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ABSTRACT

 Recent updates of airworthiness regulations require extensive use of fracture
“mechanics in damage tolerance analysis. The Boeing Company has developed new
damage tolerance technology to satisfy these regulations. This new technology
combines fracture mechanics methodology with accumulated service experience to
develop rational procedures for the assessment of residual strength, damage

_ growth and damage detection for aircraft structures. The developed technology
has been applied successfully to the certification of new Boeing commercial
airplanes. This paper presents an outline of the damage tolerance analysis of
the Boeing 757 airplane, and discusses the application of fracture mechanics
principles in that analysis.
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INTRODUCTION

Commercial airplane structures have been certified according to a “fail-safe"
philosophy for over 20 years. According to this fail-safe philosophy, the
structure is designed to have fail-safe strength for a failure or obvious
partial failure of a single principal element. This design philosophy has
resulted in an excellent safety record. However, experience has shown that
actual cracking patterns of aircraft structure are frequently different from
the single element failure assumed in the fail-safe design philosophy. Struc-
ture adjacent to a fatigue crack may contain a number of secondary cracks.
Such multiple-site damage can significantly affect crack growth, and reduce
residual strength and crack arrest capability of structure. These considera-
tions plus the emergence of fracture mechanics capabilities to deal with
complex damage configurations have resulted in recent updates of airworthiness
regulations for new and maturing airplanes [1-3] where the traditional fail-
safe philosophy is enhanced by "damage tolerance®” philosophy. In the damage
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tolerance philosophy, structural safety is assured b
with a high probability of detecting the damage in the fleet before the
strength is reduced below regulatory fail-safe 1ij
in the presence of multiple-site damage in the structure.

The Boeing Company has developed new technology to satisfy the current air-
worthiness regulations for damage tolerance assessment of new and maturing
airplanes. This technology combines fracture mechanics methodology with
accumulated service experience to develop rational proce
of residual strength, damage detection period and damage detection probabili=
ties for various inspection techniques. This enables airline operators to
develop flexible structural maintenance programs for timely detection of
environmental deterioration, accidental damage and fatigue damage. This new

DAMAGE TOLERANCE ANALYSIS OF THE BOEING 757 AIRPLANE

For the purpose of damage tolerance analysis,
is divided into two classifications: (i) Stru
(i) Other Structure. Any detail, element or

the entire 757 airplane structure
cturally Significant Items; and

assembly which contributes sig-
nificantly to carrying flight, ground, pressure or control loads, and whose

airplane is classified as a Structurally Significant Item (SSI). Thus, all
primary structure is comprised of SSIs which are selected based on consid-

» inspectability, stress and corrosion
environment, multiple-site cracking and structural redundancy. The SSIs are
numbered according to the Air Transport Association (ATA) numbering system,
and grouped into major structural zones (e.g., wing, fuselage, empennage) .
For the damage tolerance analysis of the 757, a total of 312 SSIs have been
selected. Table 1 shows the SSIs in the 757 outboard wing box (ATA 57-20).

For each SSI, structural safety is assured by either damage tolerance criterion
or safe-life criterion. Damage tolerance criterion is preferred and is used
for most of the 757 structure. Safe-life criterion is based on conservative
fatigue 1ife to crack initiation i

tolerant structure cannot be achieved within the limitation
inspectability or good design practice. An example of structure that is not

conducive to damage tolerance design is landing gear which is certified accord-
ing to a safe-life criterion.

In the damage tolerance design philosophy, structural airworthiness is substan-
tiated by proper consideration of the following elements:

1. Residual Strength: The fail-safe Joad requirements are established by the
regulatory agencies. Generally, the fail-safe load is the 1imit load. The
maximum allowable damage including multiple-site secondary damage that the
SSI can sustain at the required fail-safe strength is calculated. This

allowable damage is the upper limit of the damage growth computation for
the SSI.

is a negligible probability of detection to the maximum allowable damage

mits which must be maintained

dures for assessment
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i i der operating loads.

-safe strength capability is calculated un -

;::sfglliod is available for detecting the crack before the strength is
reduced to the fail-safe limit.

i i is required for the
n Program: A structural 1nspect]on program t
;g;pec$;: inspgction methods and frequencies ?ge :e}e;tedg:oasgsggzigagely
ecti of corrosion, stress corrosion, acc dental dama : .
g:;:;:1°n1f damage is &etected, the structure is repaired to provide ulti
mate strength capability.

ifbe relationships of these elements are shown schematically in Fig. 1.

i i le damage for a SSI is mal
ral instances when the maximum allowab r T
;S:::igr:eewsl:;gnt or obvious to airline personnel during routine interface with

TABLE 1 Structurally Significant Items in the 757 Outboard Wingbox

SSI NO. TITLE
67-20-01 Upper Surface Typical Skin/Stringer and Skin/Rib Sht?ar Tie Ahttach:nent
67-20-02 Upper Surface Spanwise Splice and Spar Chords t9 Skin Attac Frr:rnn ;
67-20-03 Upper Skin Attachment to MLG Beam énd Trunnion Support Fitting:
67-20-04 Upper Surface Hole at Fuel Filler Cap
67-20-05 Upper Skin to Nacelle Strut Attachments
67-20-06 Upper Surface Side of Body Splice .
67-20-07 Lower Surface Typical Skin/Stringer Details i
67-20-08 Lower Surface at Rib Shear -I|—|ie find Support Fittings

- Lower Surface at Drain Installation
2'7];8—(1)3 Lower Surface Spanwise Splice Stringers/Skin Attachment
67-20-11 Lower Surface Skin to Spar Chords Attachment
67-20-12 Lower Surface at Access Holes i
657-20-13 Lower Surface Attachment to MLGB Su_pp?ort Fitting
57-20-14 Lower Surface Attachment to Nac‘elle F'lttmgs i
67-20-15 Lower Surface Typical Drybay Skin/Stringer Attaf:hmen
67-20-16 Lower Surface at Drybay Flame_Arrestor Installation
57-20-17 Lower Surface Side of B?dy Splice
57-20-18 Front Spar Typical Detzjnlsj
57-20-19 Front Spar at Nacelle Fitting Attachment
57-20-20 Rear Spar Typical Details |
57-20-21 Rear Spar at Trunnion Fitting f\t.tachment
57-20-22 Rear Spar at MLGB Support Fitting At.taf:hment ] X
57-20-23 Rear Spar at Outboard Flap Su'pport Fnttmg_Attac. rrwen s
57-20-24 Front Spar at Side of Body Sp'llce and Tern'wlnal llzlt.tmg
57-20-25 Rear Spar at Side of Body Splice and Terminal Fitting
57-20-26 Non-Shear Tied Ribs _
57-20-27 Shear Tied Ribs Typical Details S
57-20-28 Shear Tied Ribs at Internal Back-up Fittings L
57-20-29 Qutboard Flap Forward Flap Track Support Back-up Flttlngs
57-20-30 Nacelle External Support Fittings
57-20-31 Side of Body Rib
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# alrplane. For example, excessive fuel leakage as a result of cracking of
ipwer surface wing skin, and significant changes in fuselage differential
sure or leakage rate due to cracks in a fuselage skin, can be cited as
ances of obvious damage and malfunction evidence, respectively. For such
Is the compliance with regulations is established by the verification of
sidual strength capability. Table 2 summarizes pertinent structural safety

slysis requirements.

fracture mechanics plays a vital role in the residual strength and damage

#swth elements of the damage tolerance analysis. State-of-the-art fracture
chanics principles have been applied in these two elements to develop ration-
procedures which are validated by extensive verification testing by The

ng Company [4].

RESIDUAL STRENGTH

he structural configurations of the 757 SSIs vary from simple monolithic
sheets with stress concentrations to complex built-up redundant load path
ructure. Structural materials of the SSIs exhibit varying amounts of ductil-

ty and strain hardening. The residual strength method must consider failure
msdes such as net section failure and plastic instability, in addition to
fracture failure mode. The method must also account for stable crack growth
grior to instability and load redistribution. For a built-up structure with
#s1tiple-site damage, each component of the structure must be checked for
#ssidual strength to determine the lowest value of the residual strength of

the structure.

Linear Elastic Fracture Mechanics (LEFM) characterizes the fracture resistance
of a material for the case of small scale yielding at the crack tip, by the
stress intensity factor K. Plane strain fracture toughness, Kic, character-
4zes the fracture resistance of the material for thick sections, where plane
strain conditions prevail. For thin sheets with through-the-thickness cracks,
the plane stress fracture toughness parameter, Kc, characterizes the fracture
resistance of the material. In the case of a built-up structure, although it
s possible to define the stress intensity factor at the crack tip, the failure
strength of the structure is not always predicted by the fracture toughness of
the material. Large number of residual strength tests of both unstiffened and
stiffened panels conducted by The Boeing Company together with test data avail-
able in the literature [4] have led to a composite chart (Fig. 2) combining
fracture mode with plastic instability failure mode for determining the residu-
al strength of any component of a built-up structure.

In Fig. 2, Ly is the crack length which defines the failure mode and fis
calculated from the stress intensity factor K, and material parameters, using
the small scale yielding concepts of LEFM; Fps is the residual strength at
¢rack length L; Fyy is the stress which causes the net section to yield; C

45 a load redistribution factor.

 The upper bound of the residual strength is determined by the stress which
causes the net section to yield.

~ Stress intensity factor K, and load redistribution factor C, are catalogued in
a handbook for all structural configurations required by the SSIs. 1In
{nstances where the solutions of stress intensity factors or load
redistribution factors were not available in the literature or from Boeing
tests, they were developed by analytical/numerical methods.
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1::e::?§;u;:c?ech§n1cs method'of characterizing crack growth by the stress
Hi L o; is followed in tpis analysis. The rate of crack propagation
ot i do material propgrt1es, operating stresses, and structural

Y. nder constant amplitude loads, crack propagation rate per cycle

dL js given by
dN
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erial parameters M, p, q, u are determined for various structural materials
sr all applicable environments of humidity, loading frequency and temper-

1.0
09 T { #8. These material crack growth data allowables for different environments
the stress intensity solutions required for a sequential damage growth
o N fuation for each cracking pattern, are catalogued for crack growth computa-
= orPLASTIC N of interacting multiple cracks in adjacent members.
wl> TABILITY
x| =
;‘ o age detection interval N in cycles, is obtained by integrating eq. (1) from
§ i threshold of detection capability Ly, to the maximum allowable damage
g ‘ - p
g 05 \ N o= ]04 [fM_/gi] (5)
2 \ I LINEAR ELASTIC ‘ max
;_y 0.4 FRACTURE MECHANICS . ) . i
I~ g; #q. (5), G is a parameter defined by the integral,
3 0.3 L -1/p
= . AD e L 6
i \\ 6_1_{ (YC\/—n> dL (6)
~\ e n [}
o we crack growth for a SSI is influenced by the retardation-acceleration phe-
- T sna produced by the load sequence effects of jet transport load spectra.
’ sse load sequence effects can be conveniently incorporated in a flight-by-

ight spectra analysis which is obtained by modifying the constant amp1itude
rack growth technique as follows.

0.01 0.1 1 10 100
NORMALIZED CRACK LENGTH Lty

erating load conditions and spectra are defined for a segmented flight of
e 757 Airplane based on anticipated usage [4]. Normalized spectrum crack
growth calculations are performed for each flight segment, including the
Hround-Air-Ground segment with a fixed value of M/G. These damage growth
$ncrements are added together to obtain the normalized damage growth per
flight T, which can be used with the actual M and G values, to determine the
uymber of flights Np, to grow the crack from Lo to Lap. In actual practice,
rack stress rating "S" is defined in tefms of the normalized damage growth
per flight T. The crack stress rating, S, may be viewed as a single para-
meter characterization of the cyclic stress environment of a flight, to
aschieve a standard performance. The damage detection interval Ng in

Fig. 2. Residual strength of a structure

DAMAGE GROWTH

dt = n107* [ Z Knax ] . flights, is given by
N M (1
N =104[ﬂ—/ﬁ]p (1)
F S

In eq.

denotes the number of crack ti
. ps; M, p are the
parameters; and Z is the "stress ratio term" gi?gzeg;a] Nl

=

(1), Kmax is the maximum stress intensity factor in the cycle; n
: !
A load sequence model has been incorporated in the crack growth procedure

under spectrum loads. This model is based on the effective stress concept to
~ ¢imulate the retardation-acceleration phenomena of representative jet
transport spectra [7]. 1In this procedure, the maximum and minimum stresses
of a cycle are replaced by effective maximum and effective minimum stresses

[(1—R)q for 1.0>R>0.0
for crack growth purposes.

1-uR for RO (2)'

1.1 for Rg-1.0
where u, q are material de i
st b B pendent parameters and R is the stress ratio of the L = frax ~ fred * finc
eff
— (8
R= fmin/fmax , - = f —f #E )
st (3 min pe BAR: (red T sipe
ress intensity factor K is defined i i i
factor Y, and load redistribution fact:rtgfms R sl
" L g
K= fycy—— (4) fred =8 ( for = Tmax ) € Fred
(9)
fine =¥ | fur | € Fine
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In eq. (9), fg_ is the over-load stress responsible for crack retardation;
fyL is the under-load stress responsible for crack acceleration; B ,Y , Fpe
and Fijpc are parameters chosen by the reduction of test data for a materia?.
In the description of operating loads by means of exceedance spectra used in
this analysis, fg_ and fy_ are determined from the exceedance curve of

the Ground-Air-Ground stresses for the flight at specific exceedance levels.

INSPECTION PROGRAM

Aircraft structural safety must be assured in the event of damage resulting
from three independent sources: environmental deterioration (corrosion and

stress corrosion), accidents and fatigue. Both accidental damage and environ=

mental damage can be considered random events that can occur at any time

during the operational 1life of an airplane. Therefore, inspection for timely:

detection of these two types of damage should be done at specified calendar
time intervals. Fatigue damage growth following any form of initiation is a
result of cyclic stresses. Therefore flight cycles are used as a basis for
determining the frequency of inspections for tfatigue crack growth.

An initial structural inspection maintenance program is developed for all of
the 757 structure, by a Structures Working Group consisting of representa-

tives from airlines, regulatory agencies and The Boeing Company. This initial
program is based primarily on detection requirements for environmental deteri-

oration and accidental damage. The program specifies the type of visual
inspections (surveillance or detailed) and the frequency, for all possible
inspections from structural zones [i5]:.

Detection of fatigue damage before it becomes critical is the final control

in the assurance of structural safety. Each SSI must be inspected during the
damage detection period for that SSI. The inspection type and frequency are
defined to provide a probability of detection greater than a requirement that

is established from service experience. For the purpose of providing a direct

quantitative measure of the probability of detecting the fatigue damage, The
Boeing Company has developed a Damage Tolerance Rating (DTR) [5]. Using the
DTR system, for each SSI, the adequacy of the initial structural inspection
program is evaluated by Boeing for timely detection of fatigue damage. A
brief description of this DTR system follows.

Damage detection is a function of the fleet size, the number and size or
cracks and the number and type of inspections. The probability of detecting
fatigue damage on a specific SSI in a fleet of aircraft is a function of
three independent probabilities, Py, P» and P3:

1. The probability, Py, of inspecting an aircraft with a damaged detail is
a function of the number of aircraft inspected and their position in the
fleet relative to a given fatigue life. For example, if it is assumed
that damage has occurred, Py =1 when the candidate fleet is inspected.

2. The probability, Pp, of inspecting the detail considered will generally
be 1, or 0 for an individual airline with a given maintenance program for
different check levels.

3. The probability, P3, of detecting the damage in the detail, is a
function of inspection type and the number of inspections. For a single
inspection of the detail considered (P2 = 1) on an aircraft with damage
(P7 = 1), the probability of detecting the damage, , is a function

a past jet transport maintenance programs.
rogram specifies the number, type, and frequency of
amage detection interval, Ng.

ar each inspection. ) : 3
getection for a single airplane during the period Ng is obtained from the

roduct of the probabilities of non-detection in the number of inspections m.

et will have a crack at a given SSI.
f;§§1 increase the number of inspections performed on detectable cracks before
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of crack length and the detection method, and is expressed in terms of a
three parameter Weibull distribution,

P L_L°>a (10)
3

=1 - EXP -(
XL,

hﬁére Lo is the threshold length below which cracks are assumed

etectable; X is the characteristic crack length of the distribution; a is

the distribution shape parameter; and L is the inspectable crack length at
the time of inspection.

 {s derived from service cracking data for gll Egﬁh1g;gfci;gninggztgzgd
nspections, during the
A crack length and a P3 value are_c§1cu1ated
Assuming Py = Po = 1, the cumulative probability of

m A
Pa=1- N1 (1-Py) an
i=1 1 o
i , it is 1ikely that more than one aircr@ft in the
§ aaciing should meck” These multiple cracks in the fleet

he first crack reaches critical size. These additiopa1 opportuni?igs increase
he probability of detection which can be calculated in a manner similar to

sgquation (11).

:Considering the entire inspection program.in the fleet, the cumulative
_probability of damage detection, Pp, is given by

il 1 (1—Pdi) 12)

where Pq. = P1.Pp.P3 for the ith inspection.
~ i

he Damage Tolerance Rating, DTR, is defined by

_ log (1—PD) (13)
lTog (0.5)

Alternatively, the probability of detecting a crack is given by

DTR

- 14
Pom 1= (2)7DIR s
D
It may be seen from eq. (14) that the numerical value of DTR provides an equiv-

alent number of safe opportunities for de?ecting a crack where each opportunity
has an equal probability of success or failure.

ectability levels, and consequently the requ1req DTR values, have
Q:§§p§:2;§1?§ﬁed for eazh SSI based on the eva]uat?on of previous seerce
cracking history and engineering judgment of cracking c1rcumstan<1:es1.:h n .
acceptable inspection program for any SSI for structural §afety s T: on =
whose calculated DTR is greater than or equal to the required DTR. us,
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this DTR system, flexibility is
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provided for defining a structural inspection

L B B R B B B B B Bl R e R R
program to assure structural safety at the required high level. § i SIOBIBR|IX[FIPIEIE|0|08(2|2h|k T L t a
1Bl B| B8 BB N|SINISISINISIPIVIG|RN|[E]|p(BIB]XN
For most of the 757 structure, the initial inspection program established for slplololplolpla
detecting corrosion, stress corrosion and accidental damage also provided 14 "
adequate opportunity for detecting fatigue damage. For those items where the 13 i '_IA
initial program was inadequate to detect potential fatique damage, the feast g 12 — Ty | AT B
bility of various inspection options was evaluated by the DTR system. The i 1" b 727 A A VLI A A Y
options considered were (i) more intensive visual inspection, (ii) increased 18 ': IR [\ v ]
frequency of inspections, and (iii) use of NDI procedures. These options may g A | !
be coupled with a sampling program for structural inspections. These feasible - |
inspection programs were provided to the airlines as examples of adequate |1y :
maintenance procedures. % i
The DTR system together with data provided for each item enables each airline é ;
to define its own modified inspection plan with suitable methods and conven- 30
ient intervals, provided that the DTR from the defined inspection program - : 1 et
equals or exceeds the required DTR for that SSI. The modified inspection i 7 il N T
program for detection of fatigue damage will begin after a suitable threshold o NN !
which will be determined from the experience of similar inspection programs o ——
applied to mature Boeing airplane fleets. T L L MANEUVER GUST 70.000 FLIGHTS
FFLOIR}}LIGHT NO. 4 STRESS ?'}'gsss CYCLES SA.}-F;"ESS CYCLES| maN l GUST | TOTAL
EXAMPLE UNL SS UNLOADED :.iO o °j888 "3333
; TTO UD TURNTOW -44 5 ‘000 000
The damage tolerance analysis of the 757 wingbox lower surface is presented as SN0, TURR IO el 1000 e
an example to illustrate the application of the developed technology. The SSIi GND UD GROUND TURN s o 000
in the outboard wingbox lower surface are listed in Table 1. There are a simi- S Sl I 56 | s ‘000 000
lar number of SSIs in the center section wingbox lower surface. Each SSI can TXI  MA TAXI-PREFLIGHT 0 [ -0a 1.9 og$: oggo
be classified into one of two categories (Table 2) for damage tolerance analy- R U S R el 32 125 125
sis: (i) category 2 structure which requires only verification of residual ICL GV INITIAL CLIMB 10.08 :g; gg gg gﬂ
strength capability because damage is obvious during walkaround; (ii) category £l SO 4FINa L ETNE el 33 | 275 51 | 29 202 3s
3 structure for which safety is established by a planned inspection program. DS  UP INITIAL DESCENT 7.45 | -2.60 ol = u. o 2
The residual strength analysis method described earlier is used to demonstrate ﬁﬁf 31 §3@;gg§§§LMOACH }ggg 3.28 31 ; ’ 180 .180
fail-safe strength capability for all SSIs in category 2 and to calculate the FLA SS FLARE 12.66 e i ngg Dfﬁg
maximum allowable damage for fail-safe strength capability for all SSIs in MBS IR LANDING AMERCT #SU/SE WS 5 ‘000 000
BARSHRIR 3. W TSt R o
The most critical cracking sequence in the wing box structure is obtained with
an initial lead crack in a stiffening member (stringer or spar chord) at a SUBTOTAL GROWTH 220329 483
fastener and a secondary crack in wing skin at the same fastener. Under oper-
ating loads, the crack progresses in the stiffening member and eventually iy CRACKSTRESSES S KS! EQUIV SROWTH sRowTH
fails it completely, thereby accelerating the growth of the skin crack. Ll PO T G e CYCHES o 10,000
M/G — STRESS STRESS RATIO FLIGHT CYCLES FLIGHTS
Figure 3 shows the typical spectrum crack growth computations for a single 20.00
flight and the 'S' rating for a location in the wing lower surface. The fligh GAG 127 13.68 (ONCE/FLT) (ARRAY)
profile stresses in Fig. 3 are for once-per-flight occurrences. The contours R STRESSESH |2, hmubiiunili sl 7 iy ~.09 127 iy 322
shown in Fig. 4 provide a display of the relative severity of cyclic stress SaImeaL BRK UD CRUIGY
environment in the wing lower surface. p
S = M/G REQUIRED FOR 10000 FLIgH_T(S = 2(12653564/ iiosseay 1.11
Damage tolerance at all locations in category 3 structure of the wing lower e Te oAl D el Lol 110078005 Joraty
surface is substantiated by evaluation of a planned inspection program using

the DTR system. This procedure is illustrated by an example given below.
The typical stringer to skin attachment (SSI NO. 57-20-07) is classified as
category 3 structure for stringer 11 at WS 313.5 (Fig. 8). At this location,
crack length is determined as a function of flights (eq. (7)) from an initial
detectable crack length to the maximum allowable crack length, following the

Fig. 3 Spectrum crack growth
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The results are shown in
Fig. 5, where crack length is plotted as a function of flights remaining to

the allowable damage. Independent cracks in adjacent stringers are considered
to assess properly the residual strength for skin or adjacent stringer failure
due to.load redistribution. Inspectable crack length can differ from the
actual crack length depending on the inspection direction. For each direction,
the inspectable crack length is derived from the actual crack length as shown
in Fig. 6.

757 WING LOWER SURFACE
STRINGER Il AT WS 313.5 RiB
SSi

57-20-07

INSPECTION REMARKS AND

DETAIL | DIRECTION REFERENCES

D LnD) =0.2"

@ LOWER 1 L1=LsT-153"

STRINGER 2 Lp = LgT-.41"

u 3 L3= LgT-.41"

@ SKIN 4 Lg=LgT-153"

153 ——]
NACELLE FITTING
5.01

4.0 STRUCTURE AND INSPECTION DETAILS

STRINGER

INSPECTABLE CRACK LENGTH, L|NS (INCHES)

1
20000 30000

1
0 10000

FLIGHTS REMAINING TO LIMIT LOAD CAPABILITY, N

Fig. 6. Inspectable crack length for inspection directions

According to the initial structural inspection program based on detection
requirements of environmental deterioration and accidental damage, the example
location is inspected by visual surveillance externally at every C check inter-
val (3,000 flights) and by detailed visual inspection inside the fuel tank at
every 4C interval (12,000 flights). The DTR rating of this initial inspection
program is calculated as 4.9. At this location, the required DTR rating is
6.0. Therefore, the initial inspection program is inadequate to detect fatigue
damage and must be modified. The DTR requirement could be met by a detailed
visual inspection internally at 10,000 flights, but this may not be practical
because it would require access inside the fuel tank at a frequency different
from that for the surrounding structure. One feasible approach is to modify
the initial inspection plan by adding NDI high frequency Eddy Current inspec-
tion of stringer with a 25% rotational sampling which involves inspections of

a quarter of the fleet with a frequency of 12,000 flights until all the candi-
date airplanes are inspected at least once. This rotational sampling provides
an additional incremental DTR of 1.1. These results are shown in Fig. 7.
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SS1 57-20-07
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Fig. 7. A feasible structural inspection plan for fatigue damage detection

The damage tolerance evaluation of category 3 structure in the 757 wing lower
surface showed that only a small portion of the highly stressed region required
additional inspections for detection of fatigue damage as illustrated in

Fig. 8. This fatigue sensitive region in the wing is covered by 13 inspection

items which specify additional feasible inspection programs for timely detec-
tion of fatigue cracks.

The damage tolerance evaluation of the remaining major structural components
of the 757 airplane also showed that small portions of the airplane structure
in the highly stressed regions required additional inspections for fatigue
cracks. Figure 9 summarizes the requirements of additional inspections for
fatigue cracks, for the 757 airplane. For all of the remaining structure,
structural safety in the event of fatigue damage is assured by the initial
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inspection program developed for the detection of environmental deterioration

and accidental damage.
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Fig. 9. 757 airplane-Summary of additional inspection requirements for fatigue damage

cations where the initial inspection program is determined to be.1nade—
;3;tl? ggditiona1 inspections to the program are suggested. Other 9pt1ons may
be determined from the data that is provided. In e1ther‘casg, the ?mp1ementa—
tion of the inspection program for fatigque damag? detection is requ]red only
after a suitable threshold, which will be determ1ped from the experience of
similar inspection programs applied to mature Boeing airplane fleets.
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CONCLUSIONS

The application of fracture mechanics to the residual strength and damage
growth elements of damage tolerance analysis of aircraft structures is chal-
lenging. These challenges are principally due to the complex geometry of the
redundant load path aircraft structure and the variable amplitude stress
spectra that the structure is exposed to under changing environments.

This paper has. shown that fracture mechanics methodology can be combined
successfully with accumulated service experience to develop rational proce-
dures for assessment of residual strength, crack growth and damage detection
for aircraft structure. The results of application of the developed procedure:
to the damage tolerance analysis of the Boeing 757 airplane showed the overal!l
impact of the new ajirworthiness regulations on aircraft structural maintenance
programs to be minor. It is anticipated that inspection time and cost will nat
increase substantially as a result of the new regulations. The new technology
provides effective means to focus inspection efforts on the more critical
structure and offers flexibility to airline operators to integrate the inspec
tion requirements in their regular maintenance schedule with minimal economic
impact.
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