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ASTM ¥t % ehz & % "The process of progressive localized
permanent structural change occurring in a material subjected to
conditions that produce fluctuating stresses and strains at some point
or points and that may culminate in cracks or complete fracture after

a sufficient number of fluctuations”
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(=) &+ * & ¢ (Design Service Objective, DSO) :
BF P * K@ * F & (Design Service Objective, DSO) »
PSRRI RFTZ AT F 0 - BR LS 20 > Hp
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T KR 2k Sl R AT o A LT
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B2 B E T 54 %4 2 &4 2 (Stress Spectrum)
2. 241§ 44 (Limit Loads)

% FAR25.301 % 4 5 #1487 ¥ B - P 7 i KL 2 B f

v o — - F $(Vertical Maneuver) Load Factor £ % 250 -
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3. &' { §*(Ultimate Loads)
i FAR 25.305 T & » "L f 4015 B » Al f 47 L
TERBGHMTRTRRL2L P TFRPREFEL IR D4
o e — S ki(Vertical Maneuver) Ultimate Load Factor

£ 5 3.75g (=2.5gx1.5) °

FHUEMFTHHEEHEFRI T RIUFN L L2 B 20
doom R EFRERA AT B AR R R g 82 3
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(=) & ¥ #F5% (Fatigue Test) :

L RSk ¥ % A 2 o0 iR 0 RS R
I B A2 AR RIS (Stress, S)2 I AR
.2 75 7% & #9 (Cycles to Failure, N)®l 4 > f#§ £ S-N Curve » #
Pend d Mt RARESOLAFERET > A R OR YR
fo B ¥ heh- ARG 0 R MR BER > ZHET
FAEE RS ES TR Y LA (Endurance Limit) o 4o )
34T o — ARG R A VR A 4EE AL BRI E SR YT
B o
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I @, = Endurance Limit
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20
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N — number of cycles to fatigue failure
B 3S-N ¢ s

A A ¥ 3 % (Cumulative Damage): 23 @ # 5H< 4 * 2L 5
ca PERORFFGALT RO TRAEEH

*oom RFFR LRSI G ) 0 BIE &1 Miner’s Rule ¢
Miner's Method

D=3

i-1 N;
Where:
D = Fatigue damage. If D = 1.0 a fatigue crack
has formed and grown to a failure level.

n, = Applied number of cycles at the i'"" specific
stress level.

N, = Allowable number of cycles to failure at the
i" specific stress level.

j = Total number of stress levels.
A A e et T 2 AR (Cycles) 3 A A > K~
4,}# A H e R4 ARR T o AR P P%($17§§\\ ”E‘;\‘

\'ﬂ

F)OBERED 0 B E NS ER A Lk & Uk 2 Cycles
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(=) &4 542 Rk % K 3 (Design for Fatigue)

1 gtk @A SHEAL RS B9 0 blde® i ¢
Notch ~ Short Edge Margin ~ Close Adjacent Holes ~ Perpendicular
to Load Path ¢ Rough Surface Finishes % -

2. 1% k¥ (Shot Peening) & /4 i¥ 4 1 (Cold Work) : 3+ 2024 4&
LAV RYREAFNTOISLEL £ P F & F 4 (T4 >
# H44kE& & & 4 Compressive Layer » "% i< Peak Stress & »

Hrodid fPLRd TR ASERE A -

Shot Peening

B <
@ <—

@ o 0
o o

o o

Shot Peened Part q\ !

Compressive
Residual Stresses

Shot Peened Surface
B e e e i e i
4 0.005 to 0.030 inch
= for most applications
] - =
=
@ I
Oy +o -

Residual Stress

Relative Life Increase ~75%
for shot peened 7050-T7451 plate

B8] 4 Shot Peening # *#% i Surface Peak Stress
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Cold Working

Split
Sleeve ”‘V‘i EJ/NDSE Cap .Puller Housing

St |

Compressive
Residual
Stresses

W Sleeve
Retention Jaw

Work Piece

Peak Stress
\Qzﬁesultant Stress
/
I

I =

%~ Residual Stress
From Cold Working

Edge
Of Hole

Relative Life Increase ~280%
for cold working in 7050-T7451 plate

B 5 Cold Work + *§ <3t fi“ﬁ{r,ég—ﬁi Peak Stress

¢ * Fatigue Resistance Fastener (&]4v : Rivet, Hex-drive Bolt,

Lockbolt %) » & 1z ?«ﬁﬁa(lnterference Fit)en= 382 5% > gt 3 2

i & m A& 4 Compressive Layer» #% 8 SR 5 3 & o
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Interference Fit Fasteners

Hex-drive bol
S
5

U \ Co mpresswe

Rivet /'Remdual Stresses
1

5

Use interference fit fasteners

Typical Results From Test

Fastener Relative Life
Interference 1.0 30 50 7.0 90 11.0

None :
{Open Hole) :I

0.001 inches |- ]

0.003 inches |27 | |
0.006 inches [777777777,7777777)

 0.008 inches |- A P
g;'{'{-‘h'l-h_ o Itfi ‘.l-'}"‘-ﬁ- Fd'r'{'_‘ ) b{ l'-'-?‘l!fi'lr{ill

B 6 it j’j%p.iaﬁ; ¥ A 4 3t iz Compressive Layer

(T) BHRHERF AL Bm
L FEPREAL RY AP R RF B F 5 R

B RERE AV R i SR 2w 2 Limit Load % Ultimate
Load 3 i (4= : FAR 25.301, 25.305) o

1k A 54 (Stop Drill)s2 3847 3t ¢ § #- A g b 3t (Stop
Drill) = 3% i& (7 g2 pr > oo 46 (572 W0 "% Mk B4 & ¢ 7
< (Stress Concentration Factor) Kt » & »t%# < f 442 # 6 fif &
R AL R G AR R AR 0 RT . e
BHARL A Fla H 4o @A) Overload 1w » & & B2
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Safety Margin &> » F 3 & F A A BIL > %7 ¢ F LA
SEE SRR SN ) S SIS S EAR T S A
1% 12 (Temporary Repair) o #« i eif 72 % 3¢ £ X 45 St (7
AT A K P PRIEA A o ¥ uE R F R AR (T B

(Trim Out) & ¢ *+ 4c 348 5 (Splice)sh= Vg {712 12 -

ZoRBBEBEXIZ L
(-) # "
Sk
LSMAﬁﬁ%@ﬂ%&lﬁﬁ@%ﬁ%ﬁ%é?&%GmWe
Load Data) > r % & 41 % & Durability 2 7 4f 4 7 Pl 2. i3 12

72 & (Structure Repair Manual, SRM) & {7 5 4 i3 32

372 o SRM P #7172 13383 jE th- MBI RP] > d AT

Y

o 1 AREE X E T rAp B RS S A iy 0§ B8 e
FHLEMRAIE - EEZFU2 R 5T i g e
HEFE > miF >R EWNERZ SRM Repair #7312
P B A A0 R #ig f SRM Repair i i #4512

TR AAH > K DB IR sk (Repair Proposal) » 4 712 12
G RERILT AR X 2BRFFPN o REE VR
SRM Repair &2 #74% 1338 3 22 k2 R ¥ E &hZL B > ¢ 97

KB EER2ZEYE &K F > SRM Repair pF > 2221212

2. B ILp ¥ 4 47 (Fatigue Analysis) = i# © A iE 7 SH2 TR
FAayrE o B¢ - B FEEL AN AT Y 2 F'&xg‘;u}
i# (Load Distribution) » 45 5 % &4~ [F 2_ } gk F2ET AL § o F)
R EE R R 2 R f E 0 R AR 2

16



(=

) &

BEREEAL LR LTI AL R ML RS -

Joint Load Distribution

Az o Moo o o g

I

Meload () (r)
I

B, - puter Pansteners are mast -{htlj\m«"

[ ['mQ )
L 2000 oo 1460 oo 1000 o 540 o '
L T

Ty
Operational Loads -
(Fatigue Loads) E@ % _%Tu\ 5%"

elagkit fangh 540 1000 1460 7000 >
- 10000 <— Bypass Loads
Fastener Shear
Ultimate Loads (bearing loads)
>
Bypass Loads —=> —— 10000

Note: Dimensions are exaggerated for illustrative purposes

B7 4502 f 44 7

IR S EEE S SN

i 2R P g 8 R & 1 03 (Joint Modeling) o 12 ig 7

WAt B 7 Eaadrs i BRI G

R AETAR G - EE R(Spring)c At E T ALY 2
& 4 4 47 #-3] ¢ &0 Spring Constant -

. ¥ % Spring Constant 3+ & = ;¢ :

# 5 Spring Constant 3+ & 2 ;84
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Cpiate = L/ (AE)

where:

C, = = plate spring constant (in./Ib)

L =length (in.), fastener spacing in direction of load

A = cross-sectional area of plate between fasteners
(in?)=wxt

E = Modulus of elasticity of the plate material (psi)

w = width (in.), fastener spacing perpendicular to
load

t = plate thickness (in.)

Joint Modeling - Plates

Plate A \ S0 ¢ - nal yze o rw fo re JW € Rﬁrf&f—,—‘»ﬂ
| -
@’/—w Y o o o
< 57 o (] o
ﬁ/ v;/.-" o =) o
<

Plate B

C.M -2 CA2-3 CAS-!I

CB1-2 052-3 CB3-4

. #n4v Spring Constant 2+ & = ;¢ ¢

3L 5 44+ Spring Constant sr/gsk 2 3% o i ¥ 18 p 203F 5 i
BEH O TR BIR TR D T g
EREEFETARE SFERTARE CFIPER XD EE
244 T2 Ag AR 5 R s PR %-f#ﬂljgﬁ o ¥
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#* oy A M - AN p At FAA-AIR-90-01 ¥ - fa R
BTG o 7 R D6-29942 -
(1) FAA-AIR-90-01 - & = ;¢ :
FAA-AIR-90-01 “Repair to Damage Tolerant Aircraft”sF < d
Mr. Tom Swift >+ 1990 £ 2 £ > ¥ d FAA 7| » & 382 &

55N b .
TE AN T

FAA-AIR-90-01
Repair to Damage Tolerant Aircraft
T. Swift, FAA (1990)

Fastener spring constant

=[A+B:(D/t,+D/t)]/(ED)

where:
C; = fastener spring constant (in/lb)
A = 5.0 for aluminum fasteners
= 1.666 for steel fasteners
B = 0,80 for aluminum fasteners
= 0.86 for steel fasteners
D = fastener diameter (in.)
E = modulus of elasticity of plates (psi) Um/ g uﬂru[usj S0, Huy equsrtay ﬁ‘”' 5 €0 -n)/
t, = doubler thickness (in.) wpperplatt
t, = skin thickness (in.) [ewer quﬂ S Are IJL.* ek:m, ‘F:\s“uhr’ Wheete 1 b_)

Deflection Equation:

Opast = Pr - C

where
P; = fastener shear load (Ib)

e SRR F AR S G B
o g R R S i H A R D B el Y
Fos sk i -
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(2) 5 2 P 4e D6-29942 3-8 & 4
#F o A D6-29942 "Stress Severity Factors for
Axially Loaded Mechanically Fastened Joints”>* 1969 +# &
B FagH LA blde D Titanium & Monel & £ 7

Voo T AR Eends YA T L R

A ;\‘- He T

D6-29942
Stress Severity Factors for Axially Loaded Mechanically Fastened Joints
The Boeing Company (1969)

Fastener Spring Constant

4(ti+tj)+5-"+5t-ftj+5titff_t£+1{ 11 ] 1{ I }

T 9G,A, 40E, |, t,

where:

C; = fastener spring constant (in/lb)

t; = thickness of plate i (in.) wpper plate

t; = thickness of plate j (in.) lswer plat e

G,;_ shear modulus of the bolt material (psi)

A, = cross-sectional area of the bolt (in.?)

E,,, = modulus of elasticity of the bolt material (psi)

I, = moment of inertia of the bolt cross-section (in.%)
= 1wD*/ 64 ,

E;,, = modulus of elasticity of plate | (psi)

E;,r = modulus of elasticity of plate j (psi)

Ehb Eit“.l-r

+
Y

Ebb Ejbr

Deflection Equation:

6i‘ast = I:)F ) CF

where
P = fastener shear load (Ib)

4. #ngr § 4 pe(Load Distribution)3* & = 2 1 - 423 A f&2 23

B

B 2 494 Spring Constant » # ¢ — f& 5 Matrix Algebra »

v

¥ - #8537 T~ 4% > ;2 (Finite Element Analysis, FEA) -
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(1) Matrix Algebra : & % % 7] 41 %25 £ = 72 5% (Deflection
Equations) » p* = ﬁ_;\ﬂ} | * Displacement Compatibility %
Equilibrium & 32 ] i 4p B > #25% > #r3] Displacement
Compatibility % 4p = 2. =4 & 4_4p ¢ 1 & > Equilibrium

U EER Hend 4 BT grap b > P 4T

Joint Modeling — Deflection Equations

ta
P \_L* A A |
(_ ] B, { ) Bua B @ A
ts
Chtz Chzs Chsa

P
>
Csiz Csz Cosu
Equation 1 o defless |
p LY A YL
Carz (P -Pgy) # Cpy* Prp= Cpy * Py + Cgy - Py —? \—r_‘_\ !
Equation 2 M de Hloctine 1.

Cpzs (P =Py -Pgp) + Cpy " Pp3= Cpp - Py + Cpay* Py + Pyy)

Equation 3
Caaa- (P- PH = PF:r - PF3:| +Cpy Py = CFE ' I:'|=:'. + cas-z' (PF1 + PF: * PFE}

Equation 4
Pey + Pea# Pgy + Py =P

i ¥ #7 71 11 er7 Deflection Equations £ 1 #* 77|;8& & >

FE DGR T BT
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4 Equations — 4 Unknowns

Equation 1

Cara” (P-Pgy) + Cry - Pea = Cey - Pry + Cgyp Pry

CF1'P

F1 ¥ Carz’ Pry-

Cra " Pep * Cg12Pry = Carz

(Car2*+ Cgia* Crq) "Pry =Cpp* Pry =Cpy2 P

Equation 2

Choa” (P - Pry=Pr) + Ceg - Py = Cpy Py + Czg ™ Py + Py
Cer Pra+ Cpoa” Pry + Cpas  Pra+ CpoaPry+ Cgog " Pra- Cpg * Prs = Cppp - P

(Caz3*Cpa)* Pry + (Cpa3+ Co3 +Cp) * Py = Gz

Prs = Caza

Equation 3

Casa' (P-Pry-Prp-Prg) + Cry » Pey = Gy Py + Cpay (Pry + P ¥ Prs)

Crs* Pes + Caga Pry * Caga” Pra+ Cpaa” Pra* Casa Pri* Coau Pro* Caay” Pra - Crg - Pra=
(Cpza* Cgag) " Pry+ (Cazg * Ca3a) " Pra # (Casa* Cpas + Cra) " Pra = Cry - P

Fa=Chaza’

Equation 4
Pey + Pea + Py + Py =P

[Gyl
|_.'_'.__'_'___' e 1
iE_Cﬁ1-_2iEB_1-:'_"_°_F1_ ___Ca | 0 i 0
I Caps+Cpas Cpr3+ Cazs +Cpy -Cps : 0
[ Caou*Cone | Casa*Csss | Cma*Cosa*Cr|  -Cm
ey R

S

e

-

2 fastener joint —>|
&« [3 x 3 matrix — 3 fastener join{f —————>

f1* ®.5 Microsoft Excel #i48® I F &

W ARRE T 2 )% Excel #RiE (TAR M b

R B E G Ao 8 T
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(2) 7 *T~4 > iz (Finite Element Analysis, FEA)

a0 it Matrix Algebra 3+ & = /27 & * > 8 crdng 2 {5
Kl by X KA HE 7 g Tapered

Doubler £ Double-Shear Joint 13 p¥ » if % chip § 5 p*
Flet ik g 2 F U F 2 (FEA) S 7 i@ s
g2 8 & ] 0 22 2 4 45 03] (Analysis Model) > 55

d R EETRAREDE D EERF 20 F R
X ERART g o & 4% B2 "IES Visual Analysis” FEA
FAOGH  E 22 P Rz 2D ] e fF

N

s8R o AR AL PTHMAES o AR

PO E A SR g

g rgngT R X AR E B FltE 2 2-D HoR
SRR 3 = SN PR = SR I
HY bp FARL 4 B 2 5 b £ 9 $2(Simple Beam) 5 #-
FBE Fanbt AL £ ¥ - AF R4 (Round
Beam) » L83 T P o LT HEPARL Y - L FEE

-
q;

aEE - B LPRZ AT o R 4pS 4 B E
PRI R R - ARG HE R TR - et

1 FE LR d gt A 47 & B R4~ # (Element) X 4
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FEA Model Idealization Using Beams

ty
Joint b
P 5 oy M Q Aza r/‘\. Asy \
< - T 1Fy | {Fyt 1Fs} 1 — =
@ g, GD g, @ g, @I 1
tg
FEA Idealization
A, Ay A, e
[ 1 @ I 1 @ I 1 @ [ flnf'@r}ﬁ{‘ ith el

%ﬁ@nm % L%ﬂ L%j L, ({“ T delne) nu.m’t?ase_)
Py

1 @ [ ] @ [ ] @ [ ] @ =
B4-5

B9 442 4 v & Al FEA A 45 A #T L B

fit > & BARIL A F P B PR~ 2T (40 0 2024, 7075
)2 A PARTAEEES BRSNS D LE) T

ErAR G — LR JF A3 404 A T H0A ¢ 2 B oxlf)
22 i (Equivalent Beam Diameter) D(model) i » £ & »
FEA #-4] ¢ 27 4 45 » D(model)z+ & & X 4o

(H7 24473 i{4=80 » F Bk Lm=1)

where:
Lmj Y| L., = distance between plates in FEA model
D model = E/.s: = fastener modulus of elasticity in model
12-Efast -Cp - m Do = diameter for a circular beam FEA element
C; = fastener spring constant from Swift or D6-29942

B = shear deflection of beam
P = fastener load
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0bor 0}
. " A" A"
_ TIW " . T o il o B 1 ™ o T _
Vﬁ*\' @l : _ a0 . 940 i )
. [ . . speo-]
Vddd ey T 2 € s € ©| € Bupeeg
\ . \M f._ h\-\. ( \‘l OLoGy b
asald n.-..v A ﬁ__ﬁ“_h._.x I i V.E o S f:a.% ard e o __“_3 ﬁ{

Speo-] bulieag Jauo)se — S}Nsay |oPOJ BUIMAIASY

27



okl b - v S Lo vad FIEHE x50 2T 4

;‘-ﬁ

N=

speo] ssedAg ups

1 S __._.|\1.::::.I.|.E,u..ﬂ___. '
0% i LTS Hl 5TT
= =
= o = |E P
T = L = |5 a L
=] = =

1Y)

2 NN NE —

9 Lil : | 5 2 i BLGEL o

T

speo] ssedAg Jajqnog

Speo-] ssedAg aje|d — S} Nsay |[9PON BUIMSIASY

28



(2) #7373 ;2 2. Peak Stress :

1.

— )@ AT s AT 2 P I ARER B S S et gL
MeA R~ BEZERGIZ R ST R A 52 U F F
% > @2 % > % B SRM Repair &7 372 pF > ¥ 4] * R W R
SRM Repair # i ﬁ%.&gt&@gag*%@’ Bodlazixo igm -
o T R EFEHEAST 0 RETIRERB LS 2 2 SRM
Repair 2. Peak Stress: " 3 iz #1223k 12 7L > ;2 71 & 4 2 Peak
Stress &_% -] ** SRM Repair Peak Stress -
&+ & ¢ %] (Stress Severity Factor, SF) :
RIS F I SFFS R e
WA A R 0 TV R E AR
AR TR ERREA D ZRFEL LG ST RP
D6-29942 ¢ #77| SF % Peak Stress 3+ & 2> ;4 40

Stress Severity Factor Formula

The severity factor (SF) relates the local peak stress (0,,,,) caused by fastener bearing load and plate

bypass loads to a reference far-field gross stress (@)

o = fastener hole condition factor

o Ofy e,y B, = hole filling factor
SF=———(0, +0,) aB, = 0.62 (Rivets)
'Cl = 0.65 (Hex-drive bolts in transition fit holes)
Ok =SF O =P, -y-(0, +0,) €, D = fastener diameter |
w = width (in.), fastener spacing perpendicular to load
t = plate thickness
where :
K P — a,, = reference stress in the structure
— i) br fB e L v -
o, = {Bearing } {agtene = peak stress caused by fastener bearing load, P,
D-t F'br = hearing load (fastener load transfer)
‘Ji ate. K., = bearing stress concentration factor (Figure 1)
K, P, ?ﬁ Lo/ 8 = bearing distribution factor (Figure 2)
6, =——— {Bypass }/ /s )
W | Do bler g, = peak stress caused by bypass loads, Py,

P,, = bypass load

K., = bypass stress concentration factor (Figure 3)

y = countersink factor (Figure 4)
= load transfer factor (Figure 5)
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PN A Bk T A R f‘,}# A (3]~
Countersink ~ Rivet ~ Hex-Drive Bolt~ = * B & ~ B4 & ¥ 7
SH) U RE LT R H e R T 2 LA

mom NP R EET d R pé&%”71ﬂ77rﬂ?§]%“ﬁw°

3. 5d Matrix Algebra &% FEA = j2 7 £ @ 4ndr 2 45 2 % X if
Element #7% 2_ § ;\ 5o F AN 2 SFAN T REL R
EngT 2 g TR 2 gt o A gt A driE AR A B R SRM

Repair % #74% i3 12 1= 3% = /% 2. Peak Stress {s » T 7 i& {7 b fiz >
F AT 3 IBaE 2k 2 % 2. Peak Stress ‘] *t SRM Repair Peak
Stress » B £ T3 B IWaER D27 € A 4 R F IR > T

2 oY 3 > 2
B IER S EE T REL T

(m) ~472 32 2 2 ¥ & & (Fatigue Life) :
1. Mr. Tom Swift & FAA-AIR-90-01 “Repair to Damage Tolerant
Aircraft"sg 2 ¢ 51 % Mr. Lars Jarfall 3 11 &7 5 2% i 4 “Effective

Stress” | BEA » 77 WA * 1L eh 2 A

«r\t
ciﬂ*
HK’
—%
i
(‘

TN
xx
ZoE s R S WO U B g %‘é@éﬁiaﬁ%%

& o Effective Stress g 3485 = 44T !

Ogs = [1.3K,, 0, + K

tbp Topl/ Kepp

Where o, = effective stress

Opr bearing stress

Oy bypass stress
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K, = stress concentration factor relating peak
stress at edge of hole to oy,
Kyp = stress concentration factor relating peak

stress at edge of hole to e

FERE S E &2 S ¥ 45 5 Gross Stress (o o) £ 44T 2
Bearing Stress (o o)}t & » A RIEESATE N2 BA 0 TR
PRI RSFAZASF 6 FldwoT

Ty, Oy = 1.33 g_?y C,_lg

e \ \ \
— \_ - —
b‘a 4.0 —\\\ \‘\\ h""““-..h_m‘ \"“‘--.
gn-i' 5.0 +— \__‘_\ K\\\ \““-,::\-""‘--._ ..____1-““‘- \
2 T
3 | T
o — 1
g I T ey e S iy
G — Tt
£ 10.0
g
E th < UNGO — 0!,
= <

0.0

104 5.0x10* 108
Life, N (cycles)
Fatigue S-N Data 2024-T3 Clad Sheet,[ 1) Reference: FAA-AIR-90-01,
Open or Loose Fit Holes, Stress Ratio=0.0 | Figure 13

=~ § 18 54 % 4 4 +7(Damage Tolerance Analysis, DTA)

(=)

B ERG A

FAA »+ 1978 & & FAR Part 25 2. Amendment 25-45 # > i2 37 FAR
25571 i 4L B-F R AP ~ i HOERE o iF 3 £ 47 B
Bz Rk ¥ E &2 4 ot > (Fail-Safe) 5 i o fe #7¢h FAR 25571
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ERY LS AU ERT AL M AR IGE EF A
7 B3 5 2 B4R & (Residual Strength)

Pt
«
k-
el
-
b ]
%
bl

FAfR AL A A AT IR AFREZHG 0 AR
B AR RPR R ERR P RELT o T RS
E 2w P Ee PRV MA  FRAGT PSR
Fo g E B AT F 4 A $7(DTA) FERi2 L2 2 % Z_FAR
25.571 th& f o 12 Fis2 F e

@)@%%ﬁa%@maw%@ﬂ@a
1. & fr(Safe Life): § 4 S F F A 2 1 ¥ 4 Ml
¥ *U& (Endurance Limit) | BF > A& b g L7 47

\fﬂk%ﬁ

> Fergh Long Life ek 3t > R K2 B E B K-g -
m AL EATE o Fpt{s kg E 4 Safe Life %24 » 418
AR RS AN RS- RF RN PT
i Safe Life i@ * JazR % £ N > HABRHEF ¢ A2 2 R 5 BURK

e Safe Life %@ A 2% %< » ¥ 7 RFRHA AR T Al
P RR S ERY ESREy  Flet R R R
FoRA o — @ o 48 w4 % 78 T & Safe Life Parts o

e b
2y =
U

’

>R
3N
(=t

2. % »x% »(Fail-Safe) : & ¥ {1 * 3 £ f §*# /= (Multiple Load
Path) s/ ek 3412 4 » g H ¥ — B 24 B
BEEDRTARIRFAP  RUBEFMEEIRTALE
< BRI 0 7 3F Ak A PFEE(Inspection Interval) T o &R e
P - T F RIS 1T A & Fail-Safe %
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Redundant Load Path Structure

737 Vertical Tail Aft Attachments

737 Horizontal Tail Aft Attachments

Outer
“Primary”
Attachments

Inner
™ “Fail Safe"
Attachment
{Upper Chord Only)

FATR SRR R B ST 5 R ¥ (Fatigue) - 4 &
(Corrosion) ~ % i¢ 3 (Manufacturing Defects) & & *F 4f
(Accidental Damage) % #7 & 2 3f i {8 » &% X SHf K=
iv # M3 Fail-Safe Load # » VAR ¥e & I T FaE g D2 2T
w AR S R 0 S T F KT R A o R k3R Fail-Safe
R s FHAK A LRHFRPHHRHILHFG -
a2 LG RFFE T AFRERI G IR
B oo Hpet 3T AU & ehie & A= 4s2E(Inspection Threshold) 2 # &
PREE o ZAE A 178 LA 50X 22 KRRy ik 4oB) 13 o

(«:\:&
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(=) FH~»17(DTA)= = £ % -
S H #1425 R & 17 (Residual Strength Analysis) :
FUHBBHAZH GG AT e BRER R RE 2K
< B 2t T 145 & (Residual Strength) » @ gt B+ f 0
’F ™3¢ Fail-Safe Loads (= »t &% % > Limit Loads) » 4 i 1 5 f
BApHRS > B Rl i i K2 Fail-Safe Loads » & d 3+
' Critical Crack Length » ¢t 2 % £ & 7= ¥ -k % Fail-Safe

Loads z- B~ | & o

2. %% a & ¥ & 47 (Crack Growth Rate Analysis) :
& 37 ¥ ¥z Bl 4] % (Detectable Crack) == & % Critical Crack Length
2@ F o WL AR F AT

3. ¥ & 7 &3 (Inspection Requirements) :
O R K F 474 % #7i® 41 Crack Length v.s. Cycles # 41 >
gt MV AT e A AR R A REE S R AR EE
ZTENERLEGEVRBOFE G LW EERE 0 TR
DA F PR APFEE 0 Blde D 0T R A R 20 High
Frequency Eddy Current (HFEC) % #& & = 2 P > d 3t H # Pl ae
P B A REET NP R o

(z) B % B %=k 2 gig 4 & (Fracture Mechanics) :
PRV AN BHEALHCLFFE > ANF G S K0
f2 > SR 4 B ch1@ % > 4 %_Critical Crack Length » #% 75 2+ &

Bt B A iR R B FIARG R 0 RS B B auln it

RLHFLAER S a @APRHLERE Y PARA
oAV ENRAS LI HRPEHEA L £~ i £ (Catastrophic
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Crack Length, L

Failure)@ » ¥ LA X o 4 002 78 > 2 p4p H k% Ultimate Load
g A 0 Fp T FER Y AR S LRGN E M B RIT s TG
BEFR AT ER DR Y AL FI AR AR MR

£ o
na

1 }im}ﬁm)’l z:)»:’\, *3_;\‘:

BB R £ A LT 52 BFAE - Crack Initiation Phase %

Crack Growth Phase » 4] 14 #751 » 2 ¢ % - FrE 5 i) Al &
* £ 1 ¥ § =¥ &4 = (First Detectable Crack) » @ % = F# £

= 1%_First Detectable Crack = £ % % #EU& E S - N

Total Cycles To Failure - Fatigue Life

Crack Initiation Life Crack Growth Life
(Durability) (Damage Tolerance)
¢ bommie |ife L Safety 1SSie-
bpo Part Failure
Minimum First ;FE:?;,. {Residual Strength)
Detectable Detectable /1”7

Sthuctwé
Crack Length w/ Crack (99/‘,@ 45/9

>~ Cycles, N

A

Damage Detection .
Crack (Inspection)

nitiation

1 Reduced Part Strength

B 14 Bl Epg

Mm% - PR T e 5 T2 2 Bigq ¢ (1) Cyclic Slip (2) Crack
Nucleation (Formation or Initiation) (3) Micro Crack Growth » &

m # 24 First Detectable Crack > 4™ B] 15 #7177
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VO,
Surface roughness, { (7Y N\
. . = - Qo
t \
pits or corrosion ,{ A\

J;-H{x:;._ﬁ-{ "
Slip Site —— > (T -
Stress _._._-_-_._—? W of Cl'aCk GrOWth
Concentration - Macro-Crack ~ Phase of Fatigue
K, Growth Life
—
2 =~
o Micro-Crack
Slip Site A A Growth Crack Initiation
>~ Phase of Fatigue
Contamination > Cyclic Slip & Life
Or Inclusion Crack Nucleation
— -

SRR
B 15 k& 2 & % £ 5%

PREARSERFEEFS AR RRETFF(RA
ﬁf;\v%gggg, 3&)\)%4 B¢ 73 Kt & apg ok 4 £y _lﬂ-% moE

E A 5&;;4%-;‘;%:"998;[3& AT AT H R o

plis Al R A K i 0 % - FRE - Crack Growth Phase » gt p& d
Micro Crack Growth # % Macro Crack Growth » p* FfF B2 & =
SRR RS LN A AU b I
BBl B F A% - FEE > 515 Crack Tip € A2 &
PR AR AR e d s B G g bR

Fla At FEL XAt A RAE Qé_f]ééf?ﬁii%;i o
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@ Crack Growth Phase 7~ v 4 2 = B % & : (1) Threshold
Region (2) Paris Region (3) Stable Tearing Region - 4] 16 #1

T -

Crack Growth Regions

1000 = ]
i'ci Paris Region ! }
100 12 (Regionll) 5
i ; e Crack Growth

= —>i [ Prediction

. 10 e v v Unreliable
% CH / )
z 1 o! : :
g ' O 6\{\ R=l
> ACHENS S
Crack Growth 0 01 = ) I
Prediction ' e 1=
] [ [ =) el |
Unreliable . 1 £ 5
0.01 : ooy
4 i Crack Growth : © &
’/- 1 Predictable Po =
0.001 — : 5B
s ; K2
c 0.00 H : ]
N log (AK) /I\

a}<I|"I KI‘H'&X = KC

B 16 &) %= £ % - FF £ ¢ Crack Growth Phase z_ = B & &

H ¢ % - % B Threshold Region =% & = K g P fe B & =
<+ /] @ % = B Paris Region (02 A L AR > R H A v
BBV HRIME > ¥R 2Lplif 4 B> 72 (Non-Destructive
Inspection, NDD & # A & 2 <} » # L B2 B L0 &
* 2o fEin2 0 d Paris, Gomez 2 Anderson #7 ¥ 1 ciaParis

Equation % §_# ¢ — 5] » Paris Equation 2 3% 4c
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2.

da/dN =C - AK™ Paris Equation

where: da = change in crack length
dN = number of cycles to achieve da
C = a material constant
AK = change in stress intensity for da
m = slope of the curve of log(da/dN) versus
log AK, a material constant

% = % ¥ Stable Tearing Region #4) % = £ i F X 4> H &

-~

£ Fd gk 4 B¢ o ek er (4 (Fracture Toughness) ~ -

a4 (Mean Stress) 2 k3 F & #1id-z_o

- R FAE AT R ¥ B A 44 = £ & (Initial Crack Length)
% 0.05” 5 #X {8 B o3+ & ¢_Initial Crack Length == & % Critical
Crack Length # FF cink 8y i sk =< #c J 1 T A RIBSHE 4
FEo R PR ERN  RAFIEZ T FEELR

Wb SRR L s 35 F 2T HRA BB g

g4 F Ak RIL -

AT A R AR 2 5 0 Jf L 7 2 Crack Tip Stress 2 Gross
Stress 2 B i 4 ixJp 3k 4 & 2. % Mr. A, A. Griffith 2 Mr. G,
R. Irwin #% 41 T s 38 4 g3k 4 2 (Linear Elastic Fracture
Mechanics, LEFM) ; 23 > 7 4] * T & 4 33 B %] 3 (Stress
Intensity Factor) | # & A X xR+ > @ R4 % R F+ (Stress

Intensity Factor), "K”# i T 7] 2 38 48 @

39



Stress Intensity Factor

K=B-oJrn-a (ksi-+/in.)

where: B = geometry factor (unit-less)
o = far field stress (ksi)
a = crack length (in.)

m B %= & #05% (Crack Extension Modes): 3 = f& > BlF 4
T o fe m#‘&ﬁ]&ﬁ K £V L 5 - ,ﬁ@_ﬁ;:;t (Mode 1) » 7 %

Ak w34 (Tension)> w £-2 o

Crack Extension Modes

Crack Tip

Crack Face

Mode | Mode Ii Mode lil
(Opening) (Sliding) (Tearing)
4:1-&;3 L f"lﬂ‘F’P'?'n

wost inthig wode
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T 3% &7 4 (Fracture Toughness) | 2 #7& 4L % Fupl 3 e

- EHEEE @ ¥ K AT o FF TR LA T
ARrpPg L PFHRRBa 20 €¢XTIERZE S 4
/| e 58 - Fracture Toughness & #4342 & & f84F < i% & T (Plain
Stress, Plain Strain &) » ¥ KXt 4 2 REBFHEZ EFRA B A

]+ (Stress Intensity Factor), K > B 4 o

]
o
@ Stress
=
=
o
3
F-K
@Ko~ ———— == ===
E | ‘:\[i,ill'l
[ ]
i
L
Thickness, B

PRV oy HipE- 2 R EF Ke & - ¥ #iE > v K
Fe77 0 7R L R A Plain Strain eniE 2T R A 4
B g & it 4 0 7% T Stress Intensity Factor, K 2 &« & » #

Pl A AR RS E B Mode | T oer kB 2 Ke o

=

3} Plain Strain (< & -5 %)% Plain Stress (< & -& 4 )4
ZAR AR INE B LG 4 S 5t 2 RRFT
B ARt d 02 R B RS AR - 2
Tod AL R AEFHFEERARER > HA PN INE S
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AR A o @ Ak 4w F15 4_p J @ (Free Surface) » @ i#
et - T e A2 0 FHEERARTE > MR Le 4240
IR % A% P & o Plane Stain Region % Plane Stress Region Bt -

T

£ I
T R e T Strain Region
9 Plane

Stress Region

Surface

4% Fracture Toughness Kc ¥ 3+ & ! Critical Crack Length » &
7@ 2+ & Stress Intensity Factor, K z_ 2 3% » ¥ (B | T 7 & jU 2t ¥

A # Critical Crack Length p¥ 2 Critical Stress ¢

o=K./[B- (w-a)”]

d PSRN TENTARE  AEFFHEAITET U
Critical Crack Length % #p %4 /& 2. Critical Stress o » s Bl # F
PFiE iz 4 2. Yield Stress 2 Residual Stress » 14 & 28 % e

Critical Stress ¢
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oFly

Residual
. Strength
=K /[B-(m-a)

Ugross

A O

o "
2
7| 23-0q
froop ost dlata |
Ugruss a
2| . Yield
: Q — Strength
3l " LT
i€ \
- yealistic. ez
W _| Residual Strength | curve N .
Qver Predicted ﬂég% _
4 >
1 Il Tk

I | I Il | ! | | L
T U T T T T T T T T T

\l/ \l, \l, ‘L J, J,#T Wi/6é Crack Length (a) WTZ

# #F > Fracture Toughness £ 4 #L Yield Strength = & & 5 {4 ¢
7075 47 £ £ Yield Strength +* 2024 47 £ % Yield Strength % -

] 7075 48 £ 4 Fracture Toughness R #2353 » @ 2024 48 & & %
Lw B 4 E 5 #B 2 Fracture Toughness » F]t 2 % = &
BL RTOTS4EL &M o Podg o0 BEATUES £ 1
FL > ¥ 45 B 4L ¢ Fracture Toughness » 4 @ 2524 48 & & ~ 7150
brt &> Tawl i 2024 4r & £ % 7075 48 & £ 0 Fracture
Toughness # 8 3= & » ik VWS F oo 77 R
EXBSHEEE - BLT AP NE2 2 TR ERF245E £12
B A& > 7§73 F4r4& &2 Yield Strength 2 Fracture

Toughness £ £ o
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200

160

100

Fracture Toughness, K, (ksi, “in)

50

2524.T3 New
(777 Fuselage Skin) Technology
© 2224-T3p (Lower Wing Skins,
~ 2324-T39 Current Models)
\\\ @
N © 7475-T761, TT651
2024-T3, T35
A
. @ 7475-T61, To§1
<
~7075-T73, T351 0 7055[ 2)
. @ 7150-T6591 [ 1)
x_\'\ 3 )
i
7150-T77511[ 3 »

T075-T6

old 8

Technology PN
7178-T651 >
N
\\
40 60 80 100

Typical Yield Strength, (ksi)

w
proal

NOTES: Approximate K, and F,, properties for comparison purposes only
[1> Upper Wing Skins, 737-300 / 400 / 500, 747-400, 757
[2> Upper Wing Skins, 737-600 / 700 / 800, 777
Body Stringers, 777

B 17 45 & £ Yield Strength 2 Fracture Toughness B %

KA EE

PG EERNTPOHARIL TN B AT o
(1) Paris Equation :

Paris Equation 4-™ > Hatghfatd 2t 0N B R4 5
LFF 2 ZEAK Flpt m 2 % A4 7 B T34 (Mean

Stress) T B XA £ o

Paris Crack Growth Equation

1961 - P. C. Paris presented the following equation for crack
growth rate as a function of AK

da

aﬁ_c{mqm:>m4§%}:mQChnmmqu
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(2) Walker Equation :
Walker Equation 4 » gt 2 3V 3~ 5 g 4 1 & (Stress Ratio)
Ro gt &) B o d v o BN P 0GR T TS
TR A EIE o F R=0 oot VWA L Paris

Equation -

Boeing g modified Walker
Walker Crack Growth Equation

€.QUa€ic‘ru

— In 1970, K. Walker published a modification to the Paris equation that
accounts for increasing crack growth rate with increasing stress ratio, R

da_ [ K
dN

(—n) } = 108(%) =1og(C) + m-log(AK) —m(1 —n) -log(1 - R)

(1-R)

(3) Forman Equation :
Forman Equation 4™ > 3% 2 ;N34 30 B £ % - f
B2 % = % B Stable Tearing Region z_ 4] % = £ 2+ &5 #

K=
AL ©°

Forman Crack Growth Equation

— Forman published a modification to the Paris equation that
accounts for different stress ratio, R, and incorporates Region il
crack growth behavior

da CAK™

dN ~ (1-R)- (K¢ — AK)
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I EBFHSHRES B
() BB FIFSHBE S 2
- BEPFH SR A A LA - L P ALK & (Visual
Inspection) » % = #F % L8 3k #& & (Non-Destructive Inspection,
NDI)-H ¥ p A& &~ ¥ & % General Visual Inspection 2 Detailed
Visual Inspection = fa= ;2 ; & ¥ * 2 2Lp k& &~ ¥ » 5 Dye
Penetrant Inspection ~ Magnetic Particle Inspection ~ Radiography
(X-Ray) Inspection ~ Ultra-Sonic Inspection % Eddy Current
Inspection 7 #& > ;2
1. - 4% p 4L & % (General Visual Inspection) :
Lok R b bk hiE o i F W - 4k &1 (Daylight,
Hangar Light %) 4 P43 S @ 2 1 EFVEF > L &2k
B2 o] B o
2. P 41§ & (Detailed Visual Inspection) :
FIH S A PARE S DRGSR K o Al
B ERT o BEEBEFwRE CTARFTEEFRAT LS
e % e b F2 7 o
3. %% # & (Dye Penetrant Inspection) :
ARSNGB 2B R A REHEEIIE 2
ARz kxR 2 %% %G Fluorescent Dye %
Visual Dye (&*2i¢ * v 24840 40 1) ¥ 4R 0.057 12 7 o)
Ao de b2 87 5 IR - B4 7 FFR
Fo AL S EEE LG B2 RAEET
3 AL
4. % # (Magnetic Particle Inspection) :
P NBENE ARG F L M T R AT 7 Hdn E)2
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BEELEZE TR AGE T AR AR A A EAE
EnEFEL R Aa kAT A f% R P R
TR A RIRER e

. i+ A e 4 (Radiography (X-Ray) Inspection) :

E¥Rr e woip AR 2 2R 2 2k h 0 ViRl A
BOEPIRBHFG 0 ¢ B ARG 2 R SRR T
WR YRR MR BPLHA T bR
WETT H e AT 2 BHSE o Me 424 BB
RMEAFE R M2 RESF IR RAF -

. 424 A # % (Ultra-Sonic Inspection) :

FI* 42 % A4 7 & (Through Transmission Ultrasonic, TTU)# &~
b+(Pulse Echo)w it » mifg Rl A R (% 3 < 30 s g
RS R T I FERES
Fpl e FEFETEIENEGRA  ME FHRPIZAR
IR 3 S

/6 % 7 t& & (Eddy Current Inspection) :

KA AL TR ERIT IR BTSSR
OB REIAFINGTREFEEAABESE RZLEY TR
BESEEAZFER A RTIOR LIRS 3 AR
E(Impedance) » ¥ 5d & 2RSS FFRETRAIS* ok
Tt s s BB HAR L ER AR TR FT
T A & 0 B AR R St & (High Frequency Eddy Current,
HFEC) ~ ¢ 4z % i #& & (Medium Frequency Eddy Current,
MFEC) 2 <48 ;& 7 /i #& & (Low Frequency Eddy Current, LFEC)
4o

(1) B #%E T itk & (HFEC) : § /n4f & 50-500 kHz » + & i8]
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2o FHRRIECL D 0172 25 Bl g
* N AT o
(2) 4 T i & (MFEC) @ T it4g 5 30-50 kHz » ¥ 4 i#)
Fo R Aeag THREIERLD 0172 A AR
0.027F B 12 b e10.25"=% 4 & 2 & o
(3) MAFEIE T it & (LFEC) % im#g -] »> 30 kHz » ¥ 4 ipl
IHFZKEFZKT AR RO A SRR T
i © %% Doubler » ¥ #ip] 41 0.036” ~ 0.220”2 % & ; 4+
A BT R N 0.0367 ~0.10072 A & o = fiF T n

&> E 27 L BlAcE 18 #7T o

Eddy Current (EC) Inspections

Probe
HFEC MFEC - LFEC
inspection | | inspection inspection
£
>
> A
\Cracks
MFEC 4 HFEC
inspection inspection

B 18 = T itk a2 P HRPIAR =L 7 A H

(4) B -2z3t =& % (Open Hole Inspection) :
CACELNC S EARLE Y CEE > §¥ % (Zero-Timing Holes) ; 1
(T > W LBFAR IR G AT g_‘,,\_‘,lp‘f#d [t
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B frid * 2 Bk % 5 Bolt Hole HFEC » + # i) 2.
BoldtimAlR s 00307 BRIt ik &R KT AE R
",‘TT » # 7 HFEC = » /g £ 12 4% 0.030” Notch i& 7 & i
6 oA 2TV A 5 LB A% * Rotary Scanner >
H ¢ Rotary Scanner & %2 # -  #&iPlE %2 RIETT
o EREAEIRARFE -

8. M & PFEF ¢ A ¥ & e (Inspection Interval or
Damage Detection Period)2_ 37 %> 3% & = 2 7 #& 1 5] 4
Reda o g7 AR A4&] R AFIENRE >
B 19 PRP TN ARERERAPFFIEZ B 2B 0 B 20 7
NEBHRES RV RNl AR

Maintenance Planning Format
(Inspection Scheduling)

External
A QLFEC
| Longin S Be 2
Internai&J
General Visual HFEEiSol:ar:1FEC

(GVI)

/Detailed Visual

/LEFC
HFEC (Surface)
/&C (Hole Probe)
5, Flights

e s ’ ‘ “ To Critical

Crack Length

<>
S ——
&>

Damage
Detection Period

19 Va4 XE RS L PFEER R
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9. %t &4 "3+ 4 (Supplemental Structural Inspection Program,
SSIP) :
SSIP & 4+ %t & 1978 & 7 4f K 3+ i ik B (FAR 25.571
Amendment 25-45) 2 i i LA 0 T DGR A AT
VEOVEMFARFFER AR EER G -

(1) SSIP 3+ % P % 37 20k # 4L 1 SSIP & 24 ¥ 75 FAR

25.571 Amendment 25-45 z_ ¥ & i

FiEom A R E AN

HH £ & 58 p (Structurally Significant Items, SSIs)i& {7 &

et & 0 SSIP & N B 37 Tk AL 4T

® SSIP w4 gk % 4 & (Fatigue Cracking) -

® SSIP ¢ z %H £ &P (SSls) > e 2oy SSI
B P ¥R & SSIP - % rr k¥ #F 2 SSI
BRI A e a g - LRFFT NERF
Mts » € ruBpkeid 37 (Service Bulletin, SB)p % B~
R SSIPiTz2 4 Lk BB o

® 7 X PFEP ARG R BT - X Adp 4
(Airworthiness Directive, AD)# % s 2. - = P &
(Inspection Threshold)4= » B 4534 7 SSIP #7& f2_ %
HAT L A 1 (oW B4 SSID W4T RF B
NSSISEFHR G > T3 & 7 BIRFEE > &K FAAZ
i AD 5 & f#7§ SSIs + Fie 7 4 A th h o

® SSIP I 7 & Z 4544 hR4AL > S REEd ¥ - > T4
4. 3f 17 & ¥ 413+ % (Corrosion Prevention and Control

Program, CPCP) ;, < i# 4 1 f;:dpa o
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ARSI

3) .

5%

(2) SSIP 4t 2 ¥ & p % 2

7

Hi A A 2

. & i éﬁ:ﬁﬁ}i—»/‘pm °

AT R R ALY

% H % & 4F % ¢ & (Supplemental Structural Inspection

Document, SSID) : SSIP #1437 ek A PFEEZ 16 & & F 3%

7|~ SSID = i+ ¢

¥ A

Structure Task Group Z_# % A1 37> I

% FAA $271) o
FARR

EERLY 1

(4) SSIP 2 %

DAMAGE TOLERANCE AND SSIP COMPARISON

;ikhﬁ—&gg\,mé,ﬁﬁﬂl

SRR Y
Proa(bl4e: g #rR 3t 42 SSID - d E IR A

& 3 i #k 2 (FAR 25.571 Amendment 25-45)

Damage Tolerance SSIP
Airplane 757,767,777, SsIP
Models 737 BBJ & 737-900 (ggr:’lif:ezg,B?;z,rg 17:;8) DOCUMENTS
Affected (Certified After 1978) (SSID)
: FAR 25.571, AC 91-56 and AD’s 707 | D6-44860
Regulation
Amendment 45 For Each model 727 |D6-48040-1
Inspection Crack Growth & Crack Growth & 737 | D6-37089
Basis Residual Strength Residual Strength
. 747 | D6-35022
Damage Fatigue, Corrosion & Fatique
Included Accidental Damage g 747-SR| D6-35655
Airplanes All All
Included Airplanes Airplanes *
* Per Latest AD's
(=) T s
AR RSN B 2 GRE L ET RS S

7

@ Category 2, 3,4 % Primary Structuree 7= T EC 48 4% 4 4

Category 1, 2, 3,4 >

H ¢ Category 1 5 Secondary Structure >

Structure 2 Secondary Structure = f& o

52

Primary




@ Primary Structure =~ % Structurally Significant Items (SSls) » #&
FAR K A R 4 2k fs 0 2 4L & T Principal Structure

Element (PSE) » % 5 chlg 4 a 27 o R & it defs o

1. Category 1 Structure :
% Secondary Structure - 2t & B2 A4E 4 st 2K X 48
A AESERE S - 2

2. Category 2 Structure :
= Primary Structure/SSls ¢ » 2 B4 A 27 d B & 5 0 0df 1§
WG tplm 8 blde D B IRKE

3. Category 3 Structure :
% Primary Structure/SSls ® > F 5 d % LRIzt A3 F 47
WX GHEAE R o AR HAD N RAPFT RZE
FOFPERILRAEVE A RAVFEEFH AT
ARraE01  BHEFILRAEL T2 T ERAF K747 A
oo

4. Category 4 Structure :
% Primary Structure/SSls #* > &2 5d X L2 A F &
MA s AR AR L FE - B D o SR
P WA A # TE 4 (Life-Limited Parts, LLP) » & # 3%
PEEY RS BE% eI ek > & & (Safe Life) 3 2 &k
Al o

5. 1 & %145 B Principal Structure Element (PSE) :
“r3 Primary Structure * ¥ 4 5 PSE % non-PSE 55 p - 5 B
PSE #_% 7% AC 25.571-1C (P 70 B AT2 85 %) ¥ 23E 4o ¢
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” PSE, is an element that contributes significantly to the carrying

of flight, ground, or pressurization loads, and whose integrity is

essential in maintaining the overall structural integrity of the

airplane.”

PSE # 7 7 + $%i» 7 Category 3 Structure ~ Category 4

3

2

Structure 7 Landing Gear » 12 2 — = Category 2 Structure -
SRM ¥ ¢ 7] PSE S8 P - B 21 2.8t F BB A
BT D o R 22 BEP BT SRR BER LT R

= 5 o5
2T 2 AR o
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(=) #4F ~ »(Damage Tolerance Rating, DTR)z.F? -
P ST o &2 A4 kg F) Critical Size % - i 4 2 2

Mt WP - AU B A & (DTR)#-SSI SHsg p @ o

A ARG 2T A R Hedp G 2 # O 5 (Probability of
Detection, POD)#v 12 T 4 » 37 g § 2 His ik b4 -
KU P AR e O 3 (POD)HIST A# S DTR kil 2 43 e

S SR L0

ﬁé—ﬁjﬁ % # 11 5 (Probability of Detection, POD) :

N TP ERI G § =t hig a1 179 g > 7]
ﬁﬁ%@%@*ﬁﬁﬁéﬁﬁéﬁﬁ%i%ﬂﬁ°$ﬁﬁ%
ZHNFENRVHRALIFA R IR R AT RS S iAo d
FERFARARE RSP G S TRBHEH G R D

2271005 2 7 483 Pt A i P B 2 0
Bl FHEROHXER > §97R % g d > 2]
CHAR LR R AL TR A R
VEEEFIECE IR
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Instantaneous
Probability Of
Detection

FAA Audit Of

December 1980

o i e
i € ' yas St e
g === = Dhenied
0.50 717 7 s
0.40 7 7 i |
0.30 V7 P
0.20 VAT //.
0.10 VI Surveillance)
e K== — AT |
/ /
oo /
[ /
0.005 / /
' / 2N
/ .
/ / / ~ [General Visual|
0.001 7 ! '
A
0.0001 , - | ! —~

0.1 05 10 2030 50 100 500 1000
Inspectable Crack Length L, (inches)

Bl22 » FAXERZ A 22 %1 F(POD)

2. % 4F » »(Damage Tolerance Rating, DTR) :

DTR &4 R 4f § & &1 5 (POD) #7374 o BHdf § 4k 1 5
(POD) Pp 22 DTR 2z B 1% » T &4

Py=1-1/20R

d PN T LD DTRE & 5840

DTR = Log (1 - Py) / Log (0.5)

% DTR=1p& > % & 50% (0.5)= & H4F # #& 1 5 (POD) ;

% DTR=432 & » it % 95% (0.95):r45 H4f #§ 4 ! & (POD) ;

B 23477 5 A F 57 b2 BB SHAP > TR ATF L DTR
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(Required DTR) » @ #73} - Basic DTR » 4p e & & it ¥ P
WA T2 SHAFG® AR > A Incremental DTR > B %
FEEH AT PTHIEL > & §_Fail-Safe Load ¥2 Operation Load

2_ Safety Margin fie > & » #7Z 4eip ¥ A iR R B o

Required DTR For Various Structures

Required DTR
Structure
Basic Incremental Total
Wings Externally Visible Areas 4 0 4
And Areas Not Externally Visible 4 2 6
Nacelles Primary Flap Structure 4 4 @
Empennage Primary Structure 4 2 6
CO!'Itrib.ution Of < 50% 4 2 6
Fuselage Cabin Differential
Pressure To Total
Fail-Safe Stress >50% 4 6
AT
NOTES: 45, F

* Reflects previous service cracking history
- Base DTR reflects detection during structural inspections
+ An incremental DTR is required if casual inspection is difficult, or if fail-safe load is

close to operational loads

B 23 &4 %14 & Required DTR #ic &

7 R AT F 2 4137 > ¥ 41+ DTR Form (4-
Bl 24 #777) > Mot 2 P A2 B Stk A3 F 0 & SSID Hra
il B & RAPT B AT RP L ERE K2 MR
WlEH AT E - SAAMAE @ N2 DIR K
Required DTR p¥ » % &4z o 2 F 4 $% 88 P > R

¥ B AT R IR W -
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MODEL-SERIES
DTR CHECK FORM mem: EXX
TITLE: Horizontal Stabilizer Rear Spar OPERATOR(S): | MO. OF CAND. A/C
Upper Chord Skin/Chord Attachment
LOCATION;_Side-of-Body to Rib 8 Example| XX
20.0 T || T SCTIT 1 1| Structure and Inspection Details WL
1,. i b ﬂ
W0 e T @ ENEE— N ElET 2 F| Lead Crack: Chord At Skin .-;CE'I }
5.0 JHHView s - : . Hiu
T ' LAY I P
A ag I LU Y‘ i 7 !_.ht
DTR \A JURS
0.5 : :
H
0.2 All IL i.
0.1 T . 1| Y
noa 01 02 05 10 20 50 100 200 500 100 = . -1=
N {Thousands of flights) f"ﬁli ﬁi{y‘rb{t ?vd?w'h;‘*‘b?
NOTES:
P D il Damage
Structure Dir':"'lp'e:::: rggramﬂszht:';qm T no | Dotection | C
Detail Motes: IZE Level | Methed | L L s | 100F (R, H::’TIZ:B OTR
rd ™
Cho
3800
And Web
Chord
Web And
Skin . . 11500° >|E
Skin 1850°
- iy
Engr. Revised Fuel Leak DTR | 0
Check Total DTR
Appr. RequiredDTR | 6 || D

3.

¥ 24 DTR # &

DTR #1537 %k /m :DTRForm © chd Sk ik yp X & A 478 %
AL b th s R NP RIpRIGRITGE
WA G b Sy > A L7 B SR P 0 Required
DTR -

T3
=
Ef

i %

Hg 2o DTR 2 bk ot B EFI R 2 A5 320
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A & 4 Ar 908 J 2 Critical Damage 14 2 B A #s &3+
TNFE R ML RS o 33 Critical Damage 2. 3+
¥ “ﬁ%f{iiﬂlf&%ﬁfi/}#‘rf’* C W R R P TR 2
fAVER o S PR A TR e @ gt DTR A 47 9137 i 2
H SR b 5 0 77 7 £ B4 s & (Supplemental
Inspections) & & o

(B) FHFHEBERFRA
I TR R RAG = 7 % - 77 & Static Strength Repair
% = 38 5= Damage Tolerant Repair o 4 if 4 :
1 7 & 44 %R & f2 8 5K 3+ (Static Strength Repair)
SUIE R OR] BT R BTG 2 BB T KR AR R

g;\;ﬁgmg;\ ) | * SRM 2z '};E‘T.},%!E'J?&?;Lgﬁ’%il‘%—’f#l}
LR RPE
2. HEFHE F2 2% +*+(Damage Tolerant Repair) :

FEFHERZBIEK > A4 FTEF A 1(DTA)
= % & % ! §14% & 4 +7(Residual Strength Analysis ) ~ 4] & =
£ & A 49 (Crack Growth Rate Analysis) 2 # & 2 & 437
(Inspection Requirements) = pt ¢+ » ¥ F ¥ & 7 5| 5% :

O BILP - blho TR P AP

® gk AR o

® linE gngTRiEk kgl o

® 317 2(4 : Doublentt 2 # 5 A o

® RHHiB2iEIMAIRE S ELET
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. Zero Timing Hole :
Ldp Bt R IE G 2 gt =5 At (Oversizing) 1 i K,f 1
oo B AAREET N 0 RAAAR R BHTR R
B 44 [ ge(Riveting Spacing) # # -] i# iE(Edge Distance)&
R ZHEA 7T EF -3 M Zero Timing Hole - 442 & 40
® L HFECH 4= 24k & B3t =2 4f i Him

® EFMA N PIE I 1A pre S N0 F TS

tirteAh e BIFG S o
® L mifi BAEEILILE o LA I 1167 -
WA A 4 IV x4 & (Knife Edge) ¢
B WIS L Eg 4nd 2 g 3¢ (Countersink) B > i ER
PCRR AN ARR 23 PF Rl § i F A TIN5 i b
KA AL - RBP4 REEOERSHR o A BT
i & % 2. 47 7 & & (Doubler Thickness) :
BEARARE P BV R BB B Y REF S BR 0 s B
#2244 (Load Distribution) » i& 7 #2 5

BHZRFEME FRFL - PEFRE AP T &5
(et LHEC)Z i > Pl P i § & ﬂgwﬁﬁmﬁo
iZJ5 SRM & {7 F 3 12 32K

=%
A
v

E'\

\}\
tm

P g 3¢ 2 757/767/777 SRM # #14 3323 % % 5 & %
Fik3h& Ko 727/737/747 SRM & 21904 i385 j2 % 4

[

5

BRFFRFE A P BRF 2T SRMLATIFE & 7
T«K ‘4E)‘5#F,§7\*,{rf9m—rl %ﬁﬁ‘tj\°fﬂﬁb SRM * 4

—=$

O DRI R pE s i kdE SRM 1R T R B IR
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(T) & U454 2= 5 3 % (Repair Assessment Plan, RAP) :
» AR & B B2 #2404 S0 0 Alr Transportation Association
of America (ATA)% Aerospace Industries Association (AlA)*+ 1988
£ 6 7 =7 - B Airworthiness Assurance Working Group
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"Gokcen, John U" Iz ). "ericchen@mail.caa.gov.tw" <ericchen@mail.caa.gov.tw>,
<john.u.gokcen@boeing.co "alanchen@mail.caa.gov.tw" <alanchen@mail.caa.gov.tw>
m> % "Post, Anthony" <anthony.post@boeing.com>, "Davis, John
11/25/2009 00:43 R" <John.R.Davis2@boeing.com>, "Schroeder, Richard D"

<richard.d.schroeder@boeing.com>

& [This message is clean of malware] RE: RE_Receipt for 472
Class payment to Taiwanese CAA participants

Dear Eric and Alan,

| am very glad to hear that you already got the receipts from Mike and you enjoyed the class and

found it very useful. Your comments. inputs regarding to extension of the course to two weeks and

coverage of more part 26 requirements and damage tolerance examples will be evaluated.

Thanks and look forward to seeing you both in the future classes,

Best,
John
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: DAMAGE TOLERANCE ANALYSIS FOR
(’ » ' ANTENNA INSTALLATIONS-GENERAL OUTLINE

1.0 WHAT IS DAMAGE TOLERANCE ANALYSIS — A DEFINITION

Damage Tolerance Analysis is the application of Fracture Mechanics to assess how a
structure, assumed to be cracked, will respond to loads (cyclic and static) over time.
Specifically, a Damage Tolerance Analysis assesses: (1) How quickly a crack(s) will

grow over time; and (2) How the strength of the structure is affected by crack size and
shape.

2.0 WHEN IS DAMAGE TOLERANCE ANALYSIS REQUIRED?

2.1 Damage Tolerance was adopted as a rule for large transport category airplanes
in October-1978 by Amendment 45 to FAR 25.571. Any airplane with
Amendment 45 as part of its certification basis must have damage tolerance

evaluations performed on any modifications (e.g. alterations, repairs, and
STC’s).

2.2 Several older transport category airplanes certified prior to the adoption of
Amendment 45 to FAR 25.571 have undergone damage tolerance evaluations
by their manufacturers. These evaluations resulted in the development of
Supplemental Inspection Documents (SIDs) that where subsequently
mandated by Airworthiness Directives (ADs). These airplanes are: Airbus
A300; BAC1-11; Boeing 707/720, 727, 737,747, Douglas DC-8, DC-9/MD-
80, DC-10; Fokker F-28; and Lockheed L-1011. Consequently, even though
these aircraft were certified prior to Amendment 45, they were brought up to
that level by virtue of mandating the SIDs and consequently must have
damage tolerance evaluations performed on any modifications. .

e N

It should also be noted that the original intent was that repairs to all aircraft
models having damage tolerance based SIDs should also be subject to damage
tolerance evaluations and-appropriate inspections established. However, this
intent was not always met. As a result a new rule was issued on April 18, 2000
entitled “Repair Assessment for Pressurized Fuselages™. This rule requires
that a comprehensive damage tolerance repair assessment be completed for
fuselage pressure boundary repairs to the 11 aging aircraft models. The

7 required inspections, modifications, and corrective actions are to be
accomplished in accordance with an airplane’s medel specific repair
assessment guidelines and incorporated into a certificate holders FAA
approved maintenance program. ’

7



2.4 Airplanes that operate at high altitude (41,000 feet and above) generally have
a special condition requiring a damage tolerance evaluation as part of its
certification basis. The purpose of this requirement is to assure that the
critical crack length, and resultant leakage rate precludes rapid ‘
decompression. Certificated airplanes in this category include: Cessna 5254,
560 and 650; Challenger (Bombardier) 600 model series; Falcon 50; Hawker
800; Israeli Aircraft Industries 1125; Lear 35A, 45, 55 and 60; the Sino
Swearingen model SJ30-2; and the Raytheon (Beech) 400A.

3.0 HOW ARE THE ANALYSIS RESULTS USED

3.1FAR 25.571 requires the establishment of inspections or other procedures, as
necessary, to prevent Catastrophic failure. These requirements must be
consistent with the damage tolerance characteristics of the structure as
determined by analysis and test. :

3.2FAR 21.50 and FAR 25.1 529 require Instructions for Continued
Airworthiness and Manufacturer’s Maintenance Manuals having

replacement time, structural inspection interval, and related structural
inspection procedure approved under FAR 25.571.

3.3 Because of the aforementioned requirements, when a damage tolerance
evaluation is required for an aircraft, the results of the damage tolerance

Supplement.)

4.0 ANTENNA INSTALLATION CHARACTERISTICS

mechanically fastened to the fuselage skin via screws into the nutplates. In turn the -
nutplates are riveted to the doubler and fuselage skin.

P
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Figure 1 Typical Antenna Installation

4.1 QUALIFYING ASSUMPTIONS
4.1.1 INSTALLATION CHARACTERISTICS

The scope of this document is limited to antenna installations that:
(1) Do not involve cutting any major load paths such as stringers or
frames; and (2) Are located in the fuselage shell away from
discontinuities such as doors, windows, wing-fuselage intersection,
etc. where significant load redistribution takes place. Typically, the
antenna installations addressed herein are located midbay between

. frames and stringers.



4.1.2 GENERAL APPROACH

RN
\

The guidance presented herein is generally consistent with the
approach used in the RAPID programs which may be downloaded
from the Intemet web site given in Reference [1]. In some cases
this document is more conservative than the RAPID programs
since the approach presented herein is less rigorous.

413 LOADING

A conservative once-per-flight constant amplitude Ground-Air-
Ground (GAG) loading cycle is suggested in lieu of a more
precise, complex flight-by-flight loading spectrum. Reference [2]
states that for circumferential cracking the rule of thumb is to use a
stress equivalent to stress due to pressure (e.g. ApR/2t) plus inertia
stress due to 1.5G. Experience indicates that this should be
conservative for large transport aircraft and a lessor inertia
component might be acceptable (e. g. 1.3G).

5.0 GROSS AREA STRESSES

‘The design stresses used by the airplane manufacturer are generally unavailable,
However, a conservative estimate of gross area stresses can be made as discussed
below. The fuselage will be treated as a pressurized cylinder and the beneficial effects

of longeron and frame areas ignored. Basic cylindrical pressurized shell equations are
used.

5.1 HOOP STRESS

The stress in the hoop direction is assumed to be due to pressure only and is
given by, :

fh= ApR/t

Where,

Ap = shell differential pressure, psi
t = shell thickness, in
R = shell radius, in



5.2 LONGITUDINAL STRESS

The stress in the longitudinal direction is assumed to be due to pressure and
vertical fuselage bending due to inertia (i.e. vertical acceleration) and is given
by,

fi= ApR/2t + n,016

Where,
Ap = shell differential pressure, psi
t = shell thickness, in.
R = shell radius, in.
n; = vertical load factor
o1c = 1G stress at antenna location

The longitudinal stress is assumed to vary along the length of the fuselage as
shown below. Any variation around the circumference is conservatively
neglected.

ANTENNA LOCATION

Ny
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Figure 2 Assumed Longitudinal Stress Distribution



5.3 ESTIMATE OF MAXIMUM 1G STRESS

The maximum 1g stress is assumed to occur at the top of the fuselage over

the wing where vertical fuselage bending is the greatest. In order to insure .
conservatism in estimating it any static strength “hole out” factor as well as ( )
additions to normal operating pressure (e.g. aerosuction, pressure regulator
tolerance, etc.) are ignored in the following calculation. It is assumed that the
airplane manufacturer designed to zero margin at ultimate. The total ultimate
design stress is composed of a pressure and inertia component and is given

by,

Total Ultimate Stress = L.5(APR/2t +1;516,max)

Where,

AP = normal operating pressure at maximum design altitude, psi
R = fuselage radius, in.
t = fuselage skin thickness, in.
nz = maximum limit design load factor
C16,max = Maximum 1G longitudinal stress in the fuselage
due to bending
1.5 = Safety factor, ref. FAR 25.303

(NOTE: n, should be conservatively assumed to be 2.5 unless it can be substantiated that
the airplane manufacturer used a higher value (reference FAR 25.337(b)).)

For a zero margin design the total ultimate stress would be just equal to the (
~ultimate allowable used for the material (reference MIL-HDBK-5, Fy,, B )
value). Therefore 66 maxis given by, '

O16max= (Fu/1.5 — APR/2t)/n,

5.4 CRACK GROWTH

Stresses to be used to compute crack growth should represent typical or
nominal loading, Adverse pressure regulator tolerance as well as relief valve
setting and tolerance are not included. Although many cycles actually occur
during any given flight, a once per flight stress cycle may be used to estimate
the crack growth behavior. This is schematically illustrated below.



TYPICAL EQUIVALENT

CYCLE

Figure 3 Once Per Flight Equivalent Cycle

The equivalent once per flight stress cycle to be assumed for the location
being analyzed will depend on whether a longitudinal or circumferential
crack is being evaluated.

5.4.1

5.4.2

LONGITUDINAL CRACKS

For longitudinal cracks it is assumed that inertia effects are
negligible and that total stress is in the hoop direction. Hoop stress
is given by,

fh = APR/t

where AP is the normal operating pressure at maximum design
altitude plus 0.5 psi to approximate a once per flight maximum
aerodynamic suction loading.

CIRCUMFERENTIAL CRACKS

For circumferential cracks both pressure and inertia loading is
accounted for and the longitudinal stress is given by the equations
in section 5.2 dependent on whether the location being analyzed is
forward or aft of the front spar. AP is the same as for the hoop
stress as given in section 5.4.1. The load factor, nz, taken to be

“*1\ 1.3G, represents the equivalent once per flight load factor to be

used in the crack growth assessment. As mentioned in Section
4.1.3 a value of 1.5 has been accepted in the past for large aircraft
however lesser values may be acceptable. The Chicago Aircraft -
Certification Office recommends the use of 1.3.



5.5 RESIDUAL STRENGTH

The residual strength requirements are given in FAR 25.571(b)(S)(D)&(ii).
(NOTE: The load requirements of FAR 25.365(d) defines 1.33xAP as the
limit static strength loading and should not be confused with the 25.571
requirements.) Residual strength condition(s) (i) includes normal operating
differential pressure plus aerodynamic pressure combined with the limit flight
loads given in 25,571 (6)(1) through(4). Residual strength condition (ji)
includes the maximum value of normal operating differential pressure
factored by 1.1 to account for relief valve setting and tolerance plus
aerodynamic suction at 1G.

S.5.1 LONGITUDINAL CRACKS

For longitudinal cracks, condition (ii) prevails since inertia effects
are assumed to be negligible and the required residual strength
hoop stress is given by

’

fures = 1.1APR/t + 0.5R/t

where AP is the normal operating pressure at maximum design
altitude and 0.5 psi is the assumed aerodynamic suction pressure.

5.5.2 CIRCUMFERENTIAL CRACKS

For circumferential cracks, condition (i) prevails since inertia
effects are significant. The required residual strength longitudinal
stress is calculated from the equations given in section 5.2

depending on whether the location is forward or aft of the front
spar. That is,

fires=APR +n,( L ) O 15 max (Forward of front spar)
2t S

f, res = APR +TG 1gmax (Aft of front spar)
2t

Nz

where, '

&m0
St S A

Ap = normal operating pressure at maximum design
altitude + 0.5 psi for Aerosuction.

Nz = maximum design limit load factor (at least 2.5 but not
greater than 3.8)

(
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6.0 FASTENER LOADS

Typical antenna installations employ a reinforcing doubler fastened to the fuselage
skin with rivets. When the airplane is loaded (stress is applied) the doubler and skin
will attempt to strain together, and some amount of load will transfer out of the skin
and into the doubler. The load is transferred by rivet shear and bearing. The highest
(critical) rivet load associated with the transfer load is at the first fastener row as
illustrated in the figure below. Cracking in the skin is most likely at the first fastener
due to the high bearing load in combination with basic gross stress.
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Figure 4 Critical Fastener Rows

Fastener loads may be approximated by 2 number of different methods. A common
approach is to use a strip analogy and perform a displacement compatibility analysis
as described in section 6.1 below. Finite element methods may also be used ona 2D
or 3D basis to more rigorously determine loads.

-9 -
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6.1 DISPLACEMENT COMPATIBILITY APPROACH

To understand this method refer to the Fi
rivet spacing in width) is loaded with ski
is used to determine rivet loads associate

gure 5 where the idealized strip (1
n hoop stress, fyy. A similar approach
d with longitudinal skin stress.
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A displacement compatibility analysis will yield a fastener load distribution as depicted

below.
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Figure 6 Rivet Load Distribution
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7.0 CRACK GROWTH ASSESSMENT

Crack growth is typically determined by numerically integrating the growth rate,
da/dN, from some initial crack size to some final crack size. Computer programs are L
available to do this but it may also be performed by hand using a spread sheet. Crack

growth rate is directly proportional to the stress intensity range, AK, and the general
relationship is illustrated below.

T [Cedton) C
d & /\Pﬂ:‘ E‘%ud(on
a
da _ n
I T== c(ax)

tn / cﬁcie

.
Log AX Kstfn ———
Figure 6 Crack Growth Rate as A Function of AK
Notes: Region A ~ Growth rate decreases asymptotically with decreasing AK. Below a
threshold value of AK (i.e. AK1y) there is no growth.
Region B — Growth rate and AK follow a Log-Log linear relationship and can
be reasonably approximated using the Paris Equation where;
n = Slope of line
. C=Intercept of da/dN axis
Region C - Growth rate increases asymptotically with increasing AK.
Crack growth rate libraries are included with many of the crack growth programs
that are available. A number of different approaches are used to represent the data
The simplest mathematical representation is the Paris equation as shown in Figure 7
however it does not include any stress ratio effects. Walker generalized the Paris
equation to make da/dN also a function of stress ratio and it takes the form given
below. B T R fd : :
da/dN = C[(1.0-R)%K pax]’ St ot
The RAPID computer programs use the Walker equation. C, q and p values for 2 .
number of commonly used aluminum alloys are included in Table 1 for reference. (
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7.1 STRESS INTENSITY FACTOR RANGE

The stress intensity factor range, AK, is the difference between the maximum
and minimum applied stress intensity,

AK = Kmax - Kmin
For antenna installation assessment the loading cycle is from zero load to the

once per flight equivalent load. Therefore Kain 1s zero and AK is equal to
Kmax. The cyclic history of applied stress and stress intensity are illustrated

below.
P8
Ym“‘; . ){,-«’f -
stesd, i
< AK
‘Kw\(
AV -
‘—[‘:\'b—\t. —_— =
Figure 7 Stress and Stress Intensity Time History
Stress intensity is given by,
K = o(na)'p
Where, ' .
o = reference stress or load (typically far field gross
Stress)
a = crack dimension (typically crack length)
B = geometry factor (typically a function of at least ‘a’)
(Note: Units for stress intensity factor, K, are typically psi(in)'?, or ksi(in)'"?)
-

-\4 -
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8.0 CRITICAL LOCATIONS

Several detail locations should be evaluated to determine the damage tolerance
characteristics. As a minimum longitudinal and circumferential cracking at the outer
row of fastener holes and at the antenna connector hole should be considered.
Consistent with this, some candidate cracking scenarios are illustrated below. Other

scenarios should be considered if it is suspected that those described herein do not
sufficiently bound the details involved.

Figure 8 Candidate Critical Locations

5.0 INITIAL FLAW SIZES AND CONTINUING GROWTH

To perform a Damage Tolerance Analysis (DTA) of the antenna modification,
assumptions of initial flaw sizes, and subsequent growth are necessary. To achieve a

uniform approach to DTA for antenna installations, the following initial flaw size
and subsequent growth scenarios are assumed.

9.1 INITIAL FLAW ASSUMPTIONS

At any analysis location, a primary 0.050” through the thickness crack is
assumed to exist in the skin on the most critical side of the hole from a
damage tolerance perspective. Simultaneously, a secondary 0.005” through
the thickness crack is assumed to exist in the opposite side of the hole having
the primary crack, and in each adjacent hole on the remote side on the
primary 0.050” crack as depicted below:

- 0.005”
T O% :\\
0.05»
Figure 9 Initial Flaw Assumptions
~-/5 -



5.2 SUBSEQUENT GROWTH ASSUMPTIONS

All cracks, both primary and secondary, are assumed to grow concurrently,
but independently. The interaction between cracks is ignored. Growth of the
primary 0.050” crack is evaluated until it breaks through into an adjacent
hole. At this juncture, all the secondary 0.005” cracks are assumed to have
simultaneously grown an amount, Aay, and the total crack length would have
become the center-to-center distance between the adjacent holes plus a hole

diameter plus (.005” + Aa;) beyond each hole. The end of the first stage of
growth is depicted below:. '

0.005” + Aa,

0.005” + Aa,
5 M ﬁ lQ/Q/ A |
e Ay=e+D+2(005+ Aa)

Figure 10 End of First Stage of Continuing Damage

Determination of the secondary 0.005” crack incremental growth, Aa,,
should be with the same cyclic load as was used for the growth of the primary

0.05” crack, and for the number of cycles necessary for it to grow to the
adjacent hole. '

This same process continues in successive growth. Specifically, the primary
crack of length “A,” in the first stage, will grow to the next adjacent holes.
During this growth period, all the secondary cracks of length 0.005"+ Aay are
assumed to have grown an additional amount, Aay, and the total primary
crack length at the end of the second stage of continuing damage would be
equal to three hole pitches plus a hole diameter plus (0.005"+ Aa, + Aay)

beyond each hole. The end of the second stage of continuing damage is
depicted below.

/b ~
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0.005” + Aa, + Aa,
0.005” + Aa, +Aa,

b0 b ool

e Ay=3e+D+2(.005 + Aa, + Aa))

Figure 11 End of Second Stage of Continuing Damage

Determination of Aa; would be the same process as used to establish Aa,
except that the number of growth cycles would be those necessary for the
primary crack at the end of the first stage to grow out to the next adjacent

holes. This same scenario would be followed as long as continuing damage is
to be calculated.

10.0 STRESS INTENSITY FACTOR SOLUTIONS/CONSIDERA TIONS

The actual problem of cracking along a row of loaded holes or cracking from the
antenna connector hole as described about is very complex. However there are
reasonable ways to approximate these problems. Both situations are discussed below
along with some possible simplifying assumptions. v

10.1 LOADED FASTENER HOLE

The initial problem is illustrated below. This is the case of a loaded hole with
bearing and bypass stress. Solutions for this case are readily available in the
literature and are typically part of the stress intensity library in available

crack growth codes. These are typically based on superposition of a through
stress case and a loaded hole case.
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Figure 12 Single Crack From Hole with Bearing and Bypass Stress

If continuing crack growth is to be evaluated after growth of the primary
crack terminates, the scheme discussed in section 9.0 is followed. In order to
approximate this a through crack may be considered with total length as
shown below. Continuing growth would be approximated with a jump
discontinuity equal to two hole diameters plus .005” and whatever Aa had
occurred up to that point in time beyond each hole. This is illustrated below.

.005” + Aa & ,
Il —3>

Figure 13 Through Crack Approximation

4*

10.2 ANTENNA CONNECTOR HOLE

The initial problem is illustrated below. This is the case of a single crack out
of an open hole. In reality the reinforcing doubler has a beneficial effect in
lowering the local stresses around the connector hole. However unless a finite
element analysis has been performed to accurately quantify the effect it may
be conservatively assumed that it is ineffective and that the hole is subject to
the full value of gross hoop and longitudinal stress. Continuing crack growth
after the primary crack grows into the adjacent fastener hole (if any) would
proceed in a similar fashion as described above in section 10.1.
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Figure 14 Antenna Connector Hole Initial Condition

11.0 CRITICAL CRACK SIZE

The critical crack size would be the crack size that would just be stable with the
required residual strength stresses of Section 5.5 applied. This size sets an upper
bound on the crack growth life that can be used for credit when determining
inspection threshold and/or intervals. The critical crack size can be estimated using
linear elastic fracture mechanics (LEFM) principles. The expression for stress
intensity is used to solve for critical crack size, a, as a function of critical stress
intensity, K¢, and applied stress, ©.

Kc = o(ma)'”B

Therefore,

aai = (Um)(K /o B)°

It is typically convenient to generate a plot of ¢ versus aqit and then enter the curve
at ¢ = fres (the required residual stress) to determiné the critical crack size for the
location being addressed. This is depicted in Figure 16.

{ /
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CRACK SIZE, a

Figure 15 Residual Strength Curve
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(NOTE: The curve is truncated at the gross stress that would result in net section

yield. Under no circumstances should a residual strength larger than this ever be
used.)

12.0 LIFE MANAGEMENT — INSPECTION REQUIREMENTS

Damage Tolerance Analysis is a life management philosophy wherin an undetectable
crack is assumed to be present, and is evaluated to assess: (1) If and how quickly it
will grow over time; (2) Establish a detectable crack length ag, and a critical crack
length, ay, to maintain adequate residual strength under limit loading condition; and
(3) Impose inspection requirements to allow its discovery and corrective rework
prior to it causing a flight safety problem. '

The results of a damage tolerance evaluation can be used to establish inspection
requirements that will mitigate a failure due to fatigue. Given the damage tolerance
characteristics of the structure in question and a detectable crack size, one is ready to
~determine when the inspection should start (i-e. threshold) and how often it should be
performed (i.e. interval). Inspection requirements based on the guidance provided
herein are only sufficient by themselves during the period of time when normal
fatigue degradation (as opposed to “rogue” or anomalous fatigue) is not expected to
occur. That is, the resulting inspections are not meant to protect a structure that has
exhausted its normal fatigue life, especially if the structure is susceptible to the
MSD/MED threat, which can lead to widespread fatigue cracking. Recommendations
for managing MSD/MED have been proposed by the AAWG in Reference [3]and

this same group are currently drafting a proposed rule and advisory material relative
to WFD under the ARAC process.

NOTE: MSD = Multi Site Damage
MED = Multi Element Damage
AAWG = Aging Aircraft Working Group
WEFD = Widspread Fatigue Damage
ARAC = Aviation Rulemaking Advisory Committee

12.1 INSPECTION THRESHOLD

The inspection threshold or first inspection is the time in cycles or flight

hours that inspections should begin. The inspection threshold, Ny, is
established as the lesser of '

Naq = cycles to detectable crack length, a4 (see Section 12.3)

Y2 N = V2 of cycles to critical crack length, ags

~2.0 -
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12.2 INSPECTION INTERVAL

CRACK LENGTH, a

The inspection interval is established to assure that there are at least two
inspections before a critical crack develops. The interval for repetitive
inspections, Ng, is:

A graphic description of determining threshold and interval from the damage

Ng = (No-N))/2

. tolerance characteristics is presented in Figure 17.

¢

crit

Third Inspection, N;
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Figure 17 Inspection Requirements
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12.3 DETECTABLE CRACK LENGTH

The Non-Destructive Inspection (NDI) procedures employed determine the
detectable flaw size. Industry and Agency consensus has been to establish the
detectable crack length as that which can be found with a 90% Probability of
Detection (POD). Common NDJ methods include Visual (3 to 5x magnifying
glass), Penetrant (dye or fluorescent), Magnetic Particle (for ferromagnetic
material), X-Ray (radiographic), Ultrasonic, and Eddy Current (high and low
frequency).

Table 2 presents reasonable estimates of detectable crack length with a 90%

POD. Of these, for antenna installations, the surface probe Eddy Current method

using graduated templates is preferred.

.-'az-.
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TABLE 2. Detectable Crack Sizes Associated with Inspection Techniques (Reference [4])

Method Description Detectable Crack Length (inch)
Visual Unpainted Surface*: 1.0 or Hole-to-Edge
3 to 5x Magnification
Painted Surface None
Penetrant Unpainted Surface:
3 to 5x Magnification 0.125
Without Magnification | 0.250
Painted Surface None
Magnetic Particle Unpainted Surface:
3 to 5x Magnification 0.0625
Without Magnification 0.125
Painted Surface:
Without Magnification | 0.250

X-RAY
Radiography

Uncovered length of crack
in aluminum (not covered
by a steel member)

0.75 or Hole-to-Hole or Hole-to-
Edge '

Ultrasonic Shear-Wave
(Angle Beam)

Crack at fastener hole using
mini probe (0.25 x 0.25
inch element) at 5to 10
Mhz

0.125 Long x .0625 Deep

Crack in Clevis or Lug

0.125 Long x 0.0625 Deep

Ultrasonic Longitudinal Bolts Vs to 1/3 Diameter
Wave (Straight Beam)

Crack at Fastener Hole 0.125
Bolt Hole Eddy Current Edge Corner Crack 0.030x 0.030
(Faster Removed) ’

Inside Diameter Surface

0.060 Long x .030 Deep

Eddy Current Surface Probe

Crack at Fastener

0.0625 Uncovered Length

Crack Away Fastner

0.125

* Only primer is allowed on unpainted surfaces.
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