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Abstract

This paper briefly introduces some re=-
searches about the reliability analysis of
aircraft structures proceeding in North-
western Polytechnical University (NPU). A
set of fundamental equations with some nu-
merical examples to compute the failure
rate of airecraft structures in service is
presented. It takes the factors into con-
sideration as complete as possible.

From the numerical results the influen=-
ces of various factors on reliability of
aircraft structures are estimated and the
current criteria of aircraft fatigue de-
sign are evaluated. It is also pointed out

that the 107/ level of failure probability
{per hour) with 95% confidence recommended
in Engineering Sciences Data of RAE is un-
reasonable,

For the data treatment of some impor-
tant factors, i.e. the initial 1ife, the
probability of detection, the distribution
of initial length of flaw and the distri-
bution of K1c’ some new methods are deve-

loped with some new results obtained.
Among them are an estimation method of the
parent distribution parameters of initial
life from the laboratory test as well as
the detection at airports with the results
of incomplete life and "ultracomplete"
life, and an modified method using the F~
distribution to be able to estimate simply
the flaw detection probability curve. Some
large samples have been tested by the au-
thors in order to obtain more confident
distribution patterns of initial crack
length and of fracture toughness, being
used to evaluate the existing results in
literature.

The Fundamertal Eguations

for Reliability Analysis

The reliability models developed at KPU
by the authors have been presented in some

previous papers(1'4). For a single critical
point structure, the model considers the
following factors: the static strength of
structure, the initial crack, the initia-
tion and propagation and unstability of
fatigue crack, the residual strength of
structure, the statistical distribution of
load, the periods of overhaul, the acci-
dent damage, the communication of damage
among fleets etc.
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The main symbols used are as follows:

d(n,) Probability rate of detecting cracks
at n,
F«(s) Exceeding probability of external
load
Fs(RIXN = Fo(n,%,2) or Fo(n,%,y)
H(n,) Probability of failure up to n,
l The value of L, [ =g(n,z) or Aln,y)
L Crack length
n Life, n=N/N
n, Life at i-th inspection (overhaul)
n, Current life
N Number of load applications
N Reference life

p( ) Probability density function (PDF)

bpp(l) Probability rate of detecting crack
length |

Ppy Probability of detecting cracks at

i-th inspection, p . =1-p,
Pp(l) Probability of detecting crack !
r(n,)  Risk of failure at n
#*(n) Probability rate of failure at #
R(n,) Survival probability up to #

R, Residual strength (and its value)

s The value of §

S External load

x ¥ z The values of &, n, ¢ respectively

a The percent of elements containing
initial crack in parent population

7% The percent of unexpected cracks at

life nx

The symbol denoting ignorable term

Life of crack initiation

Initial crack length

Residual strength parameter

fre 3 v o

For the case with continuous (per fli-
ght) and intervallic (overhaul) inspec-
tions, the survival probability, the risk
function, and the probability function of
failure are respectively:

- —§Fotn 2,24 paCa(n.2))yaim
Rop=a-a [ e

n(Xy2) =y

L:d
x TL PoitaCne,2)) p.(0) pi2ddxd 2
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+ a II e ° X
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by K
ran=-o ([ Kinx,2) TTPoiatno) 50 pu(2)dxdz
§=1

ny(¥,2) =ng

"u(x9y) =ng

wvhere

Kofgsxy2) = Fo(ng’x’z)e_g,,s([’o(n,x'2)+ P.g((n,2)))dn

Ka("&sx,y) = Fu(ng,x,y)e _Sn (F,,(n.x.y)+p,,(ly(n,y)))dn
K~1

H(ng) = 32H,; + AHg(ng) + 6H (ng)

FALDS

(p<ng<ngy))
(3)

where

H; =J T (ng)ding
g

Frn. j
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6 4 iml

~efff2
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5
K a(ny%, yydn T PoiChng, ) 5,(%) p,(y)dd y
im]

AHR(”s) =J:sr*(ﬂs)dﬂs

K

a0

" K
(- [ [ Kotm,m,23dn TL PoiCa(res2) pu) b2 d5dz
§7 "k

i=1

X
I[Pm(h(”ny)).bx(x)Pz(y)dxdy

+a J‘I"HKG("gx,_)Odﬂ
6" "k i=1

This model is in principle belong to the

sane approach as that developed at ARL by

Payne et al(s's) Hooke(9-12

(13-15>. All these models consider the re-
lation between the strength degradation
and crack length as well as the variation
in structural behaviours, but there are
still some important different aspects
anong them, For examples, the risk of fai-
lure F¥R, and the probability rate of
detecting crack pp(!) for a differential
element in formulas (1) - (3) are taken as

, and Ford

F¥Rg)=ln

1
1~ Fs(Rg)

N SRS S
pp(l)—Anxlnl_PD(l)

instead of FuR,) and P(l)fAm respectively.
That is because otherwise, the integral
kernel function will not be zero when F.(R)
or PuI equals 100%, that is obviously
not in conformity to the true.

Resides, the KPU method takes the unex-
pected damage in manufacturing or in ser-
vice into consideration. The importance of
considering that factor can be shown by
the fact that the accidents caused by un-
expected damage in 1970”s promoted the da-
mage tolerance design principle for air-

(np<lng<lngs))
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K
Ka(nss%, ) T Pos(hnis 3)) 5,(2) p, () d%d y + 5r* (ns)
=1

(2)

craft structures. The NPU method also con=-
sider the influence of comnunication of
damage among fleets. Provided that the
case after any damage is denoted by sub-
script 2 to be distinguished from the vir-
gin case denoted by subscript 1, the pro-
bability rate of failure is

[R\(ng) 1™1r¥ (ng) + (m ~ 1)J:szx(n)J"'"Er’f(n) +d; ()]

[(1-a) H

ny(X,2) =ng

~{7" Potn, 2,2+ pata(n,2)))dn

—§ (P2, 24 puCa(n,2))ydn
Foy(ngsX,2)e

Ky

I Potatn,,2)) x

inl

X e

oﬂ
% T Poos(a(nysuz)) (%) py(2)dxdz +
=1
- | Faan 2,30+ pathin,))) dn
[[ Famme
na(x9y) = ng

+a

—(" Fastn, 2, )4 poalh(n,3))ydn Fo
X e S" ! (k) dn ]_I Ppy(h(n, ¥)) x
i=1

On

X T PraiCh(nuss 30 p,(2) py( ) d%d y1dn

Fe=1

(mma < <Pyxtasirs a3 =0+ Aygy Ayen<lnig— 1, <A nyione1>)

(4)

Some_Conclusions from Numerical Results

1. The unexpected damage has a decisive
influence to the reliability function, but
unfortunately the factor a itself can be
hardly estimated by a routine sample test.

2. To increase the initial crack life
is one of the most important devices to
reduce the probability of failure as shown
in Pig.1 taken from one example.

B (W)
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1077
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life of crack initiation K,
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Fig., 1



3. The inspection period and the detec-
tive probability are other important fac-
tors affecting the probability of failure
as shown in Fig.2 and Fig.3, especially
when @ ¥ 0, the affect will be more impor-
tant.

2]

§ = 6000 h

[

1 2 3

Ns (1000 h)

ﬁ = 4000 hours

Fig. 3

4. The influence of the variations of
K1c is not negligible as shown in Table 1

and Table 2.

Table 2 r*(ns)
1(mm) |Var. of K, ¥ 0|Var. of Ki, =0
0.72 0.15x1077 0.05x10~7
0.8 0.15x107° 0.45%1077
0.9 0.13x1072 0.45x1078
1.0 0.15x1074 0.45x1077
1.1 0.49x10™% 0.15x107°
1.2 0.24x10™2 0.74x107°
1.3 0.80x1073 0.25x1072
1.4 0.22x107% 0.67x107°
1.5 0.48%10°2 0.15x1074

Table 1 H(n,) - H(n;_4)
(K1c = 252 kg/mm3/2)

. standard deviation of K1c
1

7 20 23.5
3] 0.75x10°%  0.93x107°  0.25x10"%
51 0.30x107°  0.30x10"%  0.73x10"%
71 0.89x107°  0,82x10"%  0.19x10"3
91 0.27x107%  0.21x10"3  0.48x10"3

5. Comparing the numerical results of
three kinds of materials with the following
properties

Material No. K1C(kg/mm3/2) Gb(kg/mmz)
1 207 184
2 252 174
3 281 170

has shown that the third one has more ad-
vantage in reliability design.

6. To 1limit the maximum risk rate the
intervals of inspection must be shorten as
the life increases as shown in Table 3.

Table 3 H(n;) - H(n; )

(E}c = 252, Dev. of K, = 20)

) Period (hours)

. 100 50

3 0.93x107° 0.93x1077
5 0.13x107% 0.90x1077
7 0.23x107% 0.12x107%
9 0.39x1074 0.15x10"%

The Tolerant Failure Probability

There are a variety of suggestions of
the tolerant failure probability of air-
craft structures in literature (refer to

the author’s recent paper(17)). The dif-
ferent standards are in conform with the
experience, the models adopted, and the
factors considered by the researchers. Here
the authors will only point out that the
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10'7/h level of failure probability with

95% confidence recommended in reference 18)

is unreasonable.

Generally andlysing, provided that there
are m different fleets, the i-th fleet in-
cludes ng airplanes, and the probability

of failure of the i-th fleet is Py the

total failure frequency r/n of w fleets as
a whole according to Poisson theorem is

lim oflz_1 ¢ _
S = ni§1pinll<d}—1 (5)
where
r — total number of failure 0
n - total number of airplanes, n= Z:ni
d — arbitrary small quantity 1=1
Further, we suppose
=
Dpi = ¢
n, = ¥
i
Mp, = n’
i
where
D — standard deviation
Vo expectatlon
cyli,m” — constants
according to the YebbityeB,ll.A, Theoren,
SO ETRIEES SRR
m-»mp 4 i=1pini rr.Z=: (I" n )| <d
=1 (6)
or
™ i
1im {|1 v n, d
Bl= > p.n, ~ wlp, 1) < =
m—=wlln S 711 oy i n/m

=1 (7)

where n/m is the mean. amount of airplanes
per fleet and is limited. On the other hand

m n
2. Mlp,li) = (dp)( ZTl = (8)
i=1 n i=1
so that
Lim P{lzm n —M’< l=1 (o)
M -0 n i=1pi i p n/m

and Mp can be used as an index of reliabi-
1ity analysis. Under the supposition of
log-normal distribution for fatigue life,
when we use the conventional estimation of
safe 1life with two indexes, i.e. the sur-
vival probability p*and the confident le-

vel p:

(10)
then

_ ®
p(X,s) =_§

x=-ks

f(x3a,d)dx (11)

B=P{p = p*} = P{X-ks<a-k g}(12)

@
f(x;a,q)dx (13)

=
po o=
' o<k
where the coefficient

k = k (n,p%3) (14)

can be found in the Handbook''?)

On the other hand

-»@&-)-ydy g

Bly) dy

3
]
) g RS
o

i

1 -k _fn )
§dy 5J dz f;1(x1)p2(x1-z)ax1
0 ‘o Z

]

Y(n,k) = Y(n, k(a,p"s)) (15)

where

k= y«100% percentile point of stan-
J dard normal distribution

byt = P
10 Ny x2
-(BE A
f—? n 1 2 xn-Ze k™n2
&/_ o=l 2
2 ‘[‘(2—5—1-)
p,(xy)
(x,20)
0 (xzéO)

Equation (15) denotes the relation between
Mp and k,n. The numerical results are part-
ly shown in Table 4.

Table 4
(p =0.999, =0.95)
n 2 3 L5 6 7 8
1R | 9.5 4.6 3.5 2.1 1.1 .72 49
n 9 10 11 13 16 21 240

I=Mp 1 44 .39 .35 .31 .26 .21 .50

It can be concluded that when p =.99999995



AB=95%, (1-Mp)/(1-p™) is much larger than
1. o™ can not reflect Mp reasonably in
that case. Generally speaking, if p*>»g,
then (1-Mp)/(1-p*)>>1, and the dual index
criteria will give the results on the un-
safe side. Only in some region of (p™,3),
p*=Mp, the dual index criteria is reason-
able.

Some Progress in Data Treatment of

Factors for Reliability Analvysis

NPU has some progress in the data treat
ment of some important factors for relia-
bility analysis. They are essentially the
initial 1life, the probability of detection,

0)

the distribution of K, , etc. Ref.'~"’ pre-

gsented an estimation method of the parent
distribution parameters of initial life
from the laboratory test as well as the
detection at airports with the results of
incomplete life and "ultracomplete life",
As usually assume
x = log Hr~H{atbz,T(z))
and denote

a(z) = G/ /¥(z)

the‘primary solutions can be found by

a 0
[]] v|=[8lg+|0|a®=0  (16)
-1 r
where
1T 0z X
{A] = ZWﬁT z Z2 X7
n x xz x°
1
[r] = Z q w/¥| z
n
X

and the i-th iterative solutions use [B]i
instead of [B] :

1
(], = [B] + 2 a/M|z| (F(ay)-0.8(14qy))
n
X
(17)
where
b4 log-life

— load (or stress) level
= (x-u)/q
— expectation value of x, M=atbs
— standard deviation of x
0 (complete)(i=1—r)
{ 1 (incomplete)(i=r+1—s)
-1 (ultracomplete)(i=s+1—n)
— Hill’s function
1 (complete) or 0.8 (non-complete)

Reference (20) also presented the appro-
ximation of confident interval estimation.
This method has been practically used with
satisfactory results.

In NPU some large samples have been
tested by the authors to obtain the more
confident distribution of fracture tough-
ness, and an modified method using the F-
distribution to estimate simply the flaw
detection probability curve is also deve-
loped. The size of samples to estimate the
distribution of K1c of 30 Cr¥nSiKi2A are

86 specimens and 28 specimens. The candi-
date distribution curves are normal, log-
normal and two parameter Weibull distribu-

tions. Using % Smillnof and Shapiro-Wilk
tests, the tésts show normal and log-normal
distributions are acceptable, but Weibull
distribution is refused, The point estima-
tions are shown in Table 5.

Table 5
; 3/2
n | K (ke/m” )| T | Ty,
86 229.6 } 20 1 0.034
28 330.4 20 0.034

where the standard deviation U is obtained
by pool-estimation.

To estimate the flaw detection probabi-
lity curve, three xinds of curves are can-
didate:

1. Yang-Trapp”s power function(21)
()
a,sas<a
[ag-a1 ' 1 2
P(D/a) =1 0 y a<ay
1 y a=a,

(22)

2. Davidson”s exponent function

0 ’
P(D/a) ={ 2<%

c1(1-exp(-02(a-ao))), a>a

@3)

3, Heller-Stevens’s Weibull distribution

P(D/a) = 1 - exp( - <%)k’), a>0

The tests done by the authors(ZA) show the
above three patterns are comparable. Some
numerical results are shown in Table 6 and
in Fig.4. Where "a” denotes the crack length
instead of 1, and P(D/a) denotes the flaw
detection probability instead of P,(1) in
the list of main symbols. The tota? number
of cracks TP and the number of detected

cracks Dp are shown in Table 7.
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Table 6
FUNCTION | YANG-TRAPP| DAVIDSON |WEIBULL
a1=0.59mm O=O.53mm b=2.06
Estimation
of a2=1.82mm c1=0.99 ¢=0,87nm
parameters 1
m =0.246 | c,=3.43nm
Residual
deviation 0.058 0.050 0,061
P(D/a)
1.0
0.8
0'6: test point
0.4 YARG-TRAPP
/ e DAVIDSOH
0.2 /
* —— e WEIBULL
0 e e, 1.0, .5, ., 2,0, &
Fig. 4 (mm)
Table 7
a (mm) T, D,
0.417 — 0,60 513 158
0.61 ~— 0.80 264 152
0.81 — 1,00 111 95
1.01 —~ 1.20 157 141
121 — 1.40 191 175
1.41 — 1,60 225 213
1.61 — 1.80 176 169
1.81 — 2.00 65 65
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