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SUMMARY

The current and projected use of high strength materials for pressure vessels requires that
increased attention be directed toward their low-cycle fatigue performance characteristics at the
design stage, as existing data show conclusively that an increase in material strength does not
result in a corresponding increase in resistance to fatigue.

Welded joints are particularly fatigue-sensitive because of stress concentrations and resi-
dual stresses. To minimize and control the fatigue problem in design and to identify potential
trouble spots in existing structures, a fatigue analysis methodology is being developed which
systematically accounts for the major factors affecting cycle-induced fatigue response and from
which predictions of both fatigue crack initiation and stable crack growth can be made.

Parameters in this analytical model are obtained from testing small specimens under
rigidly controlled conditions. These include the determination of cyclic stress-strain curves,
base line crack initiation data and crack growth rates. Finite element methods employing spe-
cialized elements at the crack site are used to determine the stress concentration and stress in-
tensity factors at the fatigue-critical locations in the welded structural detail. Subsequent pre-
dictions of performance in large weldments can then be made using small specimens fatigue
data in a consistent analytical framework. Because of the random nature of certain aspects of
the fatigue problem, it is necessary that certain portions of the above analytical methodology
be treated probabilistically.

The paper contains a synopsis of above concepts and an illustration of their application to
the fatigue analysis of a butt welded joint.
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1. Introduction

Welded joints are particularly sensitive to low-cycle fatigue on account of stress con-
centrations at abrupt changes of weld geometry, initial flaws and detrimental residual
stresses resulting from the fabrication processes. Consequently, efficient utilization
of high strength materials with the attendant increase of design stresses requires that
increpsed attention be directed toward low-cycle fatigue performance. The problem is
accentuated by the fact that, for many of these materials, increase in static strength

is not accompanied by improved fatigue properties. Clearly, improved fatigue analysis
and design methodology would prove cost effective for several reasons. First, it would
afford a systematic means for selecting most appropriate material for a particular struc-
tural application by anticipating and thus minimizing and controlling fatigue problems at
the design planning stage. Second, it would lead to better estimates of lifetime struc-
tural reliability and provide a rational basis for the formulation of surveillance and
maintenance policies.

In a gross structural sense, the mechanism causing fatigue crack initiation and growth
is highly localized, depending primarily on the stress-strain behavior at sites where crack
initiation and subsequent growth occur; these sites can be identified with the location of
§tructural discontinuities such as notches and cracks at the weld joints. Once this be-
havior is determined, fatigue response of complex structural details can be predicted with
the aid of statistical concepts from the characteristics of the small laboratory baseline
data. Such data is obtained in the environment, stress-strain state and cycling conditions
approximating the service conditions at fatigue critical locations.

There are three major aspects of this work. The first is concerned with the analytical
models for initiation and crack growth, respectively, under idealized conditions where
all significant variables are assumed to be deterministic (single valued). These variables
include the load spectrum, residual stresses, notch acuity and/or initial crack sizes, as
well as the data from material characterization tests which include stress-strain curves
(static and cyclic), crack initiation and crack growth rate information.

The second is concerned with the development of computer based finite element methods
appropriate for the analysis of stress and deformation fields at structural discontinuities.
The results are used in the formulation of analytical models discussed above in cases where
the accuracy of approximate stress analysis formulas has not been established. A case
in point is the calculation of stress concentration and stress intensity factors in the
regions of high stress gradients.

The third is based on the extension of the above work to the formulation of mechanical prob-
abilistic models and the development of computer-based reliability analysis. Here, the
aim is to provide a transition between the deterministic models of fatigue and fracture
and the service conditions where many of the critical parameters can be described only in
a probabilistic sense.

This paper outlines the developments of fatigue analysis procedures along the lines dis-
cussed above. At the end, an example of the application of the concepts is illustrated by
means of an example.

2. Crack Initiation Analysis
2.1 General Considerations

Cracks which initiate in pressure vessels due to fatigue cycling are usually observed to
occur at stress concentrations in welds, e.q., the geometrical notch that arises from weld
undercutting. Although the net section (nominal) stress usually remains elastic, the
stress ralser causes a small volume of material to undergo reversals of plastic deformation;
this leads to the initiation of cracks in something less than 100,000 cycles, the so-called
low-cycle fatigue regime. The actual number of cycles réquired for initiation depends on
the nominal stress range, the severity of the stress concentration and the manner in which
the metal responds to inelastic cycling.

With the advent of fracture mechanics there is a tendency to neglect crack initiation
phase and start the fatigue analysis assuming pre-existing flaws. Although it may be
argued that consideration of propagation alone is conservative this philosophy fails to
motivate improved yweld detailing since it is in mitigating crack initiation that this most
readily pays off. The S-N Goodman diagram approach to low cycle fatigue analysis is not
considered adequate, but improved methods are now available, as discussed below.

Since crack initiation is a highly localized process, there is no reason to suspect that
the cracking behavior in a large structure will differ from that of a small fatigue specimen,

The analytical procedure for predictingcrack initiation in structural weld is summarized
in Figure 1 on the basis of the above assumption. Stress concentration factors are used to
relate the large-scale structural information to the highly localized material response at
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crack sites. Calculation of stress concentration factors can be based on standard formulas
or, in the case of highly complex detail geometries, by using specialized finite element
methods as shall be discussed later. Predictions of crack initiation can then be made by
using small specimen fatigue data in a consistent analytical framework. Key elements in
the analysis are discussed below.

2.2 Material Characterization Data

This aspect can be studied with small specimen testing program. It is necessary to obtain
stress-strain relations and crack initiation data from smooth specimens.,

The material stress-strain relationship changes after repeated reversals of cyclic
plasticity. It eventually stabilizes, however, and yields a cyclic stress-strain curve
which reflects the change in the resistance of the metal resulting from cyclic deformations.
The cyclic stress-strain curves are determined by using the small axial specimen shown
schmetically in Figure 1. Morrow [l] has suggested that the cyclic stress-strain relation
be expressed analytically by

e . AT (Ao')'/"
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and which A€ and A0 are strain and stress ranges and K and n are cyclic strength coefficient
and strain hardening exponent respectively. 'or steel in the 80 ksi yield strength range
the representative values are approximately K = 158 and n = 0.12. Dividing the stress
strain ranges by factor of 2 as in eq. (1) converts into the relation between stress and
strain amplitudes observed for monotonic loading of strain hardening type material. This
allows a direct comparison between monotonic and cyclic stress strain curves. Note that if
a cyclically stablized material is loaded monotonically the stress strain behavior will
follow the cyclic and not the first excursion (monotonic) stress strain curve. For cyclic
softening material the monotonic curve will be above the cyclic curve as indicated
schematically in Figure 1.

It has been observed [2] that the number of cycles required to initiate fatigue cracks
under low-cycle fatigue conditions depends primarily on the strain range at the crack
initiation site. The baseline relationship between strain and cycles is found from re-
gression analysis of data obtained from constant-amplitude, fully reversed (zero-mean stress
and strain) strain cycling of smooth specimens. Most simply as observed by Gross [2]

(1)

m

where A€,= total fully reversed strain (elastic + plastic)
Nj = cycles to initiation, and m and ¢ are material constants. Gross [2) reports that for
steel in 80 ksi yleld strength range m = 0.32 and ¢ = 0.14. It has been observed that when
A€r > 0.02, eq. (2) slightly underestimates crack initiation and thus is conservative.
However, its predictive capability is excellent compared to higher order expressions at
least in a statistical sense when viewed over the range of strains appropriate to the fatigue
analysis of pressure vessels (say, 0.005 - 0.02).
Theaboverelations may be established with an experimental program using either axial tension
or smooth bending specimens shown schematically in Figure 1. The bending specimen is part-
icularly suitable in that it is easily tested under fixed deflection control at relatively
high strains without stability problems. The test section approximates the condition of
plane strain on the surface simulating the conditions at the notch. Our criterion for crack
initiation is the formation of an engineering size, readily detectable surface flaw. This
corresponds roughly to the appearance of one or more flaws ranging from 1/8" to 3/16" in
length. By sectioning of the specimens and statistical evaluation it was found that the
initiated flaws were nearly semielliptical with a mean aspect ratio a/9s= 0.36 where a is
the flaw depth and 2c is the surface length. This information is used in crack propagation
and reliability analysis.

Where a mean stress is present, its effect on crack initiation period can be determined-
as suggested by Smith [3] by reducing the asymmetric stress-strain hysteresis to an "equiv-
alent" fully reversed cycle by

7
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Here Oy nand O‘MMare respectively the maximum and minimum stress of the cycle and ASgg ,
A€gqare the equivalent stress and strain ranges. Subsequently using eq. (2) with A€ga= A€
We make crack initiation predictions. Other factors may also affect crack initiation pre-
dictions when Equations (2) and (3) are used. These factors include prestraining, mean
cycling strain and cycle-dependent mean strain creep.
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2.3 Stress Analysis and Notch Sensitivity

An elastoplastic deformation analysis is required to relate the notch stress-strain res-
ponse to the known nominal loading. Here, the word notch is used generically to describe
stress raisers such as holes, grooves, fillets, etc. BAs a first order approximation
a variant of the Neuber rule [4] proposed by Topper [5]is used.

Vo
Ke =( Ky Ke) 4

in which Ky and K; are stress and strain concentration factors and Kg¢is a stress-strain
amplification factor for fatigue; = “A—"-' and Ke=%éwhere AD , A€ are notch stress and
strain ranges and AS,A€ are nominal stress and strain ranges respectively, Equation (4) may
be rewritten as

v
(acaeg) ® = K;as =

to relate the local and nominal stress and strain behavior. Note that AC andA€ are also
related through the cyclic stress-strain curve eq. (l). According to Petersen [6] K,F is
related to the notch geometry by

Ke=1+qQ(Ke 1) (6)

where Kg is the theoretical elastic stress concentration factor, a function of detail
geometry, and q is the notch sensitivity coefficient defined by

q= -t (7

140"

In eq. (7), @ is notch root radius and X and ¢ are material-dependent constants.

The determination of q and K¢ traditionally has been one of the problem areas in
analytical studies of low-cycle fatigue at notches. In high-cycle fatigue, where the notch
behavior is essentially elastic,KFﬁ=Kt. In low-cycle fatigue, however, it has been
consistently observed that the reduction in fatique strength shown by notch compared to
smooth specimens is not as great as would be anticipated from K¢, i.e. Kg<K¢. Raske [7]
suggests this to be due to strain gradient or size effects, although recent studies by Leis,
et al [B8] indicate that it is more likely due to progressive changes in K¢ relative to K¢
g. (5)), In any event, there is little doubt that some semi-empirical approach is needed in
order to define Kg.

nlthough Serensen [9] and others have, shown that K varies somewhat over the spectrum
of fatigue lives, it is a reasonable and simplifying assumption that Kg is constant over a
limited range of lives [27]. Moreover, in view of the unquestionably material dependent
nature of g, it seems desirable to determine the appropriate constants ¢ and X in eq. (6)
by regression analysis of data obtained from the specific material of interest. Specifically,
with a controlled notch (geometry known) and an appropriate nominal and notch instrumentation
Kyand Kcmay be found from measured nominal and notch strains and the cyclic stress-strain
curve; hence Kf from eg. (4). With Xi known, ¢ may be calculated from eq. (6). Finally,

a regression analysis of q on Xis performed, from which ¢and q are obtained. For steels with
yield strengths of around 100 ksi values of ¢= 0.125 and K= 0.75 appear to be representative,
when the notch root radius @ <0.10".

The theoretical elastic stress concentration factor K. is a function of the detail geometxy,
and is the primary mechanism for relating the highly localized material response at cracking
sites in large scale structural information. In the case of highly complex details, Kt can
be calculated by specialized finite-element methods. Twelve noded isoparametric elements
are used as described in reference [10]. Because of their ability %0 model high strain
gradients and the reduction of computer costs (due to savings in data preparation and turn-
around time) in all stress concentration problems the isoparametric elements are much to be
preferred to the conventional constant strain elements. Sensitivity studies for butt
and fillet welds showing the effects of weld geometry on stress concentration and stress
intensity can now be obtained using finite element methods. Although the results discussed
in this paper will deal only with the elastic analysis, work is underway [10] to extend
the analysis into inelastic range. This will lead to a better appreciation of the limitations
of the Neuber's rule discussed éarlier and also permit the application of elastic-plastic
fracture mechanics concepts.

2.4 cComputer Simulation of Notch Response

With the information on basic material response and a stress analysis relating nominal and
local stress-strain behavior, crack initiation can be predicted by the computer simulation
of the local stress-strain response to structural loading. This is illustrated conceptually
in Figure (2). The non-zero starting point for the notch reflects the presence of an initial
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residual stress. The hysteresis trace is obtained by scaling eq. (1) and the contrel con-
ditions for each stress-strain reversal are provided by eq. (5). Transient cyclic response
which accounts for the gradual change from monotonic to stabilized cyclic strain curve can
also be simulated. A variant of the Miner's rule [11] suggested by Wetzel [l2] is used.
Here, damage accumulation is added cycle by cycle in conjunction with eq, (2) and notch
simulation to predict crack initlation undexr variable amplitude conditions.
3. Crack Propagation Analysis

¢3.1 General Consilderations

Fracture mechanics concepts are used to study the growth of fatigue cracks., For the
design application one might assume that the crack growth begins from the very first load
cycle or that it follows crack initiation phase discussed above. In the first case the
initial crack would correspond to the maximum depth that could conceivably be missed by
non-destructive inspection methods. In the second case the initial crack could correspond
to the size at the end of the initiation phase which we have defined roughly as a semi-
elliptical flaw of 3/16" surface length and a depth of 1/16". Considering or neglecting
the initiation phase provides an estimate of upper or lower bound of the fatigue perfor-
mance. For the purpose of simplicity in the analysis and in the direction of design con-
servativeness an edge crack (a/2c ratio of zero) will be assumed,

In the following we shall assume that linear elastic fracture mechanics is applicable for
the characterization of growth rates, even for the cases where the applied stress range
approaches uniaxial yield stress. This assumption appears reasonable in view of Rice's ({13]
suggestion that the cyclic plastic zones are roughly one-quarter of the plastic zones in-
curred under monotonic loading.

Analogous to the procedure described in Figure 1 for crack initiation analysls the basic
elements of crack propagation analysis are: (a) material characterization data which yields
crack propagation law, (b) stress analysis for stress intensity factor at complex structural
details, and (c) synthesis of (a) and (b) expressed as the curve of crack depth a versus
the number of cycles N required to propagate the crack from an initial size ag to the final
crack size ag. These elements will be discussed individually. Attention shall be focused
on flaws growing from the surface; it may be expected that for pressure vessels operating
at low cyclic frequencies in a corrosive environment the growth O©f external flaws will
normally be the controlling factor in the design.

3.2 Crack Propagation Law

The simplest form of the relation between the crack size a and cycles N is specified in

terms of the growth rate expression suggested by Paris [14]

da. e
= =Ccp(akKg) JAKI=(KL)MAK—(KI)MIN

Here, Kt is the fracture mechanics stress intensity factor range, (Ky) max and (Kg ) min
are respectively the maximum and minimum stress intensity factors of the cycle and C and
B are regression constants determined from crack growth rate tests of small specimens. The
constant Cpdepends on the mean cycling stress. It might be emphasized that the growth re-
lation should be generated at cyclic frequencies and an environment similar to the antici-
pated service condition. The constant 8 has been observed to be largely independent of the
mean stress. Possibly on account of initial residual compressive stresses crack growth
rates for weldments generally have been observed [15-16] to be lower than for base material
so that the use of base material characterization data should be in the direction of design
conservativeness.
3.3 Stress Intensity Factor Calculations

The stress intensity factor depends on the crack size, structural geometry and applied

stress and may be expressed in general form as

Ky =2 Fla/w)s ST (9)

Here,F(ﬁ‘/)is a finite geometry correction factor and for the edge cracks under consideration
is a function of a/W, the ratio of crack size a to the thickness of the plate W.

Although closed form Kysolutions for applied tension or bending are available [17] in the
technical literature a special problem may arise in thelr application to structural weld-
ments. As pointed out by Lawrence [18] the cracks emanating from the geometric notches
resulting from the toes of fillet ok butt welds are subjected at least initially to highly
nonlinear stress gradients. An additional source of gradients may be the initial residual
stresses, or stresses due to thermal fluctuations. In such cases the degree of accuracy of
standard solutions is uncertain and recourse must be made to specialized methods of analysis.

(8)

Qpo Such method is based on the application of finite element techniques. Singular crack
tip core elements are combined [10] with the isoparametric elements discussed earlier in
connection with the stress concentration problemi. Kgsolution is obtained directly from the
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computer output. The only disadvantage of this method is that for the purpose of crack
propagation analysis K_ is required as a continuous function of crack depth. This means
that finite element idealization must be performed for a large number of crack depth in-
crements and the results curve fitted by a polynomifl function.

The second method although more approximate requires only: (a) the knowledge of normal
stress distribution along the plane to be traversed by the crack, (b) closed form solution
{(Green's function) for a concentrated load acting at any point on the crack surface. The
central idea here is that of elastic superposition; only the stresses relieved by crack
advance contribute to the K_ calculation. The essentials of the method are described in
reference [18], where Emery's solution [19] for an edge crack in a half-plane loaded by
an arbitrary stress field was used. In our procedure, a Green's function approach is used
to derive the stress intensity solution for a cracked plate of finite width where a trape-
zoidal pressure distribution is applied between two arbitrary points on the crack surface.
Isoparametric finite element analysis is then employed to obtain discrete values of the
stresses along the plane to be traversed by the crack in an equivalent uncracked section.
Piecewise linearization of this stress distribution enables the total stress intensity
factor to be computed as a summation of stress intensity increments, each increment being
computed from the Green's function analysis above.

3.3 Integration of Crack Growth Law

The number of cycles Np required to propagate @ crack from an initial size ayto Boma
size gmay be obtained by integra

10
Np (

Even for constant amplitude cycling, unless F(a/w) of eq. (9) is a very simple function of
crack size, the integration must be performed numerically. For variable amplitude loading
the integration is complicated by the possibility of crack retardation effects. However,
in the direction of design conservativeness, these effects may be neglected and the inte-
gration performed either cycle by cycle or in the same manner as for constant amplitude
loading but using the root mean square (rms) value of the cyclic stress fluctuation.

The selections of the "critical" crack size a = ap terminating the end of theusefulfatigue
life of the weldment deserves some comment. In weldments for which fracture toughness Kge
(or Kg sec appropriate to corrosive environment) can be measured, the critical crack size ag
can be calculated by setting Kr= Kz, in eq. (9). The stress $ would be the maximum total
tensile stress of the cycle and should reflect the contribution of initial residual tensile
stress. For small flaws plasticity correction should be included. However, for tough
materials the calculation of af in the above manner may allow crack sizes approaching the
thickness of the plate which may be unacceptable from the standpoint of excessive deflec-
tions. In such a case an arbitrary but more pragmatic approach in deflnlng "failure" may
be used. For example, agy may be selected as corresponding toAKxon a_- vs DKy materJ.al
characterization curve for which the crack growth rates become fairly large (say 10~ 1nch/
cycle). Alternatively, as in reference (18], ag may be selected as an arbitrarily small
percentage of the plate thickness.

4.0 Probabilistic Reliability Analysis
4.1 General Considerations

The fundamental concept underlying the probabilistic approach to structural reliability
is that of risk or probability of failure. When the forcing functions Sg and structural
capacity R are statistically independent random variables with known probabilistic des-
cription, the probability of failure is [20]

=h[R<S ] = 7/—;(5)@(5)45 (11
(=]

in which Fg(S) and {; (5) denote distribution and density function, respectively, of R and
Sg

F The probabilistic descriptions of R and Sg relevant to evaluating structural reliability
are seldom known in practice [21]. Although their means and variances may be available,
their behavior at the extremes of the probability distributions, which is the region signi-
ficant for computing structural risk, would probably remain undetermined, even if additional
data were acquired. Probability distributions for R and Sg therefore must usually be
selected by physical argument or for convenience. This is not a serious shortcoming, how-
ever, provided that the risks thus obtained are interpreted in a comparative sense [22] and
that the reliability model is used consistently throughout the safety analysis.

Since the random variable R (or Sg ) of eqg. (1l) is usually a function of other random
variables, i.e. R=g (¥,¥ ---.Y), its mean and variance may be determined approximately
in terms of means and variances of component variables by expanding R in a Taylor series
about the means, linearizing, and taking moments of the result. This yields [23]
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in which the bar over a variable denotes its mean value, g is variance of R and #;; is the
correlation coefficient between Y and Y; . If all Y's are mutually statistically indepen-
dent, r/j = 0. The coefficient of variation (c.o.v) ﬂ‘= O'A/Ji is an appropriate measure
of statistical uncertainty. In practice, it may be obtained [20] as {14 = I,;rz +Art ,
in which &4 is data-based basic randomness or variability and Ar is the prediction
error arising from insufficient information, relying in part on subjective engineering judg-
ment. This approach thus provides a mechanism for incorporating engineering judgment in the
reliability analysis; it is not desirable that the capability for incorporating engineering
judgment and experience be entirely removed.

A detailed discussion of probabilistic analysis of crack growth is contained in reference
[24]. A summary of the initiation analysis [25] is presented in the following.

4.2 Bpapplication to Crack Initiation Analysis
The probability distribution for crack initiation period N; is well represented by the
Weibull distribution [20]

n %
Fr[Ni’-'-"’]=F~;(")="exf'[(ﬁ) 1 (13)

in which e and/L are related to the mean and c.o.v. of N; by
ELN;T=p T (14 1/} +(14)

2 _ rgi+22)
N Tatre /e as
where E [N;] denotes the mean and J' is the gamma function.

The mean and c.o.v. of N; determined from the regression analysis of eqg. (2) are condi-
tional, since they imply that A€ is known. Since the weld geometry, applied and residual
stresses are actually random variables in practice, the notch strain, which is required to
predict crack initiation in the structural weld, is also random. Therefore the statistical
variability of A€ will also contribute to the overall variability in N; for a structural
weld. The unconditional mean of N;is [26]

£[n]=€e[E(Mi/ae)] (16a)

If the variability of A€ is not too large, we may assume that E[E(N; /ae)] = E[N; /a€ ]
where E[N;/AE] is obtained from eq. (2). The unconditional variance of N is [26]
Var (N;) =€ [Var(N; /ae) ]+ Var[e (N:/M)] (16b)

The first term is the "average" variance of N; when 4€ is known, which is found from the
scatter about the A€ vs. A; baseline data shown schematically in Figure 2. The second term

is the contribution of additional variance to N; from statistical variations in A€ that arise
as a result of variabilities in notch geometry and residual stress. Using eq. (12) and
noting that [L, is very small for a given class of steels, the uncertainty in N; is

2 2 / 2
Ny = Sy, + i “tae (17)
where JN'. as well as m are evaluated from the baseline data (represented by eg. (2)) and

flL,g is uncertainty in notch strain range. The Weibull shape factor ¢, can then be deter-
mined from eq. (15). Note that eg. (17) enables the variability in fatigue performance of a
structural weld to be evaluated in terms of uncertainties in small specimen fatigue test data
and variabilities in weld geometry. The notch strain would be a function of K¢, 4§, and
residual stress. Consistent with the first-order approach, its mean A& is found from the
deterministic crack initiation analysis discussed above. Its uncertainty, assuming stress
and strain to be perfectly correlated through the stress-strain curve, may be shown to be
(approximately)

2 2 2 2 v
e ~ 3[4 (D Wops) e g | r A (182)

in which Ly, , f145 and flq;, max are uncertainties in K¢ , 45 , and maximum notch (residual)
stress and 4eg represents the prediction error in the analysis used to determine A€ . The
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uncertainty ian may be further broken down according to eq. (5) and (12)

Ke V2 2 2 2
D= (VEE)T 8¢+ (ke-1) ag (160)
where JKg would represent data-based variability in the notch geometry and Aq_ the prediction
error in determining q .

The probability of initiating fatigue cracks during the design life ND can be found from
eq. (13). Conversely, a cycling stress level can be chosen so that the risk Pp= PN £ Ny )
of indtiating cracks in ANp is acceptably small. Specifically, given C and M of eq.{(2}and

.‘Nl

ae(pp) = c[;}—o log ( /'-"7-‘,)'/““ ]m (19)

Although the above analysis is applicable to the case of a single crack the probability
of a number of cracks during the specified design life can also be calculated [25]. This
permits the design estimate of the "size" effect i.e. the dependence of the initiation
probability on the length of the weld.

5.0 Illustrative Example

Figure 3 shows an untreated butt weld for which predictions are to be made for crack
initiation and growth under constant amplitude cycling. Parameters which describe the
geometry of the weld are shown in Figure 3a. The weld contains a stress raiser in the form
of an undercut of depth ay and root radius @ . Crack growth is assumed in the direction of
plate thickness leading to crack depth ag measured from the top of the plate.

Figure 3b shows finite element idealiZation for W = 1.0 in., a, = 0.025 in., Tw =1.154 in,
6 = 30%, and @ = 0.005 in. For the case of remote axial tensile stresses to obtain the
stresses, only one quadrant of the joint is idealized. The analysis is first performed to
obtain the stress distribution for the original undercut geometry. For this purpose 22
elements and 141 nodes are used. Stress intensity factors Ky calculations for cracks origi-
nating from the weld undercut require a circular core tip element and a total of 26 elements
and 170 nodes.

Figure 3c shows the normal stress distribution (in S - direction) inward from the toe of
the weld. The stresses are normalized with respect to the applied stress indicating stress
concentration Ky = 7.49 at the toe of the weld.

Figure 3d shows the comparison of stress intensity calculations for cracks emanating
from the notch for a unit applied stress (S = 1 ksi) using three methods. The first is
based on the finite element ideallzations and is considered to be most accurate at least
for very small flaws in the root of the notch. The second is the Ky analysis for a semi-
elliptical surface flaw in flat plate under tension propesed by Shah and Kobayashi[27] and
assume that a/2c ratio=0. The solution takes into account finite thickness of the plate. The
third is based on the formula Kz=1.125 frra. , which is considered to be valid only for
shallow two dimensional edge cracks [17]. The results appear to be essentially the same
except for very small flaws, where the finite element method which considers stress concen—
tration effect of the initial notch indicates higher values.

Figure 4 contains the results of crack initiation and growth computations for 80 ksi
yield strength weld idealized in Figure 3. For K¢ = 7.49 obtained from the finite element
analysis and the material notch sensitivity parameters ¢ = 0.0125, A = 0.75, q and Kf of
0.335 and 3.17 are obtained respectively from eq. (7) and eq. {(6). The notch simulation
analysis for specifiedAS is started assuming a initial residual tensile stress of 40 ksi.
Because of the high stress concentration,yielding will occur at the notch after the first
excursion, even for small values of AS. Thereafter the mean stress will relax toward zero
and the notch stress-strain hysteresis will approach one of fully reversed stress with
Ouax = - O min = 80 ksi . For any Kf and A4S, the notch strain range A€ can be calculated
from the stabilized cyclic stress strain curve (eq. 1) in accordance with the scheme of
Figure 2. For example with AS = 46 ksi and K¢ = 3,17,4€= 0.0058 and #, = 20,350 cycles. It
should be noted that 4€ and hence N; are calculated for a fixed product Kgo s . This
permits design sensitivity comparisons between a severe stress concentration (high Kg ) and
low 4S or high 4 S and a mild stress concentration (low Kg ) which could be achieved by
appropriate weld treatment.

Crack propagation analysis is carried out using Cp = 1.5 x 10-9 and/A4= 2.5 from Barsom's
data [28] for B0 ksi yield strength mdterial in air environment. Numerical integration of
eq. (10) uses thé shah and Kobayashi formula for Kr; since the formula underpredicts K1 for
very small cracks emanating from the notch the crack propagation results are likely to be
somewhat unconservative. Improvement in the analysis could be expected by using a polyno-
mial function representatian of the finite element Kr calculation. Figure 4a shows the

curves of crack depth a vs number of propagation cycles Np for two initial flaws a,The first

corresponds todg=@y; ;the undercut is treated as a sharp crack. The second corresponds to the
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initial depth ofas=ay,+ 0.0875"; the fatigue crack propagation
is assumed to commence after N; cycles required to initiate the crack from the weld undercut.

For both cases it is assumed quite arbitrarily, that the "failure" N = Np occurs when the
crack reaches the depth of 0.325 in. Judging from the rapidly increasing slope of a vs N
curve in Figure 4a the useful life remaining for a > 0.325 in. can be neglected.

The results from the crack initiation and growth analysis are summarized in Figure 4b
where four curves of S vs N are shown, each curve corresponds to a different definition
of N. 1In the first curve N = N; ,i.e. crack propagation life is neglected. In the second
curve N = N; + Np where the number of cycles corresponding to crack initiation is added to
the number of cytles required to propagate the crack from an initial depth @4 =au+ 0.0875
to an assumed "critical" crack of 0.325 in. This is consistent with our definition of crack
initiation in baseline which implicitly recognizes some growth from the surface. Ignoring
the crack initiation phase entirely leads to N = Np shown in curve no. 3. An upper bound
on fatigue performance is obtained in curve no. 4 which assumes N = N; + N, Moweverin con~
trast with curve no. 2 N, is defined as in curve no. 3. At the end of the initiation life
N; the depth of the initial crack is assumed to be negligible. As can be seen from this
example even for a very sharp notch the duration of the crack initiation phase can be a
significant proportion of the total fatigue life.

In the first-order probabilistic assessment of crack initiation, it is assumed that the
foregoing deterministic analysis is sufficient to relate the mean values of the various
parameters, while the uncertainties and design risklcan be computed according to egs. (17),
(18), and (19). It is assumed that the uncertainity in load is fl45= 0.05 from past service
records. Because notch cycling takes place in the plastic range,ilakgﬁo.o,with Cpox =
-Opyn = B0 ksi. Using eq. (18b) and supposing thatdg.= 0.11 from notch measurements and
Aq 2~ 0,025 (subjectively),!lgi= 0.10 and thusflse = 0.18 from eqg. (18a). The uncertainty in
the baseline crack initiation data, SN;is 0.30, which is computed from the experimental
scatter about the regression line given as eq. (2). Egs. (17) and (15) yieldJlN;= 0.63 and
N = 1.64. With the parameter &ydetermined and with A€ related to ASthrough the determinis-
tic notch simulation analysis described above, eq. (19) a@an be used to determine the rela-
tionship between K¢, 4S, P, , and Np. This relation is illustrated in Figure 4c. Although
plotted as £, vs AS to establish correspondence with Eigure 4b, curve 1, a general relation
between KgAS and Pp can also be established which allows tradeoffs to be made between design
rigk, structure life, allowable stresses, and weld treatments [25].

6.0 Summary

A comprehensive approach to low cycle fatigue assessment of structural welds based on the
utilization of small specimen data and structural analysis is presented. The analysis is
based on the prediction of crack initiation, and crack propagation at stress raisers.

Finite element methods are used to estimate stress concentration and stress intensity
factors at complex weld geometries. Because of the statistical variability inherent in the
material characteristics, weld flaw geometry, and the load spectrum, probabilistic analysis
is also included.

The methodology presented in this paper will prove useful for the selection of design
stress levels, and establishment of weld acceptance standards.
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