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Tail Balancing 
Download and 
Side Loads due 
to Gusts and 
Maneuvers

Vertical Shear

Vertical Bending

‘Torsion

Lateral Bending

Lateral Shear Longitudinal Skin Splice 
at side of Aft Fuselage

Complex Spectrum Analysis
Structural Details Affected by Complex Loading:

Lap Joint experiences load 
transfer due to:

• Hoop Loading Tension 
due to Fuselage Pressure

• Fastener Loads due to 
Shear Flow in Skin Panel 
from Fuselage Bending

• Fuselage Skin Joints – Longitudinal and Circumferential

• Fuselage Bulkhead and Wing Attach Joints

Frame Inner Cap Splice Joint 
experiences load transfer due to:

• Hoop Loading Tension due to 
Fuselage Pressure

• Inner Cap Tension due to Frame 
Bending from Wing Attach Loads 
and Floor Loading

Hoop 
Pressure

Inertial Floor 
Loading

Wing Attach 
Loads
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Complex Spectrum Analysis
Typical Structural Details that are Affected by Complex Loading:

Joint experiences 
load transfer due to:

• Axial Loads due 
to wing bending 
Mx

• Shear Flow in 
skin panel and 
spar webs due to 
wing torsion T

• Wing Spanwise Splice Joints

• Wing Spar Web to Cap Joint
• Wing Spar Cap to Skin Joint

UP
Pcompression

Ptension

qshearflow

Ptension

Vz

Mx

Engine Thrust
Engine/Pylon 
Weight MLG

Flaps

T
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Complex Spectrum Analysis

V
V

Shear Flow Distribution Due to Vertical Shear at Shear Center

Shear Flow Distribution Due to Torque About the Shear Center



Sample Problem
Lower Wing Skin, Stringer 8, Spanwise Splice

Use multi-phase crack 
growth to determine
1. Multiple Load Path 

Capability
2. Inspection 

Requirements
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Structural Arrangement

7” 7”

UP

0.112” 

Fasteners
2 rows staggered 
1.125” spacing
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Fatigue Loads and Spectra

For the 720 model aircraft, FAA-ADS-54 provides the necessary wing 1G shear, 
moment and torsional loads for each of the flight segments in the mission profiles. 
For the example, a set of 3 mission profiles are chosen: short, medium and long.

Eta Wing sta 1 2 3 4 5 6 7 8 9 10 11 12 13
0 0 14900000 15700000 16900000 15300000 15400000 15000000 18100000 17200000 17200000 16100000 16600000 15000000 15400000

0.12 94.4 12000000 12500000 13300000 11700000 12200000 11000000 13150000 13400000 13600000 12700000 13000000 11700000 11900000
0.2 157.3 10400000 10600000 11800000 9300000 10300000 10400000 10700000 11200000 11400000 10900000 10900000 9800000 9900000
0.33 259.6 7500000 7700000 8100000 6850000 7600000 7700000 7550000 7950000 8250000 8000000 7900000 6900000 7000000
0.41 322.5 5800000 6000000 6250000 5150000 5850000 6200000 5450000 5900000 6200000 6300000 6000000 5000000 5000000
0.55 432.7 3150000 3300000 3400000 2700000 3000000 3500000 3000000 3200000 3400000 3600000 3200000 2800000 2600000
0.64 503.5 2150000 2200000 2250000 1800000 2000000 2400000 2000000 2200000 2400000 2400000 2450000 2000000 1800000
0.7 550.7 1500000 1600000 1550000 1350000 1300000 1700000 1350000 1500000 1550000 1630000 1600000 1300000 1200000
0.82 645.1 450000 500000 500000 400000 450000 550000 400000 400000 500000 500000 440000 400000 400000
0.91 715.9 100000 100000 100000 100000 100000 200000 100000 200000 100000 100000 100000 200000 100000

0 0 48600 54500 58000 54400 53500 54000 63400 60300 56100 57300 57500 51500 54900
0.12 94.4 37200 40100 43400 41700 38600 36400 48000 46400 44300 41300 43300 40400 42300
0.2 157.3 31200 33400 36400 34400 32200 29400 39400 38400 37200 33600 35800 34100 35700
0.33 259.6 22300 23000 25000 22700 24100 22400 25500 25500 25800 23500 24600 23500 24400
0.41 322.5 26000 26000 27600 25800 27400 26000 27300 28000 28500 26400 27500 23700 24400
0.55 432.7 16600 16600 17400 13800 16300 16300 14500 15800 16600 16500 16700 13100 13000
0.64 503.5 9750 9800 10200 7400 9000 10900 7750 9000 10000 10800 9000 7000 9400
0.7 550.7 12200 12000 13300 10400 10900 14200 11300 12300 13000 14300 11500 10000 10000
0.82 645.1 6000 6000 6000 4950 5400 6700 5000 5600 6000 6900 5500 5000 4600
0.91 715.9 2700 2500 2500 2100 2450 3000 2000 2200 2450 3000 2500 2500 2000

0 0 -2600000 -2900000 -3270000 -3000000 -2600000 -2430000 -3530000 -3700000 -3880000 -2760000 -3180000 -3750000 -3720000
0.12 94.4 -1530000 -1900000 -2100000 -1830000 -1690000 -1650000 -2490000 -2450000 -2350000 -1880000 -2170000 -2500000 -2550000
0.2 157.3 -900000 -1300000 -1470000 -1290000 -1200000 -1240000 -1900000 -1740000 -1680000 -1490000 -1560000 -1850000 -1980000
0.33 259.6 -550000 -940000 -1100000 -980000 -850000 -800000 -1580000 -1360000 -1160000 -1140000 -1250000 -1500000 -1600000
0.41 322.5 -250000 -550000 -650000 -550000 -450000 -420000 -940000 -750000 -560000 -580000 -640000 -700000 -800000
0.55 432.7 -380000 -630000 -700000 -620000 -550000 -540000 -940000 -800000 -670000 -700000 -730000 -790000 -850000
0.64 503.5 -400000 -600000 -690000 -600000 -550000 -550000 -900000 -750000 -700000 -700000 -720000 -800000 -850000
0.7 550.7 -50000 -100000 -150000 -140000 -110000 -100000 -410000 -120000 -90000 -90000 -100000 -70000 -100000
0.82 645.1 -30000 -50000 -80000 -70000 -60000 -50000 -100000 -80000 -40000 -50000 -50000 -40000 -50000
0.91 715.9 -10000 -10000 -50000 -40000 -40000 -20000 -50000 -40000 -10000 -40000 -40000 -10000 -10000
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720B 1G Wing Loads

©Aeronautica LLC– Proprietary Data7



Fatigue Loads and Spectra

Wing Internal Loads:

Px Py Pz Rxy Ryz Rxz
853 33168 6376 33179 33775 6432

1027 40759 6874 40772 41334 6950
1147 46616 6542 46630 47073 6642
1172 48533 5779 48547 48876 5897
1794 75545 7632 75566 75929 7840
1924 82416 6803 82439 82697 7069
1007 43777 2940 43788 43875 3108
1960 86465 4538 86487 86584 4943
1605 71801 2782 71819 71855 3212
944 42837 1091 42848 42851 1443
936 43026 549 43037 43030 1085
809 37738 7 37747 37738 809
788 37327 -480 37336 37330 923
739 35671 -967 35679 35684 1217

1012 49739 -2089 49750 49783 2321
656 32962 -1940 32968 33019 2048
715 36832 -2855 36839 36943 2943
602 31695 -2958 31700 31832 3018
674 36371 -4021 36377 36592 4077

Wing Internal loads are developed at 
the spanwise splice wing station using 
1G loads

Spanwise Splice Stringer 
Load in Lower Cover 
Results
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Fatigue Loads and Spectra

Wing Spectrum Input:
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Analysis 720 Analysis 8-23-21 Rev H
Aircraft Boeing 720
Mission Mix Medium 48%

 Segment
Constant Load Stress 1G 

(ksi)
Alternating Load 

Stress (ksi)
Pressure Load 

Stress (ksi)
Damage Code

1001 Taxi-Out -9.071 -11.7923 --
1011 Take-Off Man 10.898 10.898 0
1021 Take-Off Gust 10.898 15.2572 0
1011 Departure Man 10.898 10.898 0
1021 Departure Gust 10.898 15.2572 0
1012 Climb Man 11.189 11.189 0
1022 Climb Gust 11.189 15.6646 0
1013 Cruise Man 11.625 11.625 0
1023 Cruise Gust 11.625 16.275 0
1014 Descent Man 10.026 10.026 0
1024 Descent Gust 10.026 14.0364 0
1015 Approach Man 10.026 10.026 0
1025 Approach Gust 10.026 14.0364 0
1002 Landing -8.012 -9.6144 --
1001 Taxi-in -8.012 -10.4156 --

Aeronautica ASPEC Analysis

   Long 28%

Damage Code
2001 Taxi-Out -8.529 -11.0877 --
2011 Take-Off Man 10.898 10.898 0
2021 Take-Off Gust 10.898 15.2572 0
2011 Departure Man 10.898 10.898 0
2021 Departure Gust 10.898 15.2572 0
2012 Climb Man 11.189 11.189 0
2022 Climb Gust 11.189 15.6646 0
2013 Cruise Man 9.954 9.954 0
2023 Cruise Gust 9.954 13.9356 0
2014 Descent Man 10.026 10.026 0
2024 Descent Gust 10.026 14.0364 0
2015 Approach Man 10.026 10.026 0
2025 Approach Gust 10.026 14.0364 0
2002 Landing -8.012 -9.6144 --
2001 Taxi-in -8.012 -10.4156 --

    Medium 48%

Damage Code
3001 Taxi-Out -8.327 -10.8251 --
3011 Take-Off Man 10.898 10.898 0
3021 Take-Off Gust 10.898 15.2572 0
3011 Departure Man 10.898 10.898 0
3021 Departure Gust 10.898 15.2572 0
3012 Climb Man 11.189 11.189 0
3022 Climb Gust 11.189 15.6646 0
3013 Cruise Man 10.971 10.971 0
3023 Cruise Gust 10.971 15.3594 0
3014 Descent Man 10.026 10.026 0
3024 Descent Gust 10.026 14.0364 0
3015 Approach Man 10.026 10.026 0
3025 Approach Gust 10.026 14.0364 0
3002 Landing -8.012 -9.6144 --
3001 Taxi-in -8.012 -10.4156 --

    Short 24%



Fatigue Loads and Spectra

Spectrum Wizard Summary:
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Fatigue Loads and Spectra

Spectrum Summary:
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Materials and Geometry

• J Stringer
• 7075-T6511 Extrusion

• Skin
• 2024-T351 Plate

• 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 = 1.63 𝑖𝑖𝑖𝑖2
• J stringer + full bay of skin

• 3 Phases of Analysis
• Phase I and II in stringer, Phase 

III in skin

0.125”

1.65”

1.0”

0.125”

2.5”

0.112”

0.125”

0.4”

1.75”

1.24” 1.36”

0.06
”

NAS1436 3/16” Diameter 
100 Degree Countersunk 
Lockbolts

0.4” 0.75”0.75”
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Phase I – Stringer

• Independent Structure
• Corner Cracks

• 𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷 = 0.05 𝑖𝑖𝑖𝑖
• 𝑎𝑎𝐶𝐶𝐶𝐶 = 𝑐𝑐𝐶𝐶𝐶𝐶 = 0.005 𝑖𝑖𝑖𝑖

• Superposition
• Axial (no bypass)
• Bearing

• Compounding
• Filled Hole
• Cracks growing toward a riser

0.125”

1.65”

1.0”

0.125”

2.5”

0.112”

0.125”

0.4”

1.75”

1.24” 1.36”

0.06
”

NAS1436 3/16” Diameter 
100 Degree Countersunk 
Lockbolts

0.4” 0.75”0.75”
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Phase I – Stringer Idealization

Phase Ia Phase Ib

©SAFE Inc. 2021 Proprietary
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Limit Stress

• Axial, not bypass, no load transfer
𝜎𝜎𝐴𝐴𝐴𝐴 = 𝑃𝑃𝐿𝐿

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
= 49,739 𝑙𝑙𝑙𝑙𝑙𝑙

1.63 𝑖𝑖𝑖𝑖2
= 30.52 ksi 

• Bearing

𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
∆𝑃𝑃
𝐿𝐿

=
49,739 𝑙𝑙𝑙𝑙𝑙𝑙 − 32,962𝑙𝑙𝑙𝑙𝑙𝑙

7 𝑖𝑖𝑖𝑖
= 2,396.7 �𝑙𝑙𝑙𝑙𝑙𝑙

𝑖𝑖𝑖𝑖
       ≅ 2,400 ⁄𝑙𝑙𝑙𝑙𝑙𝑙

𝑖𝑖𝑖𝑖

𝑞𝑞 =
𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

2
=

2,400 �𝑙𝑙𝑙𝑙𝑙𝑙
𝑖𝑖𝑖𝑖

2
= 1,200 �𝑙𝑙𝑙𝑙𝑙𝑙

𝑖𝑖𝑖𝑖

𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑞𝑞 � 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑛𝑛𝑛𝑛𝑛𝑛

=
1,200 ⁄𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖 � 1.125 𝑖𝑖𝑖𝑖
2 � 0.188 𝑖𝑖𝑖𝑖 � 0.125 𝑖𝑖𝑖𝑖

= 28.7 𝑘𝑘𝑘𝑘𝑘𝑘
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Stress - Reference

1

16

1 Harter, J. A. and A. V. Litvinov (2016). “Modeling Bearing Load in Wide Panels Using AFGROW”. AFGROW European Training, Winterthur, Switzerland.
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AFGROW Stress Ratios

• Axial Stress Ratio

• Bearing Stress Ratio
o B
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Stress Intensity Factor

, built into AFGROW
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βfill

Crack Length (in)

0
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0.6

0.8
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1.2

1.4
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βriser

Crack Length (in)
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Fatigue Spectrum
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Spectrum Cycles to FC, Hours

Hours • Flight Cycles
• ASPEC.OUT

• 454 flights in 1,000 hour repeatable 
pass

• Actual was 1,107 hrs
• SpectrumManager

• 101,578 cycles in spectrum
• AFGROW.PL2

• Import into Excel
• Multiply “Cycles” column by 

• 𝑁𝑁 = 454 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
101,578 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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Fatigue Spectrum
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AFGROW Input – Phase I Stringer
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Phase Ia & Ib Stringer Results

23
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Phase II – Stringer Idealization
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AFGROW Stress Ratios

• Axial Stress Ratio
o 𝐴𝐴𝐴𝐴𝐴𝐴 = 1.0

• Stress Multiplication Factor, SMF
o Use to account for cracked area in stringer flange

o 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒−𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

= 1.63 𝑖𝑖𝑖𝑖2

1.63 𝑖𝑖𝑖𝑖2−3.4 𝑖𝑖𝑖𝑖�0.125 𝑖𝑖𝑖𝑖
= 1.35
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Stress Intensity Factor
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26



©Aeronautica LLC– Proprietary Data

AFGROW Input – Phase II Stringer
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Phase II Stringer Results
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Phase III – Skin Idealization

• Corner Cracks – Both Holes
o 𝑎𝑎𝐶𝐶𝐶𝐶 = 𝑐𝑐𝐶𝐶𝐶𝐶 = 0.005 𝑖𝑖𝑖𝑖

• Superposition
o Axial (no bypass)
o Bearing – no bearing since stringer 

is cracked
• Compounding

o Filled Hole
o Countersunk Hole (in AFGROW)
o Crack growing to next hole at Z-

stringer not used
2” crack increases 𝛽𝛽 by 1% which is 
negligible

o Crack growing to Z-stringer
R&C Figure 124, s = 1.0

o Cracked Stringer
R&C Report 75072, Figure 7, s = 1.0
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Stress Intensity Factor

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.1 0.2 0.3 0.4 0.5

βfill

Crack Length (in)

y = -3.011x6 + 7.3399x5 - 6.6894x4 + 2.765x3 - 0.5283x2 + 0.0246x + 0.4749
R² = 0.9928

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

βstr

a/b

Rooke & Cartwright, Figure 124, s = 1.0
Poly. (Rooke & Cartwright, Figure 124, s = 1.0)

y = -4.2359x3 + 7.8738x2 - 5.6522x + 2.7071
R² = 1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

βcrkd_str

a/b

R&C Report 75072, Figure 7

Poly. (R&C Report 75072, Figure 7)

built into AFGROW

30



©Aeronautica LLC– Proprietary Data

AFGROW Input – Phase III Skin
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Phase III 1st Skin Panel Results
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Phase III 1st Skin Panel Results

2%

85%

1%
12%

Chart Title

Maneuver Gust Landing GAG

Damage Code % Damage Damage Summary
Percent of total damage due to '1011': 0.1
Percent of total damage due to '1012': 0.26
Percent of total damage due to '1013': 0.55
Percent of total damage due to '1014': 0.2
Percent of total damage due to '1015': 0.2
Percent of total damage due to '1021': 4.51
Percent of total damage due to '1022': 7.67
Percent of total damage due to '1023': 26.47
Percent of total damage due to '1024': 5.2
Percent of total damage due to '1025': 8.51
Percent of total damage due to '1090': 0.38 0.38 Lndg
Percent of total damage due to '1100': 3.83 3.83 GAG
Percent of total damage due to '2011': 0.09
Percent of total damage due to '2012': 0.17
Percent of total damage due to '2013': 0.16
Percent of total damage due to '2014': 0.12
Percent of total damage due to '2015': 0.13
Percent of total damage due to '2021': 3.96
Percent of total damage due to '2022': 5.08
Percent of total damage due to '2023': 7.65
Percent of total damage due to '2024': 2.53
Percent of total damage due to '2025': 6.23
Percent of total damage due to '2090': 0.63 0.63 Lndg
Percent of total damage due to '2100': 5.19 5.19 GAG
Percent of total damage due to '3011': 0.04
Percent of total damage due to '3012': 0.04
Percent of total damage due to '3013': 0.03
Percent of total damage due to '3014': 0.03
Percent of total damage due to '3015': 0.03
Percent of total damage due to '3021': 1.98
Percent of total damage due to '3022': 1.3
Percent of total damage due to '3023': 1.52
Percent of total damage due to '3024': 0.43
Percent of total damage due to '3025': 1.86
Percent of total damage due to '3090': 0.33 0.33 Lndg
Percent of total damage due to '3100': 2.6 2.60 GAG

7.09

1.31 Maneuver

52.36

0.67

25.45

0.17

Gust

Maneuver

Gust

Maneuver

Gust
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Inspections

• Detectable flaw size is 0.05 in using BHEC
o Using less robust methods gives unacceptable inspection 

program

• Structure is MLP since the skin adequately carries the load 
once the stringer fails

• Inspections could include visual for a failed stringer if life of 
skin is long enough as in this case.
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Complex Spectrum Analysis
• Certain Structures Have Complex Loading

• Wing Spanwise Splice – Axial Stringer Loads + Wing Skin Shear Flow
• Wing Spar – Spar Cap Axial Load + Web Shear Flow
• Fuselage Attachment – Axial + Shear + Bending due to Fuselage 

Bending and Wing Bending and Torsion
• Complex Spectra Loads are NOT always in phase
• As a Result, Constant Linear Factors such as Bearing to Bypass 

or Bending to Bypass are NOT Accurate
• If Complex Loading is Present, Need to Utilize a Multi Channel 

Spectrum Approach

35



©Aeronautica LLC– Proprietary Data

Internal Loads

• Wing Spanwise Splice:
• J Stringer Axial Load driven by Wing Bending Moment
• Wing Skin Shear Flow driven by Wing Torsion
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Fastener Loads due Shear Flow
• To Accurately Represent this, 2 Spectra are developed:

• J Stringer Axial Stress Spectrum Driven by Wing Bending Moment
• Fastener Bearing Stress due to Shear Flow Driven by Torsion

Flt Cond Ref. Axial Load Ref. Axial stress Shear Load # fast skin thickfast diam fast pitch fast load brg stress brg/ref axial
10001 19348 10285 -518 2 0.16 0.1875 0.75 194 6477 63%
10002 19864 10560 -612 2 0.16 0.1875 0.75 229 7645 72%
10003 20895 11108 -467 2 0.16 0.1875 0.75 175 5842 53%
10004 17671 9395 -594 2 0.16 0.1875 0.75 223 7429 79%
10005 19605 10423 -600 2 0.16 0.1875 0.75 225 7501 72%
10006 19864 10560 -577 2 0.16 0.1875 0.75 216 7212 68%
10007 19476 10355 -764 2 0.16 0.1875 0.75 286 9549 92%
10008 20509 10903 -728 2 0.16 0.1875 0.75 273 9102 83%
10009 21282 11314 -697 2 0.16 0.1875 0.75 261 8713 77%
10010 20637 10971 -666 2 0.16 0.1875 0.75 250 8323 76%
10011 20379 10835 -696 2 0.16 0.1875 0.75 261 8698 80%
10012 17799 9463 -711 2 0.16 0.1875 0.75 267 8886 94%
10013 13619 8035 -898 2 0.16 0.1875 0.75 337 11231 140%
10040 -14783 -7859 -107 3 0.16 0.1875 0.75 27 894 -11%
10041 -14224 -7562 -100 4 0.16 0.1875 0.75 19 627 -8%
10042 -15140 -8049 -112 5 0.16 0.1875 0.75 17 560 -7%
10043 -15522 -8252 -117 6 0.16 0.1875 0.75 15 486 -6%
10044 -16104 -8561 -125 7 0.16 0.1875 0.75 13 445 -5%

• Note: Ratio of bearing to axial stress is NOT constant across load conditions.
• Bearing is due to skin shear flow which is dependent on wing torsion
• Wing Torsion and Wing Bending Moments are not linearly related
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Complex Spectra - Axial
• First, Axial Spectrum 

is developed in Aspec:
 1g stress from 

Internal Load Cases
 Delta g stress
 Dynamic factors

Segment DMF Factor Constant Load S   Alternating Load  Pressure
Load Case Damage Code

10044 1001 Taxi-Out 1.3 -8.561 -11.130 --
10001 1011 Take-Off Man 1 10.285 10.285 0
10001 1021 Take-Off Gust 1.4 10.285 14.400 0
10001 1011 Departure Man 1 10.285 10.285 0
10001 1021 Departure Gust 1.4 10.285 14.400 0
10002 1012 Climb Man 1 10.560 10.560 0
10002 1022 Climb Gust 1.4 10.560 14.784 0
10010 1013 Cruise Man 1 10.971 10.971 0
10010 1023 Cruise Gust 1.4 10.971 15.359 0
10013 1014 Descent Man 1 8.035 8.035 0
10013 1024 Descent Gust 1.4 8.035 11.249 0
10013 1015 Approach Man 1 8.035 8.035 0
10013 1025 Approach Gust 1.4 8.035 11.249 0
10041 1002 Landing 1.2 -7.562 -9.074 --
10041 1001 Taxi-in 1.3 -7.562 -9.831 --

Load Case Damage Code
10042 2001 Taxi-Out 1.3 -8.049 -10.464 --
10001 2011 Take-Off Man 1 10.285 10.285 0
10001 2021 Take-Off Gust 1.4 10.285 14.400 0
10001 2011 Departure Man 1 10.285 10.285 0
10001 2021 Departure Gust 1.4 10.285 14.400 0
10002 2012 Climb Man 1 10.560 10.560 0
10002 2022 Climb Gust 1.4 10.560 14.784 0
10004 2013 Cruise Man 1 9.395 9.395 0
10004 2023 Cruise Gust 1.4 9.395 13.152 0
10013 2014 Descent Man 1 8.035 8.035 0
10013 2024 Descent Gust 1.4 8.035 11.249 0
10013 2015 Approach Man 1 8.035 8.035 0
10013 2025 Approach Gust 1.4 8.035 11.249 0
10041 2002 Landing 1.2 -7.562 -9.074 --
10041 2001 Taxi-in 1.3 -7.562 -9.831 --

Load Case Damage Code
10040 3001 Taxi-Out 1.3 -7.859 -10.216 --
10001 3011 Take-Off Man 1 10.285 10.285 0
10001 3021 Take-Off Gust 1.4 10.285 14.400 0
10001 3011 Departure Man 1 10.285 10.285 0
10001 3021 Departure Gust 1.4 10.285 14.400 0
10002 3012 Climb Man 1 10.560 10.560 0
10002 3022 Climb Gust 1.4 10.560 14.784 0
10007 3013 Cruise Man 1 10.355 10.355 0
10007 3023 Cruise Gust 1.4 10.355 14.497 0
10013 3014 Descent Man 1 8.035 8.035 0
10013 3024 Descent Gust 1.4 8.035 11.249 0
10013 3015 Approach Man 1 8.035 8.035 0
10013 3025 Approach Gust 1.4 8.035 11.249 0
10041 3002 Landing 1.2 -7.562 -9.074 --
10041 3001 Taxi-in 1.3 -7.562 -9.831 --

    Short 24%

    Long 28%

AXIAL STRESS SPECTRUM INPUT

    Medium 48%
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Complex Spectra - Bearing
• Second, Bearing 

Spectrum is developed 
in Aspec:
 1g stress
 Delta g stress
 Dynamic factors

Segment DMF Factor Constant Load   Alternating Load  Pressure
Load Case Damage Code

10044 1001 Taxi-Out 1.3 0.445 0.579 --
10001 1011 Take-Off Man 1 6.477 6.477 0
10001 1021 Take-Off Gust 1.4 6.477 9.067 0
10001 1011 Departure Man 1 6.477 6.477 0
10001 1021 Departure Gust 1.4 6.477 9.067 0
10002 1012 Climb Man 1 7.645 7.645 0
10002 1022 Climb Gust 1.4 7.645 10.703 0
10010 1013 Cruise Man 1 8.323 8.323 0
10010 1023 Cruise Gust 1.4 8.323 11.652 0
10013 1014 Descent Man 1 11.231 11.231 0
10013 1024 Descent Gust 1.4 11.231 15.723 0
10013 1015 Approach Man 1 11.231 11.231 0
10013 1025 Approach Gust 1.4 11.231 15.723 0
10041 1002 Landing 1.2 0.627 0.753 --
10041 1001 Taxi-in 1.3 0.627 0.816 --

Load Case Damage Code
10042 2001 Taxi-Out 1.3 0.560 0.728 --
10001 2011 Take-Off Man 1 6.477 6.477 0
10001 2021 Take-Off Gust 1.4 6.477 9.067 0
10001 2011 Departure Man 1 6.477 6.477 0
10001 2021 Departure Gust 1.4 6.477 9.067 0
10002 2012 Climb Man 1 7.645 7.645 0
10002 2022 Climb Gust 1.4 7.645 10.703 0
10004 2013 Cruise Man 1 7.429 7.429 0
10004 2023 Cruise Gust 1.4 7.429 10.400 0
10013 2014 Descent Man 1 11.231 11.231 0
10013 2024 Descent Gust 1.4 11.231 15.723 0
10013 2015 Approach Man 1 11.231 11.231 0
10013 2025 Approach Gust 1.4 11.231 15.723 0
10041 2002 Landing 1.2 0.627 0.753 --
10041 2001 Taxi-in 1.3 0.627 0.816 --

Load Case Damage Code
10040 3001 Taxi-Out 1.3 0.894 1.163 --
10001 3011 Take-Off Man 1 6.477 6.477 0
10001 3021 Take-Off Gust 1.4 6.477 9.067 0
10001 3011 Departure Man 1 6.477 6.477 0
10001 3021 Departure Gust 1.4 6.477 9.067 0
10002 3012 Climb Man 1 7.645 7.645 0
10002 3022 Climb Gust 1.4 7.645 10.703 0
10007 3013 Cruise Man 1 9.549 9.549 0
10007 3023 Cruise Gust 1.4 9.549 13.369 0
10013 3014 Descent Man 1 11.231 11.231 0
10013 3024 Descent Gust 1.4 11.231 15.723 0
10013 3015 Approach Man 1 11.231 11.231 0
10013 3025 Approach Gust 1.4 11.231 15.723 0
10041 3002 Landing 1.2 0.627 0.753 --
10041 3001 Taxi-in 1.3 0.627 0.816 --

    Medium 48%

    Short 24%

BEARING STRESS SPECTRUM INPUT

    Long 28%
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Combining Spectra
• Third, combine axial and bearing spectra in spectrum manager 

or Excel to Nasgro Multi Channel Format:
• Cycles, Max/Min S0, S1, S2, S3  S0 = Axial S3 = Bearing
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Multi Channel Crack Growth
• Perform Nasgro Analysis using Multi Channel Spectrum with 

Variable Bearing to Reference Stress Ratio:
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Single Channel Crack Growth
• Perform Nasgro Analysis using Multi Channel Spectrum with 

Constant Linear Bearing to Reference Ratio:
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Crack Growth Results
• Comparison of Multi Channel Spectra Using Either Variable or 

Constant Load Ratio:
• Variable Brg/Ref Ratio
 Critical Crack Length = 1.1655
 Total Cycles = 2234194
 Total Flight Hours = 22150

• Constant Brg/Ref Ratio @0.53
 Critical Crack Length = 1.1285
 Total Cycles = 2545998
 Total Flight Hours = 25242

• When bearing stress is driven by a secondary load that is not linearly 
related to primary load, large errors in results can be encountered

• In theses cases, a multi channel variable spectrum must be developed 
for each independent load source.

Life is 12% Lower Using Multi Channel Spectrum
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Phase III – Skin - Revised
• Revise Phase III in Skin to 

Adjacent Fastener Hole and 
Include Fastener Load due to 
loads from highest damage 
segment in spectrum

• Corner Cracks – Both Holes
o 𝑎𝑎𝐶𝐶𝐶𝐶 = 𝑐𝑐𝐶𝐶𝐶𝐶 = 0.005 𝑖𝑖𝑖𝑖

• Superposition
o Axial (no bypass, see Session 12)
o Bearing – due to shear flow

• Compounding
o Filled Hole
o Regular Hole (in AFGROW)
o Crack growing to Z-stringer

R&C Figure 124, s = 1.0
o Cracked Stringer

R&C Report 75072, Figure 7, s = 1.0
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Stress Intensity Factor

y = -3.011x6 + 7.3399x5 - 6.6894x4 + 2.765x3 - 0.5283x2 + 0.0246x + 0.4749
R² = 0.9928
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Phase III – Skin Revised Results
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Updated Inspections

• Approximate analysis of the skin at the adjacent fastener 
hole results in a much shorter life using 76% constant SR for 
bearing but still supports a MLP inspectable for load path 
failure approach. 

Inspection = Visual for Broken Stringer

• Approximate analysis using 140% constant SR for bearing 
does not support MLP. Skin fails prior to stringer.

Inspection = NDT for Cracks in Stringer
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Complex Spectra Impact

• Structure being analyzed may have stresses driven from multiple 
load sources which require a multi channel spectra

• Its imperative for complex spectra to be able to identify damage 
sources so that contributing load sources can be determined

• Assuming a constant linear relationship between load sources may 
or may not be conservative depending on structural detail

• Example illustrates impact of load transfer can be driving factor in 
determining if structure is Multiple Load Path Inspectable for Load 
Path Failure or Not Inspectable. This has large impact on inspection 
requirements.

• Recommend that analytical tools should be capable of handling 
multi channel spectra.
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