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Fatigue - The Accumulation of Damage in Structural Materials That Is 
Caused by Repeated Loads.  Typically Characterized by Initiation of 
Cracks Which Grow Until Failure of the Structure Occurs

Fracture Mechanics - The Analysis of Crack-Like Defects in Structures 
and Materials

Fracture - Catastrophic Failure in Structural Materials That Occurs 
Without Plastic Deformation and at High Speed.  Also Known as "Brittle 
Fracture“.  Fracture with Plastic Deformation is Ductile Fracture

DEFINITIONS
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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



FRACTURE MODE STATISTICS – 
AIRCRAFT COMPONENTS
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AIRCRAFT STRUCTURAL INTEGRITY 
PROGRAM (ASIP)

Overview of Structural Integrity
 Certification Agencies

 FAA
 Military – USAF, USN
 Combined Certification

 Approaches
 Failsafe – Redundant Structure (Can operate with a failed member)
 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
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FATIGUE LIFE TERMINOLOGY
Crack Initiation Life – Cycles Required to Nucleate a
  Crack of Length = 0.01 inches (0.25 mm)
Crack Growth Life – Cycles Required to Grow a Crack From
  ~0.01 inches (0.25 mm) to Failure
Total Life – Crack Initiation Life + Crack Growth Life
Damage Tolerant Life – Cycles required to grow a crack from a
     Rogue Flaw ( ~ 0.050 inch) to Failure
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Total Life

Crack Initiation 
Life

Crack Growth 
Life

Load Cycles
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LOADING

Cyclic - Definitions
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R =σmin/σmax 



MIL-STD-1530C USAF ASIP TASKS
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FAA utilizes 
Federal 

Airworthiness 
Regulations 
(FARs) Part 

25.571 -
Tasks are Similar
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PROCESS OVERVIEW
 Define Environment (Gross Weight, Altitude, Mach, Exceedances, etc.)

 (Exceedances – Cumulative Occurrences of a Loading – Frequency, Magnitude)

 Calculate Loads for each condition – Static and Dynamic
 Calculate External Loads

 Flight – Maneuvers, Gusts, Noise, Buffet

 Ground – Taxi, Turns, Braking, Towing, Landing, Pivoting

 Produce Internal Loads Model (Finite Element Model – FEM)

 Calculate Stresses from Internal Loads
 Hand Analysis of Section Properties

 Local FE Models – e.g. Joints, Fine Mesh Models (Usually h-version FEM)

 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 or 
component failure

 Determine Maintenance (Inspection) Intervals and Types
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FLIGHT PROFILE ANALYSIS

Typical Flight (Commercial or Military)

Time (min)

Alt.
Speed
F.W.

Different Flight (One Military Type)

Time (min)

Alt.
Speed
F.W.
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One Pressure Cycle

Time at Alt for Gust
One Landing

Constant Fuel Use (No Refuel)
Variable Loading

Multiple Pressure Cycles

Time at Alt for Gust
Much More Maneuver

Multiple Landing
Variable Fuel Use (Poss. Refuel)

Constant Loading
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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





GLOBAL FINITE ELEMENT MODEL (FEM)

15 June, 2023 10

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

Ric Leist, PE  © R Leist Engineering 2023



LOCAL FEM

Joint Model (h-version)
 -  Used to calculate 

fastener loading 
throughout the joint

15 June, 2023 11
Ric Leist, PE  © R Leist Engineering 2023



CONVERT TO STRESSES HISTORIES 
• Convert Load Factors to Load

• Mx = f(Mach, altitude, Gross Weight, Nx, Ny, Nz, pitch-roll-yaw rates & 
accelerations)

• Convert Load to Remote  or Notch Stress
 σr = C1Px + C2Py + C3Pz + C4Mx + C5My + C6Mz

• Could measure stress/strain directly for complex loading
(e.g. gust, acoustic, taxi, or unknown loading)

NOTE:  
 - Mach, Altitude, Gross Weight (GW), and Nz are all a function

  of aircraft performance and aerodynamic capability.
- Stress is a function of structural characteristics.

15 June, 2023 12
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SPECTRUM BLOCK TYPE
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SAMPLE STRESS HISTORIES - TRANSPORT
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CRACK NUCLEATION (INITIATION)

15 June, 2023 15
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PHYSICAL ASPECTS OF FATIGUE

 Elastic
 Elastic-plastic
 Cyclic
 Fatigue crack 

formation (PSB)

15 June, 2023 16

Point
Defects

Line Defects

Dislocation Movement (Slip)

Ric Leist, PE  © R Leist Engineering 2023



STRESS-STRAIN RESPONSE

Monotonic

15 June, 2023 17

Ric Leist, PE  © R Leist Engineering 2023



STRESS-STRAIN RESPONSE

Representation of the monotonic σ-ε curve
Total strain = elastic strain + plastic strain

plastic strain: σ = K(εp)n

K = strength coefficient
n = strain hardening 
exponent

elastic strain: εe= σ/E

Ramberg-Osgood equation:

1
t e p

n

t E K

ε ε ε

σ σε

= +

 = +  
 

15 June, 2023 18

Ric Leist, PE  © R Leist Engineering 2023



STRESS-STRAIN RESPONSE

Cyclic

2 2 2

t e p

pt e

ε ε ε

εε ε

∆ = ∆ + ∆

∆∆ ∆
= +

• Hysteresis loop

• Range, amplitude

• Bauschinger effect

15 June, 2023 19
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STRESS-STRAIN RESPONSE

15 June, 2023 20

Cyclic – Transient Behavior

Cyclic Hardening Cyclic Softening

• Cyclically harden
• Cyclically soften

• Cyclically stable
• Mixed behavior

Ric Leist, PE  © R Leist Engineering 2023



STRESS-STRAIN RESPONSE

15 June, 2023 21

Cyclic σ-ε curve
• Stress-strain curve of cyclically stabilized 

material
• Stabilization usually complete at 20%-40% of 

fatigue life (half-life response)

Manson:
σult /σy > 1.4  cyclically harden
σult /σy < 1.2  cyclically soften

n > 0.2  cyclically harden
n < 0.1  cyclically soften

Ric Leist, PE  © R Leist Engineering 2023



DEFINE NOTCH STRESS / STRAIN

15 June, 2023 22

Obtaining notch stresses and strains
• Strain gage measurements
• FEM
• Approximation methods

• Photoelastic
• Numerical 

K
s

K
e

σ

ε

σ

ε

=

=

For σ < σy

Ric Leist, PE  © R Leist Engineering 2023



DEFINE NOTCH STRESS / STRAIN

15 June, 2023 23

Neuber’s Rule

The geometric mean of 
Kσ and Kε is equal to Kt

tK K Kσ ε=

2

2

t

t

K
S e

K Se

σ ε

σε

=

=

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

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

Ric Leist, PE  © R Leist Engineering 2023



NEUBER’S RULE STRESSES

15 June, 2023

Cyclic 
Stress vs. 

Strain

24

Ric Leist, PE  © R Leist Engineering 2023



DEFINE NOTCH STRESS / STRAIN

15 June, 2023 25

Fatigue notch factor, Kf

= ≤
Fatigue Strength (un-notched)

Fatigue Strength (notched)f tK K

= (geometry, loading mode, material)fK f

Notch sensitivity, q
−

=
−

1
1

f

t

Kq
K

< <0 1q 0 = no effect
1 = full effect

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

Ric Leist, PE  © R Leist Engineering 2023

Should we use Kt or Kf in Neuber’s Rule?



NOTCH EFFECTS - 2 APPROACHES

  2. Actual Stresses (Cortes, Glinka, Leist)

𝝈𝝈𝒏𝒏𝝐𝝐𝒏𝒏 =
𝝈𝝈𝟏𝟏𝟐𝟐

𝑬𝑬
 𝟏𝟏 −

𝝁𝝁 𝝈𝝈𝟐𝟐 + 𝝈𝝈𝟑𝟑
𝝈𝝈𝟏𝟏

(Surface Finish will affect Both Methods)

 1. Notch Sensitivity – Empirical 

15 June, 2023 26

q
K 1
K 1

f

t
=

−
−
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STRAIN-BASED FATIGUE ANALYSIS

15 June, 2023 27

“failure” defined as…?

R = -1

Equal strain
Equal life

Ric Leist, PE  © R Leist Engineering 2023



SMOOTH SPECIMEN DATA

Constant Amplitude Crack Initiation Life for 
Several Aluminums (Mil-Hbk-5F Data - Mean Fit Curves @ R=-1.0)

10000

20000

30000

40000

50000

60000

70000

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)

Maximum 
Applied Stress 

Psi

2024-T3 Sheet
7050-T7451 Plate
7075-T73 Plate/Rod
7050-T76511 Extrusion
7075-T6 Wrought Prd

15 June, 2023 28

Tests should be 
performed with 
“Strain Control” 

to limit error, 
especially at 
high strain 

loading.

Ric Leist, PE  © R Leist Engineering 2023



STRAIN-BASED FATIGUE ANALYSIS

15 June, 2023 29

Mean stress effects

Mean Stress Corrections can be:
 Tabular
 Equations

Ric Leist, PE  © R Leist Engineering 2023



STRAIN-BASED FATIGUE ANALYSIS

15 June, 2023 30

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

2. A flow 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.

Rainflow Counting  (Falling Rain Method)

Ric Leist, PE  © R Leist Engineering 2023



SPECTRUM LOADING

15 June, 2023 31

Cycle Counted Max – Min Pairs Utilized to 
Calculate (εmax – εmin) / 2 and Calculate Ni

Ric Leist, PE  © R Leist Engineering 2023



32

RESIDUAL STRESS EFFECTS 

σ

ε

Shot Peening

Notch Yielding – 
Compression Overload 
     Tension Overload 

Cold Working

Interference 
Bushing/Fasteners

Ric Leist, PE   © R Leist Engineering, PLLC 2023

LOAD INTERACTION – RETARDATION OR ACCELERATION

15 June, 2023



CALCULATE LIFE FOR INDIVIDUAL
   LOAD CYCLE
 Calculate Strain Amplitude after Cycle Counting
 Correct for Mean Stress (SWT, Gerber, Morrow, etc.)
 Calculate Life from Curve - Ni

Lo
g 

Ap
pl

ie
d 

St
ra

in
 A

m
pl

itu
de

 –
 ∆

ε 
/ 2

Log Cycles to Failure - N

Ni

∆εi / 2
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COMPUTE DAMAGE

 ΣDamage = Σ [ni / Ni]    Miner’s Rule
   
  = n1/N1 + n2/N2 + n3/N3 +…+ nn/Nn

  - Where ni is applied cycles at a load level and
     Ni is the life for that load cycle

Crack Initiates when Damage >1.0
 Linear Summation of Damage Holds

    DT = D1 + D2

 Life = 1 / DT  (Units depends on Damage)
  (e.g. If damage is = damage per flight then the life would be in flights)

15 June, 2023 34

Ric Leist, PE  © R Leist Engineering 2023



SAMPLE LIFE COMPUTATION

Keyhole Notch Example:  σn = 20.0 ksi / Kip Load  

15 June, 2023 35

Input Loading:  Output Pairings:  Output  σn elastic

Max Min  Max Min  Max Min

3.0K -0.5K  3.0K -3.0K  60.ksi -60.ksi

2.0K -3.0K  2.0K -0.5K  40. -10.

1.75K -2.5K  1.75K -2.5K  35. -50.

0.25K -1.5K  0.25K -1.5K  5. -30.

(1 Flight of 1.50 Hrs)

Ric Leist, PE  © R Leist Engineering 2023



SAMPLE LIFE COMPUTATION (CONT’D)

Output  σn elastic  Actual σn  7075-T73 Plate 
Max Min  Max Min  Life      Damage

60.ksi -60.ksi  56.5ksi -63.5ksi  2.98E3 cyc   3.35E-4

40. -10.  39.6 -10.4  3.25E5         3.08E-6

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)

15 June, 2023 36

Damage Total = D = 3.6258E-4 per flight

 Life = 1 Flt / D = 2758 Flts

                        = 2758 Flts * 1.50 Hours / Flt = 4137. Flt Hours 

Ric Leist, PE  © R Leist Engineering 2023



DAMAGE TOLERANCE
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FRACTURE MECHANICS
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2a
2a

Failure Occurs:

 SNET ≥ FTU

Failure Occurs:

 SNET << FTU

Conventional Stress Analysis Cannot Predict Failure of 
Parts with Cracks

We need another Approach

( )taW
PSNET 2−

=



FRACTURE MECHANICS

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

39

2a 2a

Stress Concentrations Factors are not Useful

We need another Approach

2a
KT = 3 KT = ∞b

aKT 21+=



FRACTURE MECHANICS
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2a
r r

K
≈σ

From the Theory of Elasticity

σ

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

Crack

Failure Occurs:

 K ≥ KCRITICAL

The Fundamental Parameter Used To Predict Crack Growth 
and Final Fracture is the Stress Intensity Factor K



MODES OF CRACK SURFACE DISPLACEMENT
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Mode I (Opening)
KI

Mode III (Tearing)
KIII

Mode II (Shearing)
KII

Cracks Can Be Grouped Into Three Categories Based on 
Crack Face Displacement

Each Displacement Mode has a Different Stress Field At 
the Crack Tip 

Most Cracks Found in Real 
Structure Correspond to Mode I 
Displacements



STRESS AT THE CRACK TIP
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Mode I (Opening)
KI

2
3cos

2
cos

2
sin

2

2
3sin

2
sin1

2
cos

2

2
3sin

2
sin1

2
cos

2

θθθ
π

τ

θθθ
π

σ

θθθ
π

σ

r
K

r
K

r
K

I
xy

I
y

I
x

=





 +=





 −=

From the Theory of Elasticity, 
The Stress in the Vicinity of a 
Crack Tip is Shown Below

r
θ

σx

σy τxy



2a

K FOR AN INFINITE WIDE PANEL
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 +=

2
3sin

2
sin1

2
cos

2
θθθσσ

r
a

y
σ

σy

r
θ

Westergaard Showed

Comparing This To the General 
Equation For Crack Tip Stress

aK πσ=





 +=

2
3sin

2
sin1

2
cos

2
θθθ

π
σ

r
KI

y



STRESS INTENSITY FACTOR - K

For more complex geometry and loadings
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βπσ aK =

σ is the Remote Stress applied to the 
Structure

a is the crack length
β is a correction factor that depends on 

geometry and loading

Where



K FOR A CENTER CRACK IN A FINITE PLATE
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2a

σ

b
a

b
a

b
a

aK

2
sec06.0025.01

42 πβ

βπσ



















+






−=

=

Tada found

2b

2a



SUPERPOSITON OF STRESS INTENSITIES

BendingTensionTOTAL KKK +=

P

P

P

P
M

M
M

M

= +

Superposition Can Be Used To Add Different Load Cases 
On The Same Geometry
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CRACK GROWTH RATE DATA
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Center Crack in 
Tension

Wedge Loading
Cycles

Crack 
Length

Center 
Crack in 
Tension

Wedge 
Loading

Different Specimen Types Will Have Radically 
Different Crack Growth Curves

a = ai + ∆a



CRACK GROWTH RATE DATA
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Cycles, N

Crack 
Length a

Center Crack 
in Tension

Wedge 
Loading

∆
a

∆N

∆a
∆N

Log( ∆K )









dN
daLog

K is Known for Any Crack Length

When the Slope of the Crack Growth Curves are Plotted 
Against The Stress Intensity Range, Results for the 

Different Specimens Collapse to a Single Curve



GENERAL FORM OF da/dN 

Log 
da/dN
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Log ∆K∆Kth Kc

Fracture ToughnessThreshold Stress 
Intensity Factor

I
II

III



STRESS RATIO AFFECTS da/dN 

Log 
da/dN

15 June, 2023
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Log ∆K

R = 0.5 R = 0.0

R = -0.5

R = 0.5

R = 0.0

R = -0.5



STRESS FIELD NEAR CRACK TIP
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Plastic Zone in
Front of Crack Tip

r
ry

σys

2a

r
KI

y π
σ

2
≈

Elastic Stress Approaches Infinity As R Approaches 0
In Really, A Plastic Zone Develops Ahead of the Crack Tip

The Plastic Zone Has a Significant Effect on Crack Growth

Plastic Zone in
The Wake of Crack Tip



LOAD INTERACTION MODELS

Account for crack retardation as well as acceleration
 Wheeler (Cannot account for Acceleration)
 Willenborg - Chang
 Closure
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EFFECTS OF YIELDING ON THE CRACK WAKE
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Yield Zone

Crack Tip

Actual Crack 
Surface

Theoretical Crack 
Opening Displacement 

(No Yielding)

Potential Interference 
Yield Deformation

CRACK CLOSURE



CRACK CLOSURE
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Crack Closure Phenomenon Caused By Interference Of Crack Surfaces



DAMAGE TOLERANT LIFE AND 
INSPECTION INTERVALS

 First Inspection Interval Dependent Upon Crack Growth Life Interval
 Subsequent Inspection Interval Dependent Upon Detectable Flaw Size 

(95% Confidence / 95% Reliability) and Remianing Crack Growth Life 
From Detectable Size to Failure Crack Length

 Final Structural Failure Dependent Upon Structural Failsafe Capability

15 June, 2023
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XaCRIT

Crack
Size

~0.05 in.
(0.25 mm)

Ncrit / 2

First Inspection 
Interval

a detectable

Damage Tolerance Life
NcritNdet

(Ncrit - Ndet) / 2

Subsequent 
Inspection 

Interval

a = ai + ∆a



CURRENT APPROACH TO 
PROBABILITY OF FAILURE
 New Approach Phasing in For Many Years to Determine Single 

Flight Probability of Failure
 Allowable Risk Set to 10-7 Per Flight
 Controls Inspection Technique and Subsequent Intervals
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Probability 
of Failure

First
 Inspection

Subsequent 
Inspections

10-7 Probability

Time



QUESTIONS?
Ric Leist, PE
316-214-3351

ricles@cox.net
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FATIGUE AND 
DAMAGE TOLERANCE 

OF AIRCRAFT
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