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ABSTRACT

This paper provides and studics the N versus a curve family which describes statistically the
fatigue crack growth at weld toes. A probability compatible condition is given , which re-
lates the distribution of the fatigue life for a given crack size to the distribution of crack size
for a given fatigue life and the random initial condition of the fatigue crack
propagation. Furthermore, it is confirmed that the depth size a of fatigue cracks at weld
toes follows’the distribution ® ((u(a)—1gN) / a(a)) for a given N.
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INTRODUCTION

The weld toes, generally speaking, act as one of the potential cracking sources in a welded
structure. Because of the effect of fatigue loading, some tiny surface cracks will form at
this place, and grow in the direction of thickness of plates until penetrating at first the
Heat—Affected—Zone (HAZ) and then the base metal. For the past few years, some
rescarchers have discovered that the geometrical parameters of a weld are practically the
stochastic variables (Ushirokawa, 1983), and the variation of them influences directly the
value of stress intensity factors to a certain extent (Niu and Glinka, 1989). Based on what
have been obtained above, it can be deduced that even if there is no change in service con-
ditions, the fatigue cracks which form at the different position along the toe of a weld will
practically propagate under the control of different driving forces, especially in the early
stage of propagation. No doubt, the uncertainty of this sort in driving forces would make
the scatter of fatigue crack growth at weld toes more marked than that of a weldless struc-
ture. On the other hand, the complicated mecroscope status and various micro—defects, as
a matter of fact, might be considered as the random initial condition of the fatigue crack
growth at weld toes. From the point of view suggested above, it is obviously suitable to
say that the study of statistical property of the fatigue crack growth at weld toes is one of
the branches which could not be neglected in fatigue researches of the welded structures. In
this paper, some statistical characteristics of the fatigue crack growth at weld tocs are pres-
cnted with emphasis on the distribution of depth size of fatigue cracks for a given

325


User
Rettangolo


life, which has to be provided in durability or reliability analysis of structures,

STATISTICAL FATIGUE TEST

Fig.1. The size and processing of fatigue specimens.

Tt;;ting J}:l)ctail. All.the specimer?s are cyclically tensioned as shown in Fig.1, with the aid of
a Hongshan hlgh—frcquency fatigue testing machine. The testing conditions used are as fol-

lows: Loading frequency f~ 140Hz; Const
S~ 2 ant stres: = q i i
& Laboramry temporatacy yanz ess range A S 170MPa; Cyclic ratio r

Testing Results. In testing, the fatigue
failure occurs along a certain weld toe
of a specimen, The appearance of a
fracture surface is presented by a
macroscope photograph in Fig.2. Ac-
cording to the fractographic data of
f:rack growth, as indicated by Fig.2 for
nstance, a series of the depth size g of
the fatigue crack growth at weld toes
(Fig.1) are secured, and then related
respectively to the cyclic number N at
that time to obtain discrete points
(N, a) of the crack growth. After
wards, the McCartney relationship
recommended by Duggen and Byrne
(1977) is selected to fit the (N, a,) for
cach specimen » and results of the 25
S‘pecimens are given in Fig.3, which
visualy illustrate the statistical scatter of
the fatigue crack growth at weld toes in 0 2 4 6 8 1012 14 16
the direction of depth 4. N(x10%)

Fig.2. The fracture surface of a specimen

Fig.3. Experimental & VS. a curves
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PROBABILITY COMPATIBLE CONDITION

The conditional distribution F(a|N) and F(N|a) invoived in Fig.3 are basic statistical infor-
mation for fatigue reliability design and structure durability analysis. Based on the concept
of cycle loading and unloading in the fatigue crack growth, Fu(1988) has proved, with the
aid of aggregate method, that the cumulative probability of N for a given a equals the cu-
mulative exceedance probability of a for a give N. In order to reach the conclusion with a
more general sense, the following

discussion will be carried out on a

monotonic increasing curve

family, the boundary shape of which

is illustrated in Fig.4 in which both ;'

and a are considered as common va-

riables, and the a, is referred to as

the upper bound of a as

N=0. Through the point (N*>>0, a*
> 0) selected arbitrarily, two

straight lines, ie. N=N" and

a=a" , are made to intersect the N
VS. a curves respectively. For a cer-

tain intersection point on N=N", if Fig.d. The N vs. a curve family

its ordinate satisfies the condition of

a<la®, itis called that the random event A4 occurs. Similarly, if its abscissa satisfies the
conditon of N>>N" for a certain intersection point on a=a", it is called that the random
event B occurs (see Fig.4). Now, Let us suppose that one of the sample functions in this
curve family is a= @(N). If @{N"* )<a'occurs, itis known, according to the property of
monotonic increasing of this curve family, that the (p;'exists and (p]_](a : )= N also oc-
curs certainly. That is to say the occurrence of 4 induces that of B, namely

P(4)< P(B) (1)
On the other hand, we can postulate that one of the sample functions is N=yfa). If
w,(a' J>N"is true, it is certain that w;‘(N . )<a ' isalso true according to the same prin-

ciple. So the occurrence of B results in that of 4, namely

d

P(B)< P(A) (2)
From inequality (1) and (2), we obtain
P(A4)=P(B) (3)

Next, substituting the P(A) and P(B) in equation (3) by their corresponding conditional
distributions , and meanwhile noticing the arbitrariness of point (N*, a° ). we set up a
probability compatible condition for the curve family in Fig.4 as follows:

1 — F(a|N), aza

. (4)
F(alo) - F(alN), a <a,

F(Nla)={

Generally speaking, the eqn (4) is suitable to any random process whose change is similar
to that shown in Fig.4. Moreover, it may be known, compared with the testing results
shown in Fig.3, that a. in Fig.4 represents the critical crack depth or thickness of plates,
and a, is correspondent to the upper bound of depth of initial cracks or micro—defects at
weld toes. The F(alo) in €qn(4) can be considered as the random initial condition of the fa-
tigue crack growth.
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EXAMPLE

In th ili i ;
e ;i?rz:::g:ly::al{ms me.t}}:lodology of aircraft structures (Manning et al 1987), a defi
: uation with a random initial iti i o  fatigte
crack growth in the small crack size region, i.c. ConEIRom i el Mo lescriby e fesigne
N da(t) / dt = Q Ca(1)) °, >0 a0)=a, (Sy
where Q and b are parameters, a is a rand i
is 1 ) -'°TS, dg 1S @ random variable. For the situation of p = i
ecommended for durability analysis, it is easy to obtain the solution of egn (5): f which
a(t)=a exp(Q1) (6)

Now, it is assumed fi n being cutted off at its
> urther that q, obeys the ex i istri i i
X 4 \ ponential distributio g i
upper bound point a,. asit may be at weld toes, ‘ ' “I

exp(— lao)
N N I—exp(—,lau)'
€ conditional distribution F Ca(0)|t) can be obtained as follows:
1—exp ( —Aa(t)exp(— Q1))
F Ca(n)ln) ={ 1—exp(—a ) »O<a<a exp(on,

1.0
for a(t) is an increasing functi i i solD) > a,ex MO0,
esisi the foray of g function of a, for a given time t. Likewise, the F (a(n>a,) will

/(aolaaSav)= 0<a,<a,, @)

(©))

F Etla(t)?a'] =qexp [ —Za(t)exp(— Q1)) —exp(—Jda )

{0 1< Eln(a(t)/aﬁ)) /Q,
9)

1 a()
Il —exp(—24 » BB in ’
for t decreases mon i b a,) g a
! otonously with the inc i gi
4,. Obviously, he i =raine.y W, € increasing of a4, for a given a(>

DISTRIBUTION OF N FOR A GIVEN CRACK SIZE

Accordin i

4=0,08, ?ha[tom;h;( results of K—S lesting, we conclude, for the significance level

by g e Nla) of the fatigue crack growth at weld toes can be roughl
O—parameter log~normal distribution SRS

IgN —
F(Nlay = { @Y =2@), v
) o(a) (10)
where ®( + ) denotes the 'stand- A=

Q0

ard normal distribution. The 2
samples <_)f N correspending to
several different crack sizes are

1shown on a two—parameter % 90
og—normal probability paper z
(Flg.S). As we have seen from < 50
Fig.5, the sample points of N
for each given 4 approximate 10 -
respectively a straight line. The .
performance of  u(a) and

0.01

0.5 1 10 N( x 10%)

Fig.5. Two—parameter log—normal probability paper
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a(a), asthe function of @, are shown in Fig.6.

u(a) afa)
5.8 :

5.6 / o A8

54 / 03 \\

0.2 S~
52 Fme
50 0.1 —
9 20 40 a, mm 0 2.0 4.0 a mm

Fig.6. The performance of distribution parameter u(ajand a(a)

DISTRIBUTION OF 4 FOR A GIVEN CYCLIC NUMBER

Substituting eqn(10) into eqn(4), we obtain immediately
F(a|N) = ®((u(a) — IgN) / a(a)), N>0; a=a_ (11)
Hence, it is known that when F(N]a>>a,) is in the form of normal or log—normal distribu-
tion, F(a|N>0) can also be represented by a standard normal distribution. For a parallel
straight line family on the plane of N vs. a, o(a)is a constant. At that time, if u(a) is the
linear function of a, loga or log(a—n), where n is a constant, the corresponding F(a|N) will
be in the form of normal, two—parameter or three—parameter log—normal distribution
respectively. However, since the a(a) in Fig.6 is a nonlinear function of @, what we have
discussed above is not true to the growth of fatigue crack at weld toes. Otherwise, it is
learned from eqn(11) that the F(a|N) describes a straight line on a probability paper where
the (u(a)—1gN) / a(a) is selected as the abscissa and the ®( « ) as the ordinate. So, in order
to examine the expression of egn(11), let N=3.5x 10° and N=4.5x 10’ cycles
respectively. It is found that if no extrapolation is made for experimental curves in
Fig.3, two straight lines N=3.5x 10’ and N=4.5x 10° can not intersect with some of
those curves. As a matter of fact, it is impossible to obtain all the 25 sample points of a for
a given N> 0 in Fig.3. Consequently, the examination for eqn(11) can only be done on the
partial curves in Fig.3. Ten curves in Fig.3 are chosen, whose ordinates of the intersection
points with the straight lines N=3.5x 10° and N=4.5x 10’ satisfy the condition of a >
Imm. For the ten curves, we obtain
{ﬁ(a) = 0.3741/g(a — 0.880) + 5.5120 (12)

#(a) = — 0.014/g(a — 0.999) + 0.1110

The F(a|N), in which the u(a) and a(a) are substituted respectively by the a(a) and d(a)in

eqn(12), and ten sample points of a for the given N = 3.5 x 10° and 4.5 x 10’ are depicted
on their corresponding probability paper as shownin Fig.7. It is obvious, according to the
results in Fig.7, that the depth size a of the fatigue crack growth at weld toes for a given N
follows the distribution ®((u(a)-1gN) / a(a)), which is also supported by the results of
K-S testing for the significance level a =0.05.
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Fig.7. D((u(a)—IgN) / a(a)) probability paper

CONCLUSIONS

A probability compatible condition (4) has been set up for the statistical fatigue crack
growth, which relates the distribution of fatigue life for a given crack size to the distribu-
e fi

tion of crack siz Or a given fatigue life and the random initial condition of the fatigue
crack growth.

It is confirmed that the depth size g of the fatigue crack growth at weld toes for a given

cyelic life N follows the distribution @((u(a)~1gN) / a(a)), in which botlr u(a) and a(a) are
the nonlinear function of 4 .
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