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Fracture - Catastrophic
Without Plastic Deformation and at Hig
Fracture®. Fracture with Plastic Deformation is Ductile Fra

Fail Safe - Structure Multiple Load Path Structure Capable of
Sustaining Limit Loads with a Single Load Path Failure /

Safe Life - Structure Designed to Not Initiate (Nucleate) a
Small Crack in the Design Operational Lifetime

Damage Tolerant - Structure Designed to Sustain a “Hidden”
or “Rogue” Flaw and Continue Safe Operation Until the Flaw
Can be Detected and Repaired
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%
Root Cause (Ref 1) % Mode
Ref 1 | Ref 2
Improper Maintenance 44
—— Fatigue 61 57
Fabrication Defects 17
_ Overload 18 7
Faulty Design 16
Stress Corrosion 8 19
Abnormal Service Damage 10
Setoctive Materal = Excessive Wear 7 1 /
efective Materia
Corrosion 3 0.3 /
Undetermined 6
Other 3 16

» Ref 1: Metallurgical Failure Analysis, Charlie R. Brooks & Ashok Choudhury, 1993, page 3
* Ref 2: BCA Fracture Database, 1978-2004.
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% Certification

FAA
Military — USAF, USN
Combined Certification

Safe Life — Design for time to start cracking; Retire airframe
Damage Tolerance — Design to existing defect; Maintain through
Periodic Inspection

Total Life — Combines both the crack nucleation time and damage
tolerance time to grow to failure

Failsafe — Redundant Structure (Can operate with a failed member) /
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Rogue Flaw

Total Life

Crack
Size

~0.01 in.
(0.25 mm)

Crack Initiation
Life

Crack Growth
Life
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Load Cycles

Va
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LOADING

Cyclic - Definitions



MIL-STD-1530C USAF ASIP TASKS

TASK T TASE IT TASE ITT TASEK TW TASK WV

Ric Leist, PE

DESIGIN
INFOERMATION
o
ASTP Master Plan

Fo4
Drurabality and Tramage
Tolerance Contral

Corrosion Prevention
& Contral
Program (CPCE)

Selection of Materials,
Processes, Joimng
Methods, & Stwctaral
Concepts

DESIGN ANALYSES
& DEVELOPMENT

525
Comosion A ssessment
JF2e

Some Fatigune Analy=is

Produetion WDI
Capability Assessment
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CERTIFICATION &
FORCE
MAMANAGEMENT
DEVELOPMENT

FORCE
MANAGEMNMENT
EXECTTION

Werification Groumd
Tests

Spectra Survey
(LESS) Development

Force Managensent
Updates

Interpretation amd
Evalmation of Test

FAA utilizes
Federal
Airworthiness
Regulations
(FARs) Part
25.571 -
Tasks are Similar

Va
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> Flight — Mane

% Ground - Taxi, Turns, Braking, Towing,

3+ Produce Internal Loads Model (Finite Element Model — FEM)

3> Calculate Stresses from Internal Loads
3 Hand Analysis of Section Properties
3+ Local FE Models — e.g. Joints, Fine Mesh Models (Usually h-version FEM)
3 Notch FE Stress Models (Usually p-version FEM)
Calculate Crack Initiation Life — How long before cracking nucleates

Calculate Damage Tolerance Life — How long can a crack grow to element o
component failure

3> Determine Maintenance (Inspection) Intervals and Types

Ric Leist, PE © R Leist Engineering 2023
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FLIGHT PROFILE ANALYSIS

Typical Flight (Commercial or Military)

One Pressure Cycle

Time at Alt for Gust

One Landing

Constant Fuel Use (No Refuel)

Variable Loading

Time (min)

_ Different Flight (One Military Type)
Multiple Pressure Cycles

Time at Alt for Gust

Much More Maneuver

Multiple Landing

Variable Fuel Use (Poss. Refuel)

Constant Loading

Time (min)
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table1

				Mission A

		No.		Segment				F.W.		Speed		Alt.		Dt		St		Flaps

								KIPS		KIAS		1000 ft		min.		min.						alt 100		X time

		1		Taxi		Start		115.0		15		0.0		12.9		12.9		14				0		0

		2		Take Off		Start		114.0		150		0.0		1.5		14.4		14				0		12.9

		3		Climb		Start		113.0		211		2.6		11.3		25.7		0				26		14.4

		4		Cruise		Start		91.0		250		25.9		323.1		348.8		0				259		25.7

		5		Descent		Start		57.0		235		23.9		18.4		367.2		0				239		348.8

		6		Approach		Start		56.0		167		2.9		1.0		368.2		14				29		367.2

		7		Pattern		Start		56.0		176		2.8		1.2		369.4		14				28		368.2

		8		Pattern		Start		56.0		162		2.5		1.4		370.8		25				25		369.4

		9		Pattern		Start		56.0		152		2.3		3.8		374.6		40				23		370.8

		10		TAG1		Start		56.0		134		0.0		0.4		375		50				0		374.6

		11		Climb		Start		56.0		187		0.0		3.8		378.8		14				0		375

		12		Pattern		Start		56.0		169		1.1		1.3		380.1		14				11		378.8

		13		Pattern		Start		55.0		156		1.0		0.5		380.6		25				10		380.1

		14		Pattern		Start		54.0		144		1.0		1.0		381.6		40				10		380.6

		15		TAG2		Start		50.0		134		0.0		0.4		382.0		50				0		381.6

		16		Climb		Start		50.0		187		0.0		3.8		385.8		14				0		382.0

		17		Pattern		Start		50.0		169		1.1		1.3		387.1		14				11		385.8

		18		Pattern		Start		49.0		156		1.0		0.5		387.6		25				10		387.1

		19		Pattern		Start		48.0		144		1.0		1.0		388.6		40				10		387.6

		20		Landing		Start		44.0		123		0.0		0.1		388.7		50				0		388.6





Mission 1 Plot

		0		0		0

		12.9		12.9		12.9

		14.4		14.4		14.4

		25.7		25.7		25.7

		348.8		348.8		348.8

		367.2		367.2		367.2

		368.2		368.2		368.2

		369.4		369.4		369.4

		370.8		370.8		370.8

		374.6		374.6		374.6



Alt.

Speed

F.W.

Time (min)

Typical Flight (Commercial or Military)

0

15

115

0

150

114

26

211

113

259

250

91

239

235

57

29

167

56

28

176

56

25

162

56

23

152

56

0

134

56



table2

				Mission I

		No.		Segment				F.W.		Speed		Alt.		Dt		St		Flaps

								KIPS		KIAS		1000 ft		min.		min.						alt 100		X time

		1		Taxi		Avg		88.5		45		0		15		15		0				0		0

		2		Accel. To		Avg		88.0		105		0		1.4		16.4		14				0		15

		3		Climb		Avg		87.5		120		1.125		3		19.4		14				11.25		16.4

		4		Climb		Avg		86.2		250		12.75		7		26.4		0				127.5		19.4

		5		Cruise		Avg		75.4		265		24		60		86.4		0				240		26.4

		6		Descent		Start		73.4		215		24		11		97.4		0				240		86.4

		7		Descent		Avg		72.9		196		1.5		3		100.4		14				15		97.4

		8		Descent		Avg		72.3		168		1.125		3		103.4		25				11.25		100.4

		9		Descent		Avg		71.8		145		0.375		3		106.4		40				3.75		103.4

		10		TAG1		Avg		71.7		125		0		0.5		106.9		50				0		106.4

		11		Climb		Avg		71.5		142		0.375		1		107.9		40				3.75		106.9

		12		Climb		Avg		71.4		158		1.125		1		108.9		25				11.25		107.9

		13		Pattern		Avg		69.6		168		1.5		10		118.9		14				15		108.9

		14		Descent		Avg		69.0		161		1.125		3		121.9		25				11.25		118.9

		15		Descent		Avg		68.5		145		0.375		3		124.9		40				3.75		121.9

		16		TAG2		Avg		68.4		125		0		0.5		125.4		50				0		124.9

		17		Climb		Avg		68.2		142		0.375		1		126.4		40				3.75		125.4

		18		Climb		Avg		68.0		158		1.125		1		127.4		25				11.25		126.4

		19		Pattern		Avg		66.2		168		1.5		10		137.4		14				15		127.4

		20		Descent		Avg		65.7		161		1.125		3		140.4		25				11.25		137.4

		21		Descent		Avg		65.1		145		0.375		3		143.4		40				3.75		140.4

		22		TAG3		Avg		65.0		125		0		0.5		143.9		50				0		143.4

		23		Climb		Avg		64.9		142		0.375		1		144.9		40				3.75		143.9

		24		Climb		Avg		64.7		158		1.125		1		145.9		25				11.25		144.9

		25		Pattern		Avg		62.9		168		1.5		10		155.9		14				15		145.9

		26		Descent		Avg		62.3		161		1.125		3		158.9		25				11.25		155.9

		27		Descent		Avg		61.8		145		0.375		3		161.9		40				3.75		158.9

		28		Full Stop		Avg		61.7		125		0		0.5		162.4		0				0		161.9

		29		Taxi		Avg		60.8		15		0		5		167.4		0				0		162.4

		30		Accel. To		Avg		60.6		105		0		1.4		168.8		14				0		167.4

		31		Climb		Avg		60.4		142		0.375		1		169.8		14				3.75		168.8

		32		Climb		Avg		60.2		158		1.125		1		170.8		14				11.25		169.8

		33		Climb		Avg		60.0		168		1.5		1		171.8		0				15		170.8

		34		Climb		Avg		59.1		250		10.75		5		176.8		0				107.5		171.8

		35		Cruise		Avg		53.7		260		20		30		206.8		0				200		176.8

		36		Descent		Start		51.9		210		20		10		216.8		0				200		206.8

		37		Descent		Avg		51.6		196		1.5		2		218.8		14				15		216.8

		38		Descent		Avg		51.2		168		1.125		2		220.8		25				11.25		218.8

		39		Descent		Avg		50.8		145		0.375		2		222.8		40				3.75		220.8

		40		TAG4		Avg		50.8		125		0		0.5		223.3		50				0		222.8

		41		Climb		Avg		50.6		142		0.375		1		224.3		40				3.75		223.3

		42		Climb		Avg		50.4		158		1.125		1		225.3		25				11.25		224.3

		43		Pattern		Avg		48.6		168		1.5		10		235.3		14				15		225.3

		44		Descent		Avg		48.1		161		1.125		3		238.3		25				11.25		235.3

		45		Descent		Avg		47.5		145		0.375		3		241.3		40				3.75		238.3

		46		TAG5		Avg		47.4		125		0		0.5		241.8		50				0		241.3

		47		Climb		Avg		47.2		142		0.375		1		242.8		40				3.75		241.8

		48		Climb		Avg		47.1		158		1.125		1		243.8		25				11.25		242.8

		49		Pattern		Avg		45.3		168		1.5		10		253.8		14				15		243.8

		50		Descent		Avg		44.7		161		1.125		3		256.8		25				11.25		253.8

		51		Descent		Avg		44.2		145		0.375		3		259.8		40				3.75		256.8

		52		TAG6		Avg		44.1		125		0		0.5		260.3		50				0		259.8

		53		Climb		Avg		43.9		142		0.375		1		261.3		40				3.75		260.3

		54		Climb		Avg		43.7		158		1.125		1		262.3		25				11.25		261.3

		55		Pattern		Avg		41.9		168		1.5		10		272.3		14				15		262.3

		56		Descent		Avg		41.4		161		1.125		3		275.3		25				11.25		272.3

		57		Descent		Avg		40.9		145		0.375		3		278.3		40				3.75		275.3

		58		TAG7		Avg		40.8		125		0		0.5		278.8		50				0		278.3

		59		Climb		Avg		40.6		142		0.375		1		279.8		40				3.75		278.8

		60		Climb		Avg		40.4		158		1.125		1		280.8		25				11.25		279.8

		61		Pattern		Avg		38.6		168		1.5		10		290.8		14				15		280.8

		62		Descent		Avg		38.1		161		1.125		3		293.8		25				11.25		290.8

		63		Descent		Avg		37.5		145		0.375		3		296.8		40				3.75		293.8

		64		TAG8		Avg		37.4		125		0		0.5		297.3		50				0		296.8

		65		Climb		Avg		37.3		142		0.375		1		298.3		40				3.75		297.3

		66		Climb		Avg		37.1		158		1.125		1		299.3		25				11.25		298.3

		67		Pattern		Avg		35.3		168		1.5		10		309.3		14				15		299.3

		68		Descent		Avg		34.7		161		1.125		3		312.3		25				11.25		309.3

		69		Descent		Avg		34.2		145		0.375		3		315.3		40				3.75		312.3

		70		TAG9		Avg		34.1		125		0		0.5		315.8		50				0		315.3

		71		Climb		Avg		33.9		142		0.375		1		316.8		40				3.75		315.8

		72		Climb		Avg		33.7		158		1.125		1		317.8		25				11.25		316.8

		73		Pattern		Avg		31.9		168		1.5		10		327.8		14				15		317.8

		74		Descent		Avg		31.4		161		1.125		3		330.8		25				11.25		327.8

		75		Descent		Avg		30.9		145		0.375		3		333.8		40				3.75		330.8

		76		Landing		Avg		30.8		125		0		0.5		334.3		50				0		333.8





Mission 2 Plot

		0		0		0

		15		15		15

		16.4		16.4		16.4

		19.4		19.4		19.4

		26.4		26.4		26.4

		86.4		86.4		86.4

		97.4		97.4		97.4

		100.4		100.4		100.4

		103.4		103.4		103.4

		106.4		106.4		106.4

		106.9		106.9		106.9

		107.9		107.9		107.9

		108.9		108.9		108.9

		118.9		118.9		118.9

		121.9		121.9		121.9

		124.9		124.9		124.9

		125.4		125.4		125.4

		126.4		126.4		126.4

		127.4		127.4		127.4

		137.4		137.4		137.4

		140.4		140.4		140.4

		143.4		143.4		143.4

		143.9		143.9		143.9

		144.9		144.9		144.9

		145.9		145.9		145.9

		155.9		155.9		155.9

		158.9		158.9		158.9

		161.9		161.9		161.9

		162.4		162.4		162.4

		167.4		167.4		167.4

		168.8		168.8		168.8

		169.8		169.8		169.8

		170.8		170.8		170.8

		171.8		171.8		171.8

		176.8		176.8		176.8

		206.8		206.8		206.8

		216.8		216.8		216.8

		218.8		218.8		218.8

		220.8		220.8		220.8

		222.8		222.8		222.8

		223.3		223.3		223.3

		224.3		224.3		224.3

		225.3		225.3		225.3

		235.3		235.3		235.3

		238.3		238.3		238.3

		241.3		241.3		241.3

		241.8		241.8		241.8

		242.8		242.8		242.8

		243.8		243.8		243.8

		253.8		253.8		253.8

		256.8		256.8		256.8

		259.8		259.8		259.8

		260.3		260.3		260.3

		261.3		261.3		261.3

		262.3		262.3		262.3

		272.3		272.3		272.3

		275.3		275.3		275.3

		278.3		278.3		278.3

		278.8		278.8		278.8

		279.8		279.8		279.8

		280.8		280.8		280.8

		290.8		290.8		290.8

		293.8		293.8		293.8

		296.8		296.8		296.8

		297.3		297.3		297.3

		298.3		298.3		298.3

		299.3		299.3		299.3

		309.3		309.3		309.3

		312.3		312.3		312.3

		315.3		315.3		315.3

		315.8		315.8		315.8

		316.8		316.8		316.8

		317.8		317.8		317.8

		327.8		327.8		327.8

		330.8		330.8		330.8

		333.8		333.8		333.8



Alt.

Speed

F.W.

Time (min)

Altitude (100 ft), Velocity (KIAS), Fuel Weight (Kips)

Mission I

0

45

88.5

0

105

88

11.25

120

87.46

127.5

250

86.2

240

265

75.4

240

215

73.42

15

196

72.88

11.25

168

72.34

3.75

145

71.8

0

125

71.71

3.75

142

71.53

11.25

158

71.35

15

168

69.55

11.25

161

69.01

3.75

145

68.47

0

125

68.38

3.75

142

68.2

11.25

158

68.02

15

168

66.22

11.25

161

65.68

3.75

145

65.14

0

125

65.05

3.75

142

64.87

11.25

158

64.69

15

168

62.89

11.25

161

62.35

3.75

145

61.81

0

125

61.72

0

15

60.82

0

105

60.568

3.75

142

60.388

11.25

158

60.208

15

168

60.028

107.5

250

59.128

200

260

53.728

200

210

51.928

15

196

51.568

11.25

168

51.208

3.75

145

50.848

0

125

50.758

3.75

142

50.578

11.25

158

50.398

15

168

48.598

11.25

161

48.058

3.75

145

47.518

0

125

47.428

3.75

142

47.248

11.25

158

47.068

15

168

45.268

11.25

161

44.728

3.75

145

44.188

0

125

44.098

3.75

142

43.918

11.25

158

43.738

15

168

41.938

11.25

161

41.398

3.75

145

40.858

0

125

40.768

3.75

142

40.588

11.25

158

40.408

15

168

38.608

11.25

161

38.068

3.75

145

37.528

0

125

37.438

3.75

142

37.258

11.25

158

37.078

15

168

35.278

11.25

161

34.738

3.75

145

34.198

0

125

34.108

3.75

142

33.928

11.25

158

33.748

15

168

31.948

11.25

161

31.408

3.75

145

30.868

0

125

30.778



table3

				Mission K

		No.		Segment				G. Weight		F.W.		Speed		Alt.		Dt		St		Flaps

								KIPS		KIPS		KIAS		1000 ft		min.		min.						alt 100		X time

		1		Taxi		Start		262		75.0		15		0.0		14.5		14.5		14				0		0

		2		Take Off		Start		262		75.0		132		0.0		1.4		15.9		14				0		14.5

		3		Climb		Start		262		75.0		163		1.4		7.0		22.9		0				14		15.9

		4		Cruise		Start		257		70.0		250		17.0		29		52.1		0				170		22.9

		5		Air Work		Start		252		65.0		156		17.0		9.3		61.5		14				170		52.1

		6		Air Work		Start		252		65.0		152		17.0		2.3		65.5		25				170		61.5

		7		Air Work		Start		252		65.0		124		17.0		4.0		67.5		50				170		65.5

		8		Climb		Start		252		65.0		275		17.0		5.0		72.5		0				170		67.5

		9		Cruise		Start		252		65.0		266		32.1		42.0		114.5		0				321		72.5

		10		Descent		Start		242		55.0		255		32.1		11.5		126.0		0				321		114.5

		11		Approach		Start		242		55.0		210		5.2		0.5		126.5		14				52		126.0

		12		Pattern		Start		242		55.0		195		4.8		1.1		127.6		14				48		126.5

		13		Pattern		Start		242		55.0		178		3.9		1.2		128.8		25				39		127.6

		14		Pattern		Start		242		55.0		155		2.8		2.6		131.4		40				28		128.8

		15		Landing		Start		242		55.0		123		0.0		0.05		131.5		50				0		131.4

		16		Rollout		Start		242		55		80		0.0		0.00		131.5		0

		17		Taxi		Start		242		55		15		0.0		0.00		131.5		0





Mission 3 Plot

		0		0		0

		14.5		14.5		14.5

		15.9		15.9		15.9

		22.94		22.94		22.94

		52.14		52.14		52.14

		61.54		61.54		61.54

		65.54		65.54		65.54

		67.54		67.54		67.54

		72.54		72.54		72.54

		114.54		114.54		114.54

		126.04		126.04		126.04

		126.54		126.54		126.54

		127.64		127.64		127.64

		128.84		128.84		128.84

		131.44		131.44		131.44



Alt.

Speed

F.W.

Time (min)

Altitude (100 ft), Velocity (KIAS), Fuel Weight (Kips)

Mission K

0

15

75

0

132

75

14

163

75

170

250

70

170

156

65

170

152

65

170

124

65

170

275

65

321

266

65

321

255

55

52

210

55

48

195

55

39

178

55

28

155

55

0

123

55




table1

				Mission A

		No.		Segment				F.W.		Speed		Alt.		Dt		St		Flaps

								KIPS		KIAS		1000 ft		min.		min.						alt 100		X time

		1		Taxi		Start		115.0		15		0.0		12.9		12.9		14				0		0

		2		Take Off		Start		114.0		150		0.0		1.5		14.4		14				0		12.9

		3		Climb		Start		113.0		211		2.6		11.3		25.7		0				26		14.4

		4		Cruise		Start		91.0		250		25.9		323.1		348.8		0				259		25.7

		5		Descent		Start		57.0		235		23.9		18.4		367.2		0				239		348.8

		6		Approach		Start		56.0		167		2.9		1.0		368.2		14				29		367.2

		7		Pattern		Start		56.0		176		2.8		1.2		369.4		14				28		368.2

		8		Pattern		Start		56.0		162		2.5		1.4		370.8		25				25		369.4

		9		Pattern		Start		56.0		152		2.3		3.8		374.6		40				23		370.8

		10		TAG1		Start		56.0		134		0.0		0.4		375		50				0		374.6

		11		Climb		Start		56.0		187		0.0		3.8		378.8		14				0		375

		12		Pattern		Start		56.0		169		1.1		1.3		380.1		14				11		378.8

		13		Pattern		Start		55.0		156		1.0		0.5		380.6		25				10		380.1

		14		Pattern		Start		54.0		144		1.0		1.0		381.6		40				10		380.6

		15		TAG2		Start		50.0		134		0.0		0.4		382.0		50				0		381.6

		16		Climb		Start		50.0		187		0.0		3.8		385.8		14				0		382.0

		17		Pattern		Start		50.0		169		1.1		1.3		387.1		14				11		385.8

		18		Pattern		Start		49.0		156		1.0		0.5		387.6		25				10		387.1

		19		Pattern		Start		48.0		144		1.0		1.0		388.6		40				10		387.6

		20		Landing		Start		44.0		123		0.0		0.1		388.7		50				0		388.6





Mission 1 Plot

		0		0		0

		12.9		12.9		12.9

		14.4		14.4		14.4

		25.7		25.7		25.7

		348.8		348.8		348.8

		367.2		367.2		367.2

		368.2		368.2		368.2

		369.4		369.4		369.4

		370.8		370.8		370.8

		374.6		374.6		374.6



Alt.

Speed

F.W.

Time (min)

Typical Flight (Commercial or Military)

0

15

115

0

150

114

26

211

113

259

250

91

239

235

57

29

167

56

28

176

56

25

162

56

23

152

56

0

134

56



table2

				Mission I

		No.		Segment				F.W.		Speed		Alt.		Dt		St		Flaps

								KIPS		KIAS		1000 ft		min.		min.						alt 100		X time

		1		Taxi		Avg		88.5		45		0		15		15		0				0		0

		2		Accel. To		Avg		88.0		105		0		1.4		16.4		14				0		15

		3		Climb		Avg		87.5		120		1.125		3		19.4		14				11.25		16.4

		4		Climb		Avg		86.2		250		12.75		7		26.4		0				127.5		19.4

		5		Cruise		Avg		75.4		265		24		60		86.4		0				240		26.4

		6		Descent		Start		73.4		215		24		11		97.4		0				240		86.4

		7		Descent		Avg		72.9		196		1.5		3		100.4		14				15		97.4

		8		Descent		Avg		72.3		168		1.125		3		103.4		25				11.25		100.4

		9		Descent		Avg		71.8		145		0.375		3		106.4		40				3.75		103.4

		10		TAG1		Avg		71.7		125		0		0.5		106.9		50				0		106.4

		11		Climb		Avg		71.5		142		0.375		1		107.9		40				3.75		106.9

		12		Climb		Avg		71.4		158		1.125		1		108.9		25				11.25		107.9

		13		Pattern		Avg		69.6		168		1.5		10		118.9		14				15		108.9

		14		Descent		Avg		69.0		161		1.125		3		121.9		25				11.25		118.9

		15		Descent		Avg		68.5		145		0.375		3		124.9		40				3.75		121.9

		16		TAG2		Avg		68.4		125		0		0.5		125.4		50				0		124.9

		17		Climb		Avg		68.2		142		0.375		1		126.4		40				3.75		125.4

		18		Climb		Avg		68.0		158		1.125		1		127.4		25				11.25		126.4

		19		Pattern		Avg		66.2		168		1.5		10		137.4		14				15		127.4

		20		Descent		Avg		65.7		161		1.125		3		140.4		25				11.25		137.4

		21		Descent		Avg		65.1		145		0.375		3		143.4		40				3.75		140.4

		22		TAG3		Avg		65.0		125		0		0.5		143.9		50				0		143.4

		23		Climb		Avg		64.9		142		0.375		1		144.9		40				3.75		143.9

		24		Climb		Avg		64.7		158		1.125		1		145.9		25				11.25		144.9

		25		Pattern		Avg		62.9		168		1.5		10		155.9		14				15		145.9

		26		Descent		Avg		62.3		161		1.125		3		158.9		25				11.25		155.9

		27		Descent		Avg		61.8		145		0.375		3		161.9		40				3.75		158.9

		28		Full Stop		Avg		61.7		125		0		0.5		162.4		0				0		161.9

		29		Taxi		Avg		60.8		15		0		5		167.4		0				0		162.4

		30		Accel. To		Avg		60.6		105		0		1.4		168.8		14				0		167.4

		31		Climb		Avg		60.4		142		0.375		1		169.8		14				3.75		168.8

		32		Climb		Avg		60.2		158		1.125		1		170.8		14				11.25		169.8

		33		Climb		Avg		60.0		168		1.5		1		171.8		0				15		170.8

		34		Climb		Avg		59.1		250		10.75		5		176.8		0				107.5		171.8

		35		Cruise		Avg		53.7		260		20		30		206.8		0				200		176.8

		36		Descent		Start		51.9		210		20		10		216.8		0				200		206.8

		37		Descent		Avg		51.6		196		1.5		2		218.8		14				15		216.8

		38		Descent		Avg		51.2		168		1.125		2		220.8		25				11.25		218.8

		39		Descent		Avg		50.8		145		0.375		2		222.8		40				3.75		220.8

		40		TAG4		Avg		50.8		125		0		0.5		223.3		50				0		222.8

		41		Climb		Avg		50.6		142		0.375		1		224.3		40				3.75		223.3

		42		Climb		Avg		50.4		158		1.125		1		225.3		25				11.25		224.3

		43		Pattern		Avg		48.6		168		1.5		10		235.3		14				15		225.3

		44		Descent		Avg		48.1		161		1.125		3		238.3		25				11.25		235.3

		45		Descent		Avg		47.5		145		0.375		3		241.3		40				3.75		238.3

		46		TAG5		Avg		47.4		125		0		0.5		241.8		50				0		241.3

		47		Climb		Avg		47.2		142		0.375		1		242.8		40				3.75		241.8

		48		Climb		Avg		47.1		158		1.125		1		243.8		25				11.25		242.8

		49		Pattern		Avg		45.3		168		1.5		10		253.8		14				15		243.8

		50		Descent		Avg		44.7		161		1.125		3		256.8		25				11.25		253.8

		51		Descent		Avg		44.2		145		0.375		3		259.8		40				3.75		256.8

		52		TAG6		Avg		44.1		125		0		0.5		260.3		50				0		259.8

		53		Climb		Avg		43.9		142		0.375		1		261.3		40				3.75		260.3

		54		Climb		Avg		43.7		158		1.125		1		262.3		25				11.25		261.3

		55		Pattern		Avg		41.9		168		1.5		10		272.3		14				15		262.3

		56		Descent		Avg		41.4		161		1.125		3		275.3		25				11.25		272.3

		57		Descent		Avg		40.9		145		0.375		3		278.3		40				3.75		275.3

		58		TAG7		Avg		40.8		125		0		0.5		278.8		50				0		278.3

		59		Climb		Avg		40.6		142		0.375		1		279.8		40				3.75		278.8

		60		Climb		Avg		40.4		158		1.125		1		280.8		25				11.25		279.8

		61		Pattern		Avg		38.6		168		1.5		10		290.8		14				15		280.8

		62		Descent		Avg		38.1		161		1.125		3		293.8		25				11.25		290.8

		63		Descent		Avg		37.5		145		0.375		3		296.8		40				3.75		293.8

		64		TAG8		Avg		37.4		125		0		0.5		297.3		50				0		296.8

		65		Climb		Avg		37.3		142		0.375		1		298.3		40				3.75		297.3

		66		Climb		Avg		37.1		158		1.125		1		299.3		25				11.25		298.3

		67		Pattern		Avg		35.3		168		1.5		10		309.3		14				15		299.3

		68		Descent		Avg		34.7		161		1.125		3		312.3		25				11.25		309.3

		69		Descent		Avg		34.2		145		0.375		3		315.3		40				3.75		312.3

		70		TAG9		Avg		34.1		125		0		0.5		315.8		50				0		315.3

		71		Climb		Avg		33.9		142		0.375		1		316.8		40				3.75		315.8

		72		Climb		Avg		33.7		158		1.125		1		317.8		25				11.25		316.8

		73		Pattern		Avg		31.9		168		1.5		10		327.8		14				15		317.8

		74		Descent		Avg		31.4		161		1.125		3		330.8		25				11.25		327.8

		75		Descent		Avg		30.9		145		0.375		3		333.8		40				3.75		330.8

		76		Landing		Avg		30.8		125		0		0.5		334.3		50				0		333.8





Mission 2 Plot

		0		0		0

		15		15		15

		16.4		16.4		16.4

		19.4		19.4		19.4

		26.4		26.4		26.4

		86.4		86.4		86.4

		97.4		97.4		97.4

		100.4		100.4		100.4

		103.4		103.4		103.4

		106.4		106.4		106.4

		106.9		106.9		106.9

		107.9		107.9		107.9

		108.9		108.9		108.9

		118.9		118.9		118.9

		121.9		121.9		121.9

		124.9		124.9		124.9

		125.4		125.4		125.4

		126.4		126.4		126.4

		127.4		127.4		127.4

		137.4		137.4		137.4

		140.4		140.4		140.4

		143.4		143.4		143.4

		143.9		143.9		143.9

		144.9		144.9		144.9

		145.9		145.9		145.9

		155.9		155.9		155.9

		158.9		158.9		158.9

		161.9		161.9		161.9

		162.4		162.4		162.4

		167.4		167.4		167.4

		168.8		168.8		168.8

		169.8		169.8		169.8

		170.8		170.8		170.8

		171.8		171.8		171.8

		176.8		176.8		176.8

		206.8		206.8		206.8

		216.8		216.8		216.8

		218.8		218.8		218.8

		220.8		220.8		220.8

		222.8		222.8		222.8

		223.3		223.3		223.3

		224.3		224.3		224.3

		225.3		225.3		225.3

		235.3		235.3		235.3

		238.3		238.3		238.3

		241.3		241.3		241.3

		241.8		241.8		241.8

		242.8		242.8		242.8

		243.8		243.8		243.8

		253.8		253.8		253.8

		256.8		256.8		256.8

		259.8		259.8		259.8

		260.3		260.3		260.3

		261.3		261.3		261.3

		262.3		262.3		262.3

		272.3		272.3		272.3

		275.3		275.3		275.3

		278.3		278.3		278.3

		278.8		278.8		278.8

		279.8		279.8		279.8

		280.8		280.8		280.8

		290.8		290.8		290.8

		293.8		293.8		293.8

		296.8		296.8		296.8

		297.3		297.3		297.3

		298.3		298.3		298.3

		299.3		299.3		299.3

		309.3		309.3		309.3

		312.3		312.3		312.3

		315.3		315.3		315.3

		315.8		315.8		315.8

		316.8		316.8		316.8

		317.8		317.8		317.8

		327.8		327.8		327.8

		330.8		330.8		330.8

		333.8		333.8		333.8



Alt.

Speed

F.W.

Time (min)

Different Flight (One Military Type)

0

45

88.5

0

105

88

11.25

120

87.46

127.5

250

86.2

240

265

75.4

240

215

73.42

15

196

72.88

11.25

168

72.34

3.75

145

71.8

0

125

71.71

3.75

142

71.53

11.25

158

71.35

15

168

69.55

11.25

161

69.01

3.75

145

68.47

0

125

68.38

3.75

142

68.2

11.25

158

68.02

15

168

66.22

11.25

161

65.68

3.75

145

65.14

0

125

65.05

3.75

142

64.87

11.25

158

64.69

15

168

62.89

11.25

161

62.35

3.75

145

61.81

0

125

61.72

0

15

60.82

0

105

60.568

3.75

142

60.388

11.25

158

60.208

15

168

60.028

107.5

250

59.128

200

260

53.728

200

210

51.928

15

196

51.568

11.25

168

51.208

3.75

145

50.848

0

125

50.758

3.75

142

50.578

11.25

158

50.398

15

168

48.598

11.25

161

48.058

3.75

145

47.518

0

125

47.428

3.75

142

47.248

11.25

158

47.068

15

168

45.268

11.25

161

44.728

3.75

145

44.188

0

125

44.098

3.75

142

43.918

11.25

158

43.738

15

168

41.938

11.25

161

41.398

3.75

145

40.858

0

125

40.768

3.75

142

40.588

11.25

158

40.408

15

168

38.608

11.25

161

38.068

3.75

145

37.528

0

125

37.438

3.75

142

37.258

11.25

158

37.078

15

168

35.278

11.25

161

34.738

3.75

145

34.198

0

125

34.108

3.75

142

33.928

11.25

158

33.748

15

168

31.948

11.25

161

31.408

3.75

145

30.868

0

125

30.778



table3

				Mission K

		No.		Segment				G. Weight		F.W.		Speed		Alt.		Dt		St		Flaps

								KIPS		KIPS		KIAS		1000 ft		min.		min.						alt 100		X time

		1		Taxi		Start		262		75.0		15		0.0		14.5		14.5		14				0		0

		2		Take Off		Start		262		75.0		132		0.0		1.4		15.9		14				0		14.5

		3		Climb		Start		262		75.0		163		1.4		7.0		22.9		0				14		15.9

		4		Cruise		Start		257		70.0		250		17.0		29		52.1		0				170		22.9

		5		Air Work		Start		252		65.0		156		17.0		9.3		61.5		14				170		52.1

		6		Air Work		Start		252		65.0		152		17.0		2.3		65.5		25				170		61.5

		7		Air Work		Start		252		65.0		124		17.0		4.0		67.5		50				170		65.5

		8		Climb		Start		252		65.0		275		17.0		5.0		72.5		0				170		67.5

		9		Cruise		Start		252		65.0		266		32.1		42.0		114.5		0				321		72.5

		10		Descent		Start		242		55.0		255		32.1		11.5		126.0		0				321		114.5

		11		Approach		Start		242		55.0		210		5.2		0.5		126.5		14				52		126.0

		12		Pattern		Start		242		55.0		195		4.8		1.1		127.6		14				48		126.5

		13		Pattern		Start		242		55.0		178		3.9		1.2		128.8		25				39		127.6

		14		Pattern		Start		242		55.0		155		2.8		2.6		131.4		40				28		128.8

		15		Landing		Start		242		55.0		123		0.0		0.05		131.5		50				0		131.4

		16		Rollout		Start		242		55		80		0.0		0.00		131.5		0

		17		Taxi		Start		242		55		15		0.0		0.00		131.5		0





Mission 3 Plot

		0		0		0

		14.5		14.5		14.5

		15.9		15.9		15.9

		22.94		22.94		22.94

		52.14		52.14		52.14

		61.54		61.54		61.54

		65.54		65.54		65.54

		67.54		67.54		67.54

		72.54		72.54		72.54

		114.54		114.54		114.54

		126.04		126.04		126.04

		126.54		126.54		126.54

		127.64		127.64		127.64

		128.84		128.84		128.84

		131.44		131.44		131.44



Alt.

Speed

F.W.

Time (min)

Altitude (100 ft), Velocity (KIAS), Fuel Weight (Kips)

Mission K

0

15

75

0

132

75

14

163

75

170

250

70

170

156

65

170

152

65

170

124

65

170

275

65

321

266

65

321

255

55

52

210

55

48

195

55

39

178

55

28

155

55

0

123

55




-~ Internal spars, stringers, and frames not shown
- Used to calculate internal loading

Ric Leist, PE © R Leist Engineering 2023
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LOCAL FEM

Joint Model (h-version)

- Used to calculate
fastener loading
throughout the joint

Va

15 June, 2023 11
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o, =C,P,+C,P,+C,P, +
- Could measure stress/strain directly for com
(e.g. gust, acoustic, taxi, or unknown loading)

NOTE: /
- Mach, Altitude, Gross Weight (GW), and N, are all a function
of aircraft performance and aerodynamic capability.
- Stress is a function of structural characteristics.

Ric Leist, PE © R Leist Engineering 2023
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SPECTRUM BLOCK TYPE

Low-High Blocking High-Low Blocking Random Blocking

I W
IENVAWAWAWA
T Y VA AL/

I S N VN

Low-High-Low Blocking Segmented Blocking (Trans port)
-y
Y VAV AV
BNV VAR RTAAVAVY
ANV VYV
- |

15 June, 2023 13
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PHYSICAL ASPECTS OF FATIGUE

¥ Elastic

¥+ Elastic-plastic Point

3 Cy clic Defects

(6]
©
¥ Fatigue crack @N o
formation (PSB) impuriy interstital

Dislocation Movement (Slip)

Ric Leist, PE © R Leist Engineering 2023
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STRESS-STRAIN RESPONSE

Monotonic

of ——2=—X
-
- )

- QTrue O -€

Engineering S-e

Necking Occurs s
at Su FOi'Ul'e /

Engineering Strain, e
True Strain, €

True Stress, o

<

3]
n
7]
@
T

w
o
c

=
@
Q

&
o
.

(79]

Ric Leist, PE © R Leist Engineering 2023
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STRESS-STRAIN RESPONSE

Representation of the monotonic o-¢ curve

Total strain = elastic strain + plastic strain

elastic strain: ¢.= o/E plastic strain: ¢ = K(g,)"

K = strength coefficient
n = strain hardening
exponent

Ramberg-Osgood equation:
Elastic &, =86+8p

Unloading

Ric Leist, PE © R Leist Engineering 2023
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STRESS-STRAIN RESPONSE

Cyclic
» Hysteresis loop
 Range, amplitude

- Bauschinger effect
Ag, =Ag, +Ag,

Aq_Ag+A%

2 2 .

15 June, 2023 19



STRESS-STRAIN RESPONSE

Cyclic — Transient Behavior

» Cyclically harden « Cyclically stable
« Cyclically soften * Mixed behavior

Cyclic Hardening Cyclic Softening

Ric Leist, PE © R Leist Engineering 2023

15 June, 2023 20



Cyclic o-¢ curve

« Stress-strain curve of cyclically stabilized
material 2024 -T4
« Stabilization usually complete at 20%-40% of Aluminum
fatigue life (half-life response)

Manson:
ou/0y, > 1.4 cyclically harden
Out/0y < 1.2 cyclically soften

4340 (350 BHN)
Steel

n > 0.2 cyclically harden
N < 0.1 cyclically soften

Ric Leist, PE © R Leist Engineering 2023
15 June, 2023 21



DEFINE NOTCH STRESS / STRAIN

Obtaining notch stresses and strains

« Strain gage measurements

- FEM

 Approximation methods
 Photoelastic
 Numerical

Strain Concentration, K

Stress Concentration, Ko

—
w
g
j=)
-—
o
o
-~
c
o
-
o
—
-—
c
(<0}
o
c
(o]
o
b4

K O
==
)
Foroc <o, == 7o)
E ~ Stress (ksi)

Ric Leist, PE © R Leist Engineering 2023
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K., and K, is equal to K,

 Calculation of K, and S must be
consistent (net, gross)

 Nominally elastic behavior (e = S/E)
* Limited nominal yielding

Ric Leist, PE © R Leist Engineering 2023

15

une, 2023
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NEUBER’S RULE STRESSES

Cyclic 2000
Stress vs.
Strain

€, percent

Notch strain determination by the linear rule and by Neuber's rule.

REF.: Fuchs & Stephens

Ric Leist, PE © R Leist Engineering 2023
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f =

Fatigue Strength (no

K. = f(geometry, loading mode, material)

Notch sensitivity, q /
_ Kf_1 0 = no effect
q_Kt—1 ) < | 1 = full effect

q = f(material, notch geometry, notch size)

Ric Leist, PE © R Leist Engineering 2023
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9= K1

%+ 2. Actual Stresses (Cortes, Glinka, Leist)

0,2[, _ (o2 +0) /
Tnn = E 04

(Surface Finish will affect Both Methods)

Ric Leist, PE © R Leist Engineering 2023
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STRAIN-BASED FATIGUE ANALYSIS

Critical
Zone

Smooth
Specimen

Elastic

——
L,
o
(3]
[7:]
o
o
L]
©
3
i~
a
E
<
c
(=]
-
-
(72}

Equal strain
Equal life Cycles to Failure (log scale)

“failure” defined as...?

Ric Leist, PE © R Leist Engineering 2023
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SMOOTH SPECIMEN DATA

Constant Amplitude Crack Initiation Life for

Several Aluminums (Mil-Hbk-5F Data - Mean Fit Curves @ R=-1.0)
N I N O N I A N A I A R N N R N A e
N ] ] T

=—= 2024-T3 Sheet Tests should be

- - - 7050-T7451 Plate i
===I —A—7075-T73 Plate/Rod “pserf()_rmced Wlt::,
R tra_ln : ontro
Maximum \ - to limit error,
Applied Stress ] i N .
Psi 40000 | | » eSpeC|a”y at
high strain

loading.

10000
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Constant Amplitude Cycles to Crack Initiation (.010 inch crack)

Ric Leist, PE © R Leist Engineering 2023
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STRAIN-BASED FATIGUE ANALYSIS

Mean stress effects

Compressive Mean Stress
Fully Reversed (zero mean stress)
Tensile Mean Stress

Va

15 June, 2023 29

Mean Stress Corrections can be:
= Tabular
~» Equations

Ric Leist, PE © R Leist Engineering 2023



STRAIN-BASED FATIGUE ANALYSIS

Rainflow Counting (Falling Rain Method)

1.  To eliminate the counting of half
cycles, rearrange the history so
that it begins and ends at the
greatest magnitude

2. Aflow of rain starts at each strain
reversal and continues to flow
unless:

a. The rain began at a local max
(peak) and falls opposite a peak
> starting peak

b. The rain began at a local min
(valley) and falls opposite a
valley > starting valley

c. It encounters a previous
rainflow, etc.

Ric Leist, PE © R Leist Engineering 2023
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SPECTRUM LOADING

€, strain

REF.: Fuchs & Stephens (SAE)

Cycle Counted Max — Min Pairs Utilized to
Calculate (g,,,., — €min) / 2 and Calculate N,

Ric Leist, PE © R Leist Engineering 2023
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Interference
Bushing/Fasteners

Notch Yielding —
Compression Overload
Tension Overload

ddy
st /

Cold Workin

Ric Leist, PE © R Leist Engineering, PLLC 2023 15 June, 2023




Ael 2

Log Applied
Strain Amplitude -

Log Cycles to Failure - N

Ric Leist, PE © R Leist Engineering 2023
A 15June, 2023 33



> -Where n, is applie
N, is the life for that load cycle

% Crack Initiates when Damage >1.0

% Linear Summation of Damage Holds /
> D.=D,+D,

> Life =1/ D; (Units depends on Damage)

> (e.g. If damage is = damage per flight then the life would be in flights)

Ric Leist, PE © R Leist Engineering 2023

15 June, 2023 34



Input Loading:

Max Min

3.0K -0.5K
2.0K -3.0K
1.75K -2.5K
0.25K -1.5K

(1 Flight of 1.50 Hrs)

1.75K
0.25K

-2.5K
-1.5K

Ric Leist, PE © R Leist Engineering 2023

15 June, 2023
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-60.ksi

40. -10. 3.
35. -50. 34.8 -50.2 4.08E4 2.45E-5
5. -30. 5.0 -30. 1.53E9 6.52E-10

(1 Flight of 1.50 Hrs)

Damage Total = D = 3.6258E-4 per flight
Life =1 FIt/ D = 2758 Flts
= 2758 Flts * 1.50 Hours / Flt = 4137. Flt Hours

Ric Leist, PE © R Leist Engineering 2023

15 June, 2023
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Failure Occurs: Failure Occurs:

Sner 2 Fru Sner << Fry

Conventional Stress Analysis Cannot Predict Failure of
Parts with Cracks

We need another Approach

Ric Leist, PE © R Leist Engineering 2023
15 June, 2023 38



Stress Concentrations Factors are not Useful

We need another Approach

Ric Leist, PE © R Leist Engineering 2023
15 June, 2023 39



K is the Strength of the Strain Energy
of the Stress Field in Front of the /

Crack

Failure Occurs:

K2 KCRITICAL

Ric Leist, PE, BD ©R Leist Engineering 2023 15 June., 2023 40



the Crac

Mode Il (Shearing) Mode lll (Tearing)
KII KIII

Mode | (Opening)
K,

Most Cracks Found in Real
Structure Correspond to Mode |
Displacements

Ric Leist, PE © R Leist Engineering 2023 15 June, 2023 41



K, 6 .0 . 30
cos—| 1—sin—sin—
2 2 2

Mode | (Opening) 2] 0 . 360
K, ' —cosz{l+sinasin7}

7

.6 0 30
SIn —CO0S —COS—
2 2

Ric Leist, PE © R Leist Engineering 2023 15 June, 2023 42



Comparing This To the General
Equation For Crack Tip Stress

Ric Leist, PE ©R Leist Engineering 2023 15 June, 2023 43



Where

o is the Remote Stress applied to the
Structure

a is the crack length

B is a correction factor that depends on
geometry and loading

Ric Leist, PE ©R Leist Engineering 2023 15 June, 2023 44



Tada found

K=0J7z7,8

B = {1—0.025(“) +0.06(ﬁj }‘/secﬂa
b b 2 b
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Superposition Can Be Used To Add Different Load Cases /
On The Same Geometry
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v

Center Crack in
Tension

1
'

Wedge Loading

Ric Leist, PE © R Leist Engineering 2023

Crack
Length

a=a + Aa

Center
Crack in
Tension

Cycles
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Wedge
Crack Loading

Length a

Center Crack
in Tension

Cycles, N

K is Known for Any Crack Length
Log( AK)
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AKy, LogaK K
Threshold Stress —/ \_

Intensity Factor

Fracture Toughness
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Log

da/dN a——

Log AK
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Plastic Zone in
The Wake of Crack Tip

r /
' fy Plastic Zone in /
Front of Crack Tip
The Plastic Zone Has a Significant Effect on Crack Growth
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> Closure
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Theoretical Cre
Opening Displacement
(No Yielding)

Actual Crack .h/’

Surface

Crack Tip

o /
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CRACK CLOSURE

Crack Closure Phenomenon Caused By Interference Of Crack Surfaces

ELASTIC
CRACK SURFACE

PLASTIC
CRACK SURFACE

UNLOADED CONDITION

INTERFERENCE
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LIGAMENT

LIGAMENT
STRESS

LIGAMENT
STRESS

LIGAMENT
STRESS

LIGAMENT
STRESS

ELONGATION

ELONGATION

AR = PLASTIC
ELONGATION

ELONGATION

ELONGATION

15 June, 2023

54



From Detec
% Final Structural Failure Dependen

Subseque

. ) Inspection
First Inspection Interval
- Interval
Lo = 1 [ N 1 _____________
(Ncrit - Ndet) / 2
Crack Ncrit/ 2
Size
a detectable /
------------------- ———
~0.05 in. —
(0.25 mm)
Ndet Ncrit
Damage Tolerance Life
a= g + Aa
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3+ Controls Inspection Techni

107 Probability

Probability
of Failure

First Subsequent
Inspection Inspections

Time
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