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RELIABILITY OF WELDED STRUCTURES: A SENSITIVITY ANALYSIS

J.E.C.SALDANHA PERES*
A.A.FERNANDES **

The probability of failure of a pressure vessel containing el-
liptical surface cracks was assessed. A sensitivity analysis
of the influence of distribution of weld metal toughness, le-
vel of residual stresses and defect growth by fatigue was per
formed. A comparison of crack growth calculated according to
PD 6493 methodology and a solution which assumes defect growth
in both depth and surface direction was carried out,and its
influence on the probability of failure was assessed.

INTRODUCTION

The study of the reliability of welded structures has received particular at
tention in the last few years due to safety and economical risks associated
with a structural failure. The failure of a welded structure can occur by
several modes, but analysis of past service failures has revealed that most
of them were due to brittle fracture and/or fatigue, associated with the pre
sence of weld defects. Probabilistic fracture mechanics provides a means O
quantifying the probability of occurrence of those failures, Johnston(1) ,Li-
diard(2), the result relying entirelv on the existence and quality of data
available on the governing parameters. According to this methodology "failu-
re" is defined as occurring when the size of a weld defect exceeds the toler-
able defect size as calculated by a fracture mechanics analysis. Assuming
that both defect size and tolerable defect size are distributed variables,
the probability of failure is calculated from the interaction of the two dis
tributions, as illustrated in fig. 1. This function defines the fraction of
a population of structures which will fail at a given time when the distri-
butions are as given. The growth of defects by fatigue can alter significant
ly the initial defect distribution, Dufresne (3), as shown in fig.1l, increas
ing the failure probability.

In the present paper a study on the major parameters affecting the pro-
bability of failure was carried out, namely the distribution of weld metal
toughness, the level of residual stresses and defect growth by fatigue. A
camparison of crack growth and its influence in the probability of failure
was carried using the PD 6493 methodology, PD 6493 (4), and a solution based
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on the Raju - Newman work, Scott et al (5), which assumes crack growth in both
directions.

ANALYSIS METHODOLOGY
——=o-» R HODOLOGY

The purpose of the present work was to perform a sensitivity analysis of va-
rlous parameters controlling the reliability of a welded structure. The study
was conducted by‘oonsidering a welded pressure vessel containing elliptical

: ili It should be noted that the values
of probabl}ity of failure obtained are not true failure probabilities since

the initial surface defects are illustrated in fig. 2. The calculations were
performed omr the hasis of the following assumptions:

Base material - HIT DIN 17155 steel (o:. = 240 MPa; = 410 MPa)
teld Metal - Deposited with ARE E9016 Electrodeds - 405 MPa; o =

ys UTs
= 520 MPa)
Wall thickness = 50.5 mm
Design Temperature = -100C
Membrane Service Stress = 120 MpPa
Stress fluctuation = 302 of membrane service stress
N® cycles per year = 3 x 105

_ The weld metal toughness and initial defect distribution are (1) the ma-
JOr parameters controllipg the probability of failure, as shown in figs L.
In the present studya Weibull distribution proposed by Rogerson et al (6) for

surface breaking defects was used. The bability densi i
height is ag Follows. prol Y density function for defect

NG = 8/n ((ev)/m P exp (= (xmy) /m) B (1)
with 8=0.85, y=0.1, n=1.75.

([

9@) =1/ @.5. VI ) . exp (- ((In (a) -5, /)% 2)
The parameters S. and = being indicated in fig. 3. The methodol

used to transform th¥ toughMess distribution intg o distribution 6F colti-

cal defects, was the CIOD design curve, as described in the PD 6493 document

(4). The evaluated probabilities of failure of the pressure vessel for the

Service conditions indicated, assuming the two levels of notch toughness and

two levels of residual Stresses, are given in Table 1. The surface defects

Mtgrg ;ssumed to follow the above mentioned distribution with a/2C ratio equal
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TABLE 1 - Effect of notch toughness and level of residual stress on the
' probability of failure

Level of residual Toughness distribution of_weld
stress metal - (CTOD)
manufacturer A manufacturer B

* = = 1.11 x 1073
GR = 24 Mpa 3.35 x 10 * X

%= 540 ; 02 1.87 x 1072
OR"= 240 MPa 6.04 x 1 E X
NOTE: * Post weld heat treated

**  As welded

The values presented in Table 1 refer to the initial conditions (mament
the pressure vessel is put in service). Assuming that the vessel is subject
od in service to pressure flutuations, defect growth by fatique can occur,
which will alter the initial defect distribution. In order to evaluate the
significance of fatigue in the probability of failure, the growth of the ini
tial defects was estimated by using the Paris law:

o c ()™ mm/cycle (3)
an
with €= 4,12 x 10 % and m = 3.25. The po €493 methodology was adopted. As

it is known this methodology assumes that a surface defect grows in depth un
til reaching a semicircular shape, mantaining this shape till final fractu-
re. An incremental (step by step) procedure was adopted in the fatigue calcu
lations. The pattern of crack growth is illustrated in fig. 4 for three de-
fects of different initial size. The influence of defect growth by fatigue
on the distribution of defects present in the vessel after a given period of
time in service is shown in fig. 5. This distribution was obtained by cor-
recting the Weilull parameters to take into account the growth of the ini -
tial defects. In fig. 6 the variation of the probability of failure for a
20 year period is presented, for two levels of toughness of the weld metal.

In order to verify the possible influence of the crack growth pattern,
it was decided to perform the fatigue analysis considering that the defect
can grow in both depth and surface directions depending on the value of AK.
he solution adopted far the calculations was that proposed by Scott et al(5),
for uniform tension:

\
p
M, + [E (K) Yc/a 'MfJ {%}

g

K_ = m
J‘I—ETK)/E (4)

L

E(K) being the elliptic integral of the second kind, and p and M_ being a
funtion of a/2C and a/t, and having different values at the surfgce and deep
est point. Using the above expression, AK values can be calculated for tho-
se points allowing the evaluation of the defect growth. An incremental pro-
cedure was adopted in the camputer calculations. The pattern of crack
growth in this case is also illustrated in fig. 4, where it can be observed
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that the cracks grow in both directions, with the aspect ratio a/2C increas
ing. The influence of defect growth by fatigue as estimated by using this

procedure, on the defect distribution, is shown in Fig. 5. At the same time
Fig. 6 shows the variation of the probability of failure for a 20 years pe-
riod in service. The influence of the initial aspect ratio on the probabili
ty of failure was also studied for both procedures, by considering two dif-
ferent values of a/2C, 0.1 and 0.2, the results being presented in fig. 7.

DISCUSSION

The values of probability of failure, which as said before do not corres -
pond to a comple&e quantitative assessment of fracture, were found slight-
ly higher (= 107°) than the values usually associated (2) with this type of
structures. This was mainly attributed to the low toughness values obtained
on the weld metal. In fact the values of probability of failure obtained we
re found considerably dependent on the toughness level, for both the levels
of residual stresses. This is easily explained since the critical defect si
zes depend on the toughness of the material and of the state of stress on
the area were the defects are located. The critical size of defects were e-
valuated with the use of the CTOD design curve (4), which is known to have
a high degree of conservatism on the assessment of defects, Burdekin (8).As
the toughness decreases and/or the residual stress level increases, the al-
lowable defects became smaller, increasing the interaction area and the pro

as shown in Table 1.

The probability of failure was found to increase with the number of
years in service, as a result of cyclic loading inducing defect growth by fa
tigue. This was observed (Fig. 6) for both levels of toughness considered
and for both the methodologies of defects growth estimation used. For a gi-
ven level of toughness and stress range it can be seen that the use of the
PD 6493 methodology leads to lower values of probability of failure,after a
given mumber of years in service. This can be justified due to the influen-
ce of the pattern growth on each methodology.

In fact the PD 6493(4) assumes that an initial defect with a given a/2C
ratio grows in depth only, until it reaches the semicircular shape, mantain-
ning this shape in subsequent growths, i.e., the a/2C ratio is then constant
and equal to .5, as illustrated in fig.4 for some initial defects. On the
contrary the Raju-Newman modified solution (5) assumes that the defect can

grow in both directions depending on the level of AK on each location, result
ing in a completely different pattern of crack growth (fig. 4). The influence

of this effect on the defect parameter (@) distribution can be observed on

Fig. 5 for a given number of years in service (10 and 20 years in service).In
the first stages of crack growth the influence of the methodology is not very

significant, being more pronounced as the numbey of years in service increa-

ses, due tc a large amount of crack growth that is observed by the use of the

Raju-Newman solution.

The probability of Failure was also found to be dependent on the initial

aspect ratio assumed. This effect is illustrated in Fig.7. where it can be
observed that lower values at a/2C ratio leads to an increase in the values

of probability of failure obtained, and at the same time that this type of de
fects are more severe in terms of fatigue loading. This aspect shows the li-

mitation of the current published distributions of defect dimensions, which
relate only to depth or length without information concerning the aspect ra-
tio of the defects.
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CONCLUSIONS

- The probability of failure was found to be dependent on the toughness and
on the residual stress level, the effect of the residual stress level be-
ing more significant.

- Fatigue crack growth alters the initial defect distribution 1ea51i1)g bo.an
increase of the probability of failure with the number of years in service.

- The pattern of crack growth isrevealed tobe an importante factor on the es-
timation of failure probabilities, and so, methodologies that do not take
into account the possibility of surface defects growing in both directions,
as a function of AK, may lead to unconservative results of probability of
failure.

- The assumptions on the initial aspect ratio of the surface defects affect
the evaluated values of probability of failure, and so it is important
that provosed defect distributions give reliable information on the corre
lation of depth/length of the defects which is lacking at the mament.

SYMBOLS

a = defect depth (mm)
3 = defect parameter (PD 6493)

I

mean of the Lognormal distribution
defect length (mm)

¢ = Constant in Paris Law equation
da/dN = fatigue crack growth rate (mm/cycle)

L
o

K, = Stress intensity factor, mode I (N. >/ 2)

AK = Stress intensity range (N. mm=3/2)

m = Exponent in the Paris law equation

sp, = Standard deviation of the lognormal distribution
t = thickness

o = membrane stress (MPa)

g = yield stress  (MPa)

ys

‘Urs=Ultimate tensile stress (MPa)
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Fig. 4 - Pattern of crack growth estimated for three different sizes of de-
fects (@ values represent the defect parameter corresponding to
initial "ai", and final “af“, defect geometry) .
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b) Using the Raju-Newman solution

Fig.5 - Influence of defect growth by fatigue on the defect distribution
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Fig. 6 Effect of fatigue on the probability of failure, oconsidering two dif
ferent methodologies to estimate the defect growth by fatigue and
the two toughness distributions obtained. (a/2c=0.2)
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a) Using the PD 6493 methodology b) Using the Raju-Newman solution
Fig. 7 Influence of the initial aspect ratio (a/2c) on the probability of
? failure (toughness distribution: E'L= -1.76; SL=_.97) N
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