmer, F.T.; Pettit, D.E; and Hoeppner, D.W.

Report Type:
Reporting Date:

Rye Canyon Research Laboratory Performing Agency:
Contract F33615-71-C-1688 Project Number:
Ending Date:

Final Report
received Qctober 21, 1974

Lockheed-California Company,
Burbank, CA




Lextech  Multiple Crack Growth Directions

2024-T851 Lab Air Plate (L-S) R=0.1

o Corner Cracked Plate Test Specimens
L-S Data from Krupp, Pettit, and
Hoeppner (1974)
1.00E-05 ; ® D 16328
& ‘4 ® D 16329
a7

1 10 100
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LexTech Damage Tagging

.NET

Abllity to Summarize the Percentage of Total Crack Growth
Caused by Spectrum Levels that Have Been Tagged by the User

This Capability Requires the Use of Tabular Crack Growth Rate
Data and AFGROW'’s Spectrum Manager

The Spectrum Must be Saved in a New XML Format

A Damage Summary is Printed at the End of the Output File



LexTech Damage Tagging

Cutput

taw stz 9000, 1= 067, 1.88702e+006 Cycles, Subspecha: 1. Pazz 1217

++++++k.may Critena Failure. Edge 1, Crack 1

Crack #1

Clength= 21421 Beta Tension=1.1707 Beta Compression= 1.1707 R[k]= 0.0000 Rifinal]= 0.0000 Delka k=3.6444e+0001 D[)/DN=2 7d22e-003
baw stresz 12000, r= 000, 1.88707e+006 Cycles, Subspecha; 1, Pazz 1217

:-::-::-::-::-::-::-::-::»:I:ral:tl-."ﬂI
Stresz State in the 'C' direction [PSC) 310287
Fracture has occured- run time: 0 hourlz) O minute(z] 8 zecond(z|

Damnage Summary [By Source]

Percent of total damage due to ™ 23.54%
Percert of total damage due to GAGY  1.33%
Percent of total damage due to Gust'  2.48%
Percert of total damage due to Level 1% 36.21%
Percent of total damage due to Level 2% 36.44%

Damage Summary [By Sub Spectra)
Percert of total damage due to Block 1% 76.46%
Percent of total damage due to Block 2% 23.54%




LexTech Environmental Tagging

 Ability to Use Crack Growth Rate Data for More Than One
Environment in a Given Life Prediction

* Environment Tags are Assigned to Any Level in a Spectrum

* Environment Tags are Currently Numeric to Represent
Temperature

* This Capabillity Also Requires the Use of Tabular Crack Growth
Rate Data and AFGROW'’s Spectrum Manager

* The Spectrum Must be Saved in a New XML Format



()

LexTech

Environmenta

AFGROW p=

| Taggin

Materials

= Material List

Material name: |Material

----- General
----- Data Set Description:  iaterial Description
.- Data Set, Temperature: -40
A0 ‘ Name | Temperature ‘
1 [[] 7075-T6L-T Lab air
2 Data for another environment |-4D |
[ Material properties crack direction dependent
OK Cancel Apply Add Delete Read Save Help




AFGROW B
LexTech Spectrum Issues

2 AFGROW - [Predict Data1:1]

PP b U A M- DEE REBXLS BEIN

a, FILE INPUT EDIT VIEW PREDICT TOOLS REPAIR INITIATION WINDOW HELP -
Internal Through Crack - Standard Solution

Crack Length vs Life

Crack Length vs. Cycles

0 28714 57420

o /
— Vs

0321 —————

0 N
28714 57429
—Internal Through Cr...

Crack Le..

C Crack size= 1.2196 Beta Tension=1.3171 Beta Compression=1.3171 R(k)= 0.0000 Rfinal)= 0.0000 Delta k=3.60952+001 D(yDN=2.15592-003

Max stress = 14.000 r= 000 57400 Cycles Subspectra: 0 Pass: 575

Fracture based on' Krax' Criteria (current masirmurm stress)
C Crack size= 1.2821 BetaTension=1.3677 Beta Compression=1.3677 R(k)=0.0000 Rifinal)= 0.0000 Delta k=3.8429e+001 D(yDMN=1.0000e-002

Maxstress = 14.000 r= 000 57429 Cycles Subspecta: 0 Pass: 575

Stress State inthe 'C' direction (PSC): 2
Fracture has occurred- run time: 0 hour(s) 0 minute(s) 1 secondis)
v

ISRl Notification

ww English

For Help, F1

Life Prediction Validation Testing
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LexTech

Load History

AFGROW p=

Peak-Valley Reversals

12 1
10+

| |
= P O M & O
A L i (] i i

=104
12




lextech  Definition: Stress or Load Cycle

08 - 05 -
06 - 06 -
% 0.4 4 04-
E 021 ? & D'é :
|:| -
021 021
04 . . 04 .
Time Time

A cycle iIs defined as a stress (or load) excursion which starts at a
certain level and returns to the same level over time. A cycle may
be characterized by it’s maximum and minimum value.

Load reversals and cycles are NOT the same!
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LexTech

Cycles vs. Reversals

.NET

Reversal data may be used by a test machine to
apply a sequence of loads to a test specimen
since each peak Is greater than the previous valley

Cycles are extracted from reversal data with no
assurance that each maximum will be greater than
the minimum of the previous cycle
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LexTech

Definition: Stress Ratio (R)

R = Cymin/cymax

A stress cycle 1s defined by 1t’s minimum and maximum value, but
the resulting crack growth rate is determined by the stress intensity
range (AK) and the stress ratio (R).

Crack growth life is determined based on cycles that have been
extracted (counted) from a known (or simulated) loading history.



s Variable Amplitude Loading Discussion
% < HILL
ENGINEERING Spectrum development, analysis, and testing formats

Predict. Test. Perform.

Dallen L. Andrew



Definition of Variable Amplitude Spectrum File

next

*Step 2: Data processing B
. . ) Data processing

« Could include intermediate point removal, truncation, randomization,

clipping, etc.
toint £ O] councaspecion

* Would still be a point-to-point file

*Step 3: Cycle counting Max

Step 1: Recorded flight data/maneuvers
* A point-to-point file as the a/c physically must go from one maneuver to the @

« FCG analyses require cycle counted spectrum to perform AK calculations 0.4 0.8 1
» Many possible methods: Rainflow, Conventional (50% rise-fall), etc. 0.1 0.75 1
» Once this step is performed, it is no longer a point-to-point file and now 0.6 il il

represents independent max/min pairs or individual cycles that are not
connected physically

*NOTE: Steps 2 & 3 could be interchanged or mixed depending on the methodology used

IS HILL

V/l \\4 . . .

= < ENGINEERING © 2018 Hill Engineering, LLC
) i’ hill-engineering.com



Definition of Variable Amplitude Spectrum File

Counted Spectrum # Cycles
1 £ 11 1

» The format used to implement a counted spectrum file into FCG
analysis software varies: 5 1 3 1
« Min-Max pairs, Max-Min pairs, Base-Peak-Base, etc.

« But all represent the same thing:

3 6 14 1
+ Independent, Separate, Full Cycles # Cycles
1 11 4 1

. M, = 14
P vax - 2 8 1 1
. 3 14 6 1
4 Min, = 1 4 11 4 1
z Min; = 2 1 8 1 1
Lt oyele | [ Lraoyele | | 1 eyee 3 6 14 6 1

Counted spectrum represent independent, separate, full cycles

IS HILL

V/l \\1 . . .

= < ENGINEERING © 2018 Hill Engineering, LLC
) i’ hill-engineering.com



Variable Amplitude Spectrum Testing
rormat

« The format used to implement a variable amplitude

L . . 1 11
spectrum file into a fatigue load frame must be a point- Seament # | Point 1 | Point 2
. : Point 1] Point 2

to-point, or turning point, file 1 1 4
» The load frame must physically go from one load point to
the next sequentially 2 8 1
» The format of the file can vary but all represent the 3 14 6
same thing
 Single column of load points, Double column of load points
identified by segment, etc.
» This file does not represent independent, separate,
full cycles, but sequential point-to-point loading 2 ,
segments o

14

O O A W DN
=

;
\
\
®

What would happen if a counted spectrum was used in a fatigue load frame?

IS HILL
V/‘ \\‘ . . -
= < ENGINEERING © 2018 Hill Engineering, LLC

hill-engineering.com



Variable Amplitude Spectrum Testing

Counted Spectrum

« Taking the previous example of a counted spectrum (left), the
applied load cycles can be identified by color, with a full cycle

indicated by the colored arrows (right)

Max, = 14
14
12
Max, =11
10
g Max, = 8
o 8
p -
b4 .
O 6 Min; =6
4 Min, =4
2
Min, =1
0 — > —> —>
1 full cycle 1 full cycle 1 full cycle

Stress

1 11 4 1

2
3

8
14

1 1
6 1

S HILL
V/l \\4
2. MENGINEERING

© 2018 Hill Engineering, LLC
hill-engineering.com



1 11 4 1

2 8 1 1
3 14 6 1

Variable Amplitude Spectrum Testing

Counted Spectrum
» Left image: The counted spectrum identified by color
» Center image: The purple dashed lines identify how a fatigue load frame would interpret a counted spectrum
file format of max/min pairs

» Right image: The colored dashed lines with arrows identify the corresponding applied load cycle and direction
seen in the fatigue load frame

10 10 10 A
3 A |
o ° s 8
4 4 4 v
2 2 2

Stress
oo

/!?’:"K\\ HILL
V/l \\1 . . .
./;é\‘ ENGINEERING © 2018 Hill Engineering, LLC 39

hill-engineering.com



Variable Amplitude Spectrum Testing

Counted Spectrum

» Left image: The colored dashed lines with arrows identify the

2
3

corresponding applied load cycle and direction seen in the fatigue load frame
» Black dashed lines are added to indicate additional damage imparted to the coupon, not part of any full colored cycle

* Right image: Applied damage comparison

1 11 4 1

8
14

1 1
6 1

« The full cycle indicated by a counted spectrum file for use in FCG analysis are shown in solid colored lines with arrows
« The segments applied by a fatigue load frame are shown in dashed colored lines with arrows
« The black dashed lines indicate additional segment (Y2 cycle) that were applied in the fatigue load frame that do not exist

in the analysis using a counted spectrum

14 14
12 12
10 A 10
0 | &
3 8 S 8
N N
6 | | 6
4 — 4
2 2
0 0

1 full cycle

A Al

1 full cycle

1 full cycle

£
I

[
|t
v *l

A *I

Extra %2
cycle

-*

IS HILL
% < ENGINEERING

© 2018 Hill Engineering, LLC
hill-engineering.com



Variable Amplitude Spectrum Testing

Counted Spectrum

* Now imagine a spectrum file with thousands of max/min counted pairs
» The difference between the test and the analysis could become quite significant due to the additional load segments

1 full cycle
14 A *I
# Cycles e }
1 11 4 1 7)) 10 I | 1 full cycle I |
s @ l f] I
2 8 1 1 5 ° Il ” ' I* f Extra ¥
3 14 6 1 4 v l:T | cycle
’ ol

What format of data should be used for variable amplitude spectrum testing?

IS HILL
V/‘ \\‘ . . -
i < ENGINEERING © 2018 Hill Engineering, LLC

hill-engineering.com



e
Variable Amplitude Spectrum Testing

Review the spectrum development process:

» Step 1: Recorded flight data/maneuvers
» A point-to-point file as the a/c physically must go from one maneuver to the next
« Step 2: Data processing

« Could include intermediate point removal, truncation, randomization, clipping, etc.
« Would still be a point-to-point file

**Prior to Step 3, the point-to-point load spectrum should be identified, as this is the spectrum
that should be used in a fatigue load frame

» Then that test spectrum should then be cycle counted for use in FCG analyses

» Validation should be performed to ensure the counting methodology utilized is consistent with the original
point-to-point spectrum
« Step 3: Cycle counting
« FCG analyses require cycle counted spectrum to perform AK calculations
* Many possible methods: Rainflow, etc.
« Once this step is performed, it is no longer a point-to-point file and now represents independent max/min pairs or
individual cycles that are not connected physically
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Variable Amplitude Spectrum Testing

1 18 10 1

Intermediate Points

2 15 7 1
3 6 -4 1

 When a subsequent ‘max’ point is less than the previous ‘min’, an

intermediate point is now part of the loading spectrum

« Test frame software may not accept this, as it needs to be a turning point file

« One approach used is to strip out all intermediate points

Max, = 18
Max, = 15
14
12
Min, =10
10
7
v 8
B 6
4
2

Max;= 6
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Stress
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Variable Amplitude Spectrum Testing

Cycle Counting

Crack growth life prediction programs use cycle counted spectra since crack growth extension is calculated
based on the change in stress intensity factor for a fully reversed (complete) cycle

Uncounted load (or stress) spectra consist of a series of values which are not necessarily arranged as a
sequence of complete cycles

These spectra are generally in a peak-valley format with each point representing a reversal of load
Complete cycles are imbedded within the uncounted spectrum
Various counting options are commonly used:

Rainflow

Conventional (50% rise-fall) count
Range pair peak (fixed increment) count
Mean crossing count

Level counting
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» For example, AFGROW has a built in rainflow counting tool

Variable Amplitude Spectrum Testing |
Cycle Counting: Rainflow /\
« Extracts complete cycles and arranges them in an appropriate sequence in a counted V \\
spectrum

Final cycle (complete) order dictated by the order in which the maximum value occurred in the
uncounted spectrum

« Steps: 1 1
1. Assign index number to all peak values in reversal file 09 ] 08|
2. Input the first 4 stress values from the reversal file : 04 //\/ g 041 V
3. Test the 2nd and 3rd value to see if both fall between the 1st and 4th value. If true, these o o
values are a cycle 04 : : 04 : :
4. If step 3 is true, place the resulting cycle in an array (counted cycle array) according to the ’ o ’ P

8.

index value assigned to the maximum value in the cycle. If step 3 is false, move the 1st value _
in step 3 to a residual value array, move the 2nd, 3rd, and 4th value to be the 1st, 2nd, and 3rd value and input the next value from the
reversal file. Go to step 3. When the entire reversal file has been read, go to step 5.

Transfer all values in the residual value array to a new working array. Repeat steps 2 and 4 using the working array in place of the reversal
file. If the test in step 3 is false for the entire residual array, then the program will check to see whether or not the 2nd and 3rd values
comprise a cycle (as shown to the right). If so, these values are paired and placed in the counted cycles array according to the index value
assigned to the maximum value of the cycle. Repeat until the residual value array has 4 or fewer values.

Perform the step 3 test on the residual value array. Place any cycles in the counted cycle array. Repeat until 4 or fewer points remain in
the residual value array.

Check for cycles in the final few points. If four points remain, the checks noted above are performed. If a cycle is found, then the two
remaining points are passed on the residual array. If three points are left, the code will determine a cycle from the maximum range of the 3
points. If two points remain (or were passed on), they are assumed to comprise a cycle.

Transfer the cycles in the counted cycle array to the spectrum output file in the format specified.

v
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Variable Amplitude Spectrum Testing

Cycle Counting: Rainflow Example
« Sample landing gear loads
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80000 1 1 80000
60000 \ 1 60000
‘2 40000 % 40000 A A
" 2 A A 1
%] w
@ w
- i
3 20000 % g 72000 AA A
% ao: £ E A
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0 4 S g | % 2 = 0
E Q - = = 2 =
_ ] | £ e oy £ oo -g
20000 5 o E 3 a £ & 5 = s 20000
g g E g T ® B 3 E =
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Variable Amplitude Spectrum Testing

Cycle Counting: Validation
» Whatever cycle counting methodology is used, validation testing should be performed to ensure that the
method generates a representative spectrum

100000 100000

80000 80000

60000 60000
- = [y A
& 20000 £ E & 200 AAA A

-20000 % "_‘ Eﬂ T =§ T % __’%" E %" E -20000

. 3 B S 2 £F 5 & 8 E E .

0 5 10 15 2 25 30 35 40 45 : 0 10 20 30 20 50 60 70
/ Reversal Points
How well does this
really represent this?
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Conclusions

What questions should be asked when receiving/using/giving a spectrum?

* |s this spectrum to be used in a fatigue crack growth analysis, or for spectrum testing, or both?
* |s this a turning point spectrum or a counted spectrum?

Key considerations:
« All spectrum are not created equal
 Make sure you understand what step in the process your data represents

« Uncounted spectrum cannot be used for fatigue crack growth analyses
« Counted spectrum should not be used for fatigue testing
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LexTech Spectrum Manager
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LexTech Spectrum Manager

 Visual spectrum design

» Create Spectra from Exceedance Data

« Spectrum level reordering

« Sub-spectra organized in any user-
defined sequence

« Sub-spectra may be placed in the
sequence more than once

« Sub-spectra may be re-ordered in the
sequence

« Spectrum statistics at a glance

Exceedance curve plotting

R-plots

Sub-spectra tagging

Synchronized data views

Spectrum level damage tagging
Spectra normalization/de-normalization
Clipping/Truncation capability

Import data from “old” text sub files
Context-Sensitive Help
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Demonstration



