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ARSTRACT

Fatigue is a major faflure mode in marine
structures which respond dynamically to random
wave and wind Toading. Oscillatory stresses
produce fatigue at points of stress concentra-
tion, typically the welded joints. Because all
fatigue design factors are subject to significant
uncertainty, a reliability approach to manage-
ment of such uncertainty seems appropriate,
This article summarizes some studies in fatigue
reliantiity research and demonstrates how relia-
bility wmethods can be effectively utilized by
designars to avoid fatigue m marine structura?
components.,  Included are (1) a description of
fatigue damage under variable amplitude stresses
employing the characteristic S-N and fracture
mechanics models, (2) models for reliability
assessment relative to fatigue and the use of
these models to derive design criteria, and {3}
an elementary application of system fatigue
relfability analysis to establish component
design criteria.

INTRODUCTION

In general, reliability methods seem par-
ticularly appropriate for application to the
marine structure design process because of
uncertainties in the ocean environment and the
histoerical wuse of statistical descriptions of
that environment. But, structural component
strength {particularly fatigue} data have consid-
erable scatter. Thus, both structural loads and
capacities are subjected to uncertainty,

Summarized in this paper are considerations
of reliability analysis to fatigue in marine
structures. Specific goals of such analyses are
(1Y reliability assessment of an existing or pro-
posed designs and (2) development of fatigue-
avoidance criteria appropriate for inclusion in
design criteria documents or codes. Demon-
strated are how relfability methods can be used
as an effective design tool., It is implicitly
assumed herein that fatigue wili occur at welded
joints, but the models are generic and couid
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Recommended as general references are the
Fatigue Handbook [1] publishad as a Norwegian
effort, an "encyclopedia" of tubular joint design
by the British [2], $5£-319 by Munse et al, [3],
SSC-3726 by Burnside et al. [47, a paper by
Marshall and Luyties [5], and & book by Gurnay
rel.
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FATIGUE STRENGTH: ELEMENTARY ENGINEERING MODELS

The characteristic S-N curve

NSM = A S>0 (1
is commonly empleyed te describe fatigue
strength of structural components, where m and
A, determined empirically from constant ampli-
tude S5-N data, are the fatigue strength exponent
and fatigue strength coefficient, respectively.
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Fig. 1 Two-segment 3-N curve

The fracture mechanics fatigue model s
described in References [1], [23, and [7].
Assume that the crack propagation law 1is as
defined in Figure 2. The Paris law is assumed
to be valid for subcritical crack growth; K. is
fracture toughness and aKyy is the threshoid
stress fintensity. Furthermore, we now assume
that stress 1is a random process. Assuming an

"eqiiivaient stress" approach and after some
analysas, it can be shown that [7]
af
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where a = crack depth; ag and af = initial crack
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Fig. 2 A model for fatigue crack growth

depth and crack depth at failure, respectively;
Y is the geometry factor; and

G(a) = Sola) ST o= E(sM) (3)
Sm
ST = sMfg(s)ds
sofa)
- AKIh
Sofa) Y(a)/va |

By multiplying both sides of Eq. 2 _by SM,
the characteristic $-N form of Eq. 1, NSMm = A
results; SM = (S.)M, where S, is equiva]ent
stress and A is a function of all of the parame-
ters in the crack growth law, Thus, the frac-

ture mechanics-based fatigue crack growth law
can be cast in a characteristic S-N format.

FATIGUE DAMAGE UNDER VARIABLE AMPLITUDE LOADING

Assuming that fatigue strength is defined
by Eq. 1 and that Miner's rule works, fatigue
damage D can be written as

D= B eme(sm) | (4)

whare S is a random variable denoting estimated
stress range for a single cycle, n is the total
number ¢f cycles applied, and E(+} 1is the
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expected value, B is dintroduced as a bias
factor on stress range in recognition that the
actual stress differs from the estimated stress
because of modeling error resulting from
assumptions made in the stress analysis. The
event of failure is defined as D » 1.

It is convenient to write D as

_ TBhg
b= 7 (5)

»

where T = n/fy is time of exposure, f, is the
Tifetime average zero up-crossing frequency of
the stress range, and o = foE(SM) is the stress
parameter, Models which are routinely employed
%y th$ marine industry are summarized in Table I
8, 9].

Fdmiia soaDAann—an =
tigue assessment and

The distribu-

for S is commenly
a

criteria.

py
=]
=
Y
=
>
(3]
ot
—
(=3
>
s
v
-

[sf
)

Fs(s} = 1 - exp s >0, (6)

where £ and ¢ are the Weibull shape and scale
parameters, respectively. This model idealizes
the long-term distribution of stress range.

By defining a "design" stress S, as

P(S > So) = R (7)

where Ny is the total number of cycles in the
service life, 5, is then the value exceeded by S
on an average of once every N7 times. The scale
parameter & can be written in terms of S5, ¢,

and NT as
§ = Sglen NTI7U/E (8)

The Weibull distribution function is plotted
in Figure 3 in a form useful for designers. A
key role is played by the shape parameter which
describes implicitly both the environment and
the structural system £. Some typical values
are ¢ = 0.5 for Gulf of Mexico platforms, £ =
0.5 to 0.7 for template platforms outside the
Gulf without significant dynamic amplification,
and £ = 1.0 for semi-submersibles and gravity
platforms. Figure 4 (from Munse et al. [3])
shows £ = 0.7 to 1.3 for hull girder stresses in
ships (which, a5 a warning, may not be directly
related to the most troublesome fatigue failures
in ship structures),

FATIGUE DAMAGE: PIECEWISE LINEAR S-N CURVES
Damage expressions of Eq. 4 and 5 depend
upon the assumption that fatigue strength is
defined by Eq. 1, But the two-segment S-N curve
of Figure 1, which provides an improvement in
fatigue strength at lower stresses, is specified
by API [10] and the UK DEn [11J. Extrapolation
of NSM = A into the high cycle range produces
conservative results. Differences 1in damage
estimates hetween the two-segment and linear



Table I, A summary of the expressions for fatigue damage.

Fatigue Damage at Time T

b= TBMg/A
where
m, A = parameters from S-N curve (Eq. 1}
B = factor to account for uncertainties in estimating fatigue
stresses from oceanographic data
Q = foE(S8M), stress parameter

Stress Parameter Using Various Approaches
to thie Stress Distribution

» Wave Exceedance Diagram (Deterministic Method)

2 = fo%CfST

fq = average frequency of stresses

S5 = stress range

ci = fraction of total stress ranges of §j

» Spectral Method (Probabilistic Method)

g = AT (/2 + Viyifios

Alm} = rainflow correction }8, 9]

r{(-) = gamma function

yi = fraction of time in ith sea state

3 = frequency of wave loading in the ith sea state

si = RMS of stress process in the ith sea state
* Weibull Model for Stress Ranges

! = fuSmen NT]_m/Er(m/E + 1)

Sm = largest "once in a lifetime" stress range

£ = stress range parameter

Nt = total pumber of stress ranges in design life
. No]te—Hansfoéd Model [39] {Extension of the Weibull Model)

o = 8" r(mp/g + 1)

Terms same as Weibull except ¢, ¢ = parameters from empirical
equation § = ¢H¢, where H is wave height
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cases were studied in an unpublished article
[127 and ars summarized as follows.

Assume that the long-term distribution of
stress ranges, S5, is wWeibull (Eq. 6, 7, and 8L
Given the form of Figure 1, it can be shown that
fatigue damage for the two-segment case is

D = 4D , {9}

where A is the bias factor given as

AST-T (b, 7)

Ny y(a, z) {10}
where
¥(a, z) = r(ra,az) : z = (Sq/8)%
(1
. m = L
a s g + 1, h : + 1

T{x) is the gamma Functior, and rfa, z} and ry(a,
z) are incomplete gamma functions (integrals =z
to = and 0 to z, respectively).

Two  exanples are praseated in Figure 5
(bias factar for UK DEr-T curve) and Figure 6
{hias factor for API-X curve).
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Fig. 6 Bias factor for API-X curve

In summary, it can be seen that for a well-
designed joint (i.e., assumed to have 5, = 60
ksi), the reduction 1in damage implied by the
endurance 1limit of the API-X curve is modest,
On the other hand, reduction in damage from the
linear case implied by the high cycle segment of
the UK DEn-T curve can be as high as 20% for
the same joint.

Described above were engineering models of
fatigue. Now, attention will focus on the prob-
ability problem 1in which uncertainties in the
fatigue analysis processes will be translated
into random vartahles of the design factors in
such a way to make reliability assessment trac-
table.

FATIGUE RELIABILITY MODEL: SSC/MUNSE

The model used by Munse et al. in S5C-318
f3] for reliabilfty assessment relative to
fatigue in a component was originally derived hy
Ang [13]. The development of this model is well
documented [3, 13] and only a summary is pro-
vided here,

Let N be a randem variable denoting cycles

to failure, Assume that N has a Weihull distri-
button. The shape and scale parameters are

R u
= CRH® v N ) (12)
rj= + 1T
o



whers Y is the mean life obtained from a least
squares analysis of fatigue data and Cy is the
coefficient of variation (COV) of cycle 1life,
A11 uncertainty is included in Cp:

Cy = [€3 + m2c§ + cplirz (13)

where all C's are COV's., Cg accounts for stress
modeling error, C¢ for workmanship uncertainty,
and C¢ = /5f2 + Afz. df and Af are COV's repre-
senting scatter jnherent in S-N data and uncer-

tainties in Miner's rule, respectively,

Miner's rule is assumed, which implies that
E(S™) = AfuN. Then it is easily shewn that the
probahiTity of faiture at the service life Ng is

C&l.DS
NGE(SM)T{1 + Cj2-08)
f=[5( 2 ] .

The use of this form to derive design ¢riteria is
demonstrated below.

FATIGUE RELTABILITY MODEL: API/WIRSCHING

To derive an expression for reliability rel-
ative to fatigue, Wirsching [8, 14] used the
simple Tognormal format for multiplicative limit
state functions. A fundamental difference
between the Munse and Wirsching approaches is
the use of the Weibull and lognormal distribu-
ticns, respectively, for N. The lognrormal model
is also well decumented, A summary follows.

The fatigue strength coefficient A s
defined as a random variable describing the in-
herent variability of the fatigue strength, The
median A defines the median S-N curve, and the
CoV, Cp, is the COV of N given S. Bias and
uncertainty in Miner's rule are defined by &,
the damage index at failure; the event of fail-
ure is (D » A}. B was previously defined to
describe stress modeling error. A, B, and A are
assumed to have lognormal distributions with
medians (&, B, A) and COV's (C,, C,, C,), respec-
tivel a® "B A

Y.

The probability of failure is

pe = #(-8) , {15)

where &(:) is the standard normal distribution
function and g is defined as the safety index,

(/T
o = TS (16)
Iom T

where Tg is the service life and T is the median
time to faflure,

PR

T= 2 17
BMg ()

and

od, 1 = Sal(1+ )1+ )1 + CG)™) . (18)

The Munse model and the lognormal format
are elementary relfability models, hut more
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sophisticated apprecaches have been developed.
For example, Madsen [29, 301 employs advanced
reliability methods with a more general descrip-
tion of the fatigue limit state along with a
more detailed and accurate description of the S-
N statistics defining fatigue strength.

STATISTICAL DATA: EXAMPLES

Examples of supporting data for the relia-
bility models are provided in Tables II-IV. The
S5-N fatigue data of Figure 4 are analyzed using
a2 least squares model on a log-Tog basis. The
relatively Tlarge COV's associated with cycle
life demonstrate the high level of uncertainty
in fatigue design factors, thereby supporting the
¢laim that reliability methods are particularly
relevant for fatigue,

Exercises which have attempted to quantify
stress modeling errors (the random variable B}
are summarized in Tahle IlI. The figures in each
example, provided by expert testimony and some
data, are highly dependent upon the nature of
the system and how the amalysis is performed.
Therefore, the figures should not be used by
themselves  without knowledge of relevant
details. It 1is interesting to note, however,
that there is some coherence in these numbers.
Designers seem to believe {a) that there is a
slight conservative bias to stress analysis and
(b) that uncertainties may range from about 20
to 50%, with lower figures typical of static
designs.

Strength madeling error (the random vari-
able A} is measured from random fatigue testing.
Because fatigue behavior is influenced by so
many factors, it is difficult to interpret the
meaning of each result in the summary of Table
Iv. These figures also contain variability in-
herent in the material. But, again, there seems
to be some coherence to the values, A slight
non-conservative bias is suggested by recent
tests an welded detail, and uncertainties of 30
to 60% seem to be typical.

DESIGN CONSIDERATIONS

Example 1

Reliability assessment of a component is
possible using the Munse or lognormal form (Eq.
14 and 15). These equations can also be used to
establish design criteria. As an example,
assume that the stress distribution s Weibull
{Eq. A-8). Using the value of 0 from Table I, a
maximum allowable design stress can be derived
3]

So(SN.]I)'RF’ (19)

where

SN = (A/Ng)1/M, mean fatigue strength

at service life, Ng (20)

v = [P Ns]l/ﬁ fr(1 + m/g)}‘”m,
random load factor

and



Tab]e II. Examp]es of statistical data on S-N curves.

Madian of A cny of N
NSM o= A m & {MPa/ksi) CN (%)
WRC data from RP2A 9
(1982) commentary [10] 4.38 2,46 T 4,60 E12 73
API-X [1i4] 4.42 136
Butt Welded Joints
Munse at al. [31 2.88 9.67 E11/3.72 E9 50
UK DEn S-N curves
for welded joints [11]
B 4.0 2.34 E1571.04 E12 44
C 3,5 1.08 £14/1.25 E11 50
D 3.0 3.99 E12/1.21 E10 51
E 3.0 3.29 E12/1,00 E10D 63
F 3.0 1.73 E12/5.28 E9 . 54
F2 1.0 1.23 E12/3.75 E9 56
G 3.0 5.66 E11/1,73 E9 43
W 3.0 3.68 E11/1.12 E9 a4
T 3.0 4.79 EY2/1.46 E10 67

*It is easily shown that €n = Cp.

Table III. A summary of some efforts to quantify madeling error in
stress analysis; the random variable B

Bigs  COV
Study (8) {%) Comments

Load and resistance factor Live Toad effects for floor
design (LRFD) for onshore - z4 beams; a "small" part is
construction [15] ebjective uncertainty
Naticnal Bureau of Standards
SP577 providing background . 20 Maximum 1ive load for a
for ANS A58, "Building Code 50-year reference period
Reqmrements . . 18]
LRFD proposed for offshore Maximum design load effect
construction; Project 0.70 37 for fixed offshore
API-PRAC-22 [17] structures
::321}ngir;(:‘rafoq]gi(treme Using design wave approach,
average conditiorﬁs 1'_n’ the -- 34-45 the uncertainty on the
Morth Sea: NTH ﬁ:t:ew{eh}ﬁe-tme force
Trondheim 18] e e
ABS survey to estahlish .
modeling error associated E:)?ns ivtat1eliae iielnzcr?dcot;lysetrhz—
with design Toads for 0.90 25 ti mth the 0.70 act 1"']
cylinders and pantoons ; ve than the ©./U actually
for TLP's [19] ound in the survey
Study of fatigue stress COV seems low and out of
modeling error for offshore 0.84 14 Jine with other
platforms by DnV [20] experiences
Study of fatigue stress A major contributor to COV;
modeling error for offshare uncertainty in desecription
platform; API fatique 0.70 50  of sea state has strong
reliability project influence on fatique
API-PRAC-15 [8] stresses
S5C-322 extreme wave and . These figures do not include
whipping laads of ship -- 25-30 uncertainty in stress
struc‘rures r21] calculations
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Table 1V, Examples of statistical data on damage at failure, a.

Shin and Lukins F22] Survey of var1ab1e amplitude
£ 0.90 0.67
atigue data
Schutz [23]: Survey of random tests 1,00 0.60
Large quasi-static mean load changes 0.70 0.60
Schilling et al., [24]: Full-scale cover-plated 1.15 0.48
steal beams : "
rac, l .
uurney L£D ]! g tudinal non-load carry1ng
fillet welds 7.85 2.28
Eide and Berge [261}: Non-load carrying fillet welds 0,78 0.19
Berge and Eide [27]: Non-load carrying fillet welds 1.06 0,40
HoTmes and Kerr [28]: Cruciform specimen 0.69 0.61
L JL/m p= LML), (22)
Po CN Munse reliability n T
RF = r{l + C1 05 factor Requiring that g > gp, the target safety index,

the requirement for a safe design can be written

1
l 1 /m Tognormal relia- as
B |e xpfﬂoozn T bility factor ) _
B < A . (23)
expiﬂoci
To develop a convenient design equation
where p, and By are the target pf and safety . = *
index. resnectivg]n which must be specified. consider a factored form of D, Let the design
y " ” " S-N curve be a lower bound specified by Ay, as
Examples of the use of the Munse and log- shown in Figure 7. Define the scatter factor

normal formats are given in References [3] and
[8]. Because of the relatively "strong" left
tail of the Weibull distribution for N, design
stress ranges S, of the Munse critarion are
smaller than those of the Tognormal format and,
sometimes, much more so. A study of the distri- Range,
bution of fatigue data in welded joints has indi- S
cated the lognermal to be generally a better

mode! for N than the Weibull {31]. But it would

be premature to suggest that the lognormal

format provides improved design criteria.

(24)

Stress

Probability Density
Function of N
Given S

Example 2

Frequently, design criteria documents spec- fe
ify a maximum allowable damage at failure i1ag)
defined as a target damage ratio, aq. A (1og)
restatement of the form of the Tognormal .
approach can produce a Ay having a probability Cycles to Failure, N
basis T407.

0.025 2909 A

Fig. 7 Definition of the 5-N design curve

Noting from Eq. 5 that median damage at

i ife Tg i . .
service Tife Tg is The relationship between A and the coefficient

- Tsémn on of variation of cycle life is given as
F A= exp(2cs£n A) (25}
it follows from Eq. 16 and 17 that where

!
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= VPR ¥ L) . 26 Table V. Reference data for calculation of
" A " W (26) target safety index [40].

From £q. 23 and 24, m 3.0
b= (BIH/A)DO s (27} CA* 0.50
where it 1.0
Do = Tse/fo - Cy 0.30
Dy is nominal damage (damage as would be com-
puted by conventicnal design  procedures). 8 9.90
Finally, the safety check expression can be :
derived from Eq. 23-28 as Cg 0.25
Do € 249 {29}

*Equal to Oy, the COV of cycles to failure.
where the target damage ratio ag is

by = ——2b (30)
B . exp{rgyo) 400 200 160 50
1 I |

As an example, consider the statistics in Table
V. These values were assumed to be "reasonable” 51
for development of TLP design criteria [327].
Upon substitytion into Eq. 30, a plot of a4
versus g, can be constructed as shown in Figure
8. Upon selection of an appropriate target 4 -
safety index 8g, the value of 45 can be estab-
tished. An example of design criteria for deck
anrd hull structural detail for TLP's is given in

T
Target Safety Index of Cocmponent,

Table VI. Selection of gy is influenced by con- rEe h
siderations of importance and inspectability.
ELEMENTARY CONSIDERATIONS OF SYSTEM RELIABILITY 2r
ANALYSIS: TLP TENDONS

Ultimately, it 1is hoped that technoloegy [P T R b by ] g
will be available to perform (a) reliability .02 .05
assessments of a system of compeonents or (b) 0.10 0.20 0.50 1.0
given the target reliability of a system, derive Target Damage Level for Component, A
compenent requirements. In general, the system 0
reliability probiem 1is extremely complex [33, . .
34, 35]. Stahl and Geyer [36, 37] have Fig. 8 Exampje: The target safety index as a
addressed the tendon system reliability problem function of the target damage Tevel
considering both ultimate strength apd fatigue. for a component

Table VI. Example: Fatigue design criteria for TLP deck and hull structure,

Target Safety Target Damage
Index, g Application Level, Ay

The structure is redundant and cracks
are easily inspected and repaired;
2.0 used for deck structure, muting joints, 0.55
main body of cylinders and pontoons,
and production risers

For redundant and non-critical
Z2.5 structure which is non-inspectable, 0.35
i.e., non-inspectable deck structure

The structure is critical and, while
inspection is possible, repairs are
3.0 expensive; used for pontoon/ 0.22
cylinder interface, main braces,
and for tension pile pullout
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In the exampls which follows (a summary of
F40]), TLP tendon fa%tigue design criteria are
derived based on a host of simplifying assump=-
tions.

4 TLP tendon model dis shown in Figure 9.
It is assumed that (1) each tendon has n “"compo-
nents" or fatigue-sensitive points, (2) the axial
force throughout the tendon fis uniform, (3)
fatigue will be the principal failure mode, (4)
stress corrosion effects are ignored, and (5)
there is no effective inspection program.

B s L il
-l

S
Fig. @ Model of a TLP tendon

Let 5 denote the stress in a tendon and Rj
denote the strength of the ith element. The
event of failure of the ith component is

Ei = (Rj < S) . (31)

4o - L s e -t N
lity of failure of the ith component

The prababf
is

pi = PRy < S) . (32)

The tendon then is a simple series system aof m

L.UIIiiJUIIt:IIts-
dent, an upper bound on the

probability of
tendon failure is [33]

Py < np; . {33)

P = fs(x)FR(x)dx . (34)
where 0
FrR(x) = 1 - [1 - Fpy(x)In. (35)

FR1. and Fp are the distributions of component
and tendon strength, respectively.

For fatigue, it is shown in Reference [38],
using the lognormal format, that
S = BgSe/al/m (36)

40

(A/Ns)l/ﬂ"
1 BC,f ) (37)
where stress modeling error B is separated into
components Bg for the structure as a whole and
Be,i for error which varies from compenert to
component., Characteristic statistics based on
re Lz, = 0.20 and C5 = 0.23 [38].

Using these values, the relationship
between component and system probability of
failure is illustrated in Figure 10 for both the
dependent fajlure mode case {Eq. 35} and the
upper bound (Eq. 33). The safety index is re-

lated to pf by Eq. 15.

g+ P
1 ,.-1a
- (17
6 1077
] -2
- -t
- =
5
N c
. =4
7 E
5. 8
4] Upper Bound Solution;
3 Eq. 12 {Independent Ei)
] Dependent Failure Events;
- Cp = 0.20, Cg = 0.23
] R, S lognormal
37
] 40wt 0 g
a1l | H 1 |
i]lIIiliiliillllilllllll‘l|l|1||[r
2 3 4 5 BSS

Series System

Fig. 10 Component reliability as a function of
series system reliability; k elements

Using these results, Eq. 30, and the values
in Table V, the target damage level Aq can be
derived as a function of the specified target
safety index for a tenden gT and the number of
Joints.  Superimposed on the results (both the
upper bound and dependent case) presented in
Figure 11 is the recommendation of a5 = 0.10 by
the API Tendon Systems Design Task Group.

Conclusions from the exercise are that (1)
ag 15 not a strong function of the number of
components and (2) the upper bound solution pro-
duces only sTightly conservative requirements.

Finally, it should be noted that specified
target reliabilities relate to service lives.
When, for example, the target tendon reliability
is specified as gr = 3.0, this value applies at

time t = Tg. For all t < Tg during the service
Tife, the actual reliability will exceed 3,0,

By direct application of the 1lognormal
format described earlier, component reliability
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Fig. 11 Target fatique damage level as a func-
tion of number of joints in tendon

g, for any time can be formuTated as

, La(t/Tg)
B{t) = gy - =, (38)
T
whare g aT is given by Eq. 18, For the values in
Table WV, ¢ = 0.925. The re1at1onshtp
R S 7 N PGl FIET.
between risk” and operating time of L.q. 38 is

presented in Figure 12 for this wvalue. This
figure illustrates a rather dramatic degradation
in structural integrity due to "aging." It also
suggests conservatism in the way fatique
requirements are constructued; i.e., when relia-

hility cnarificatinne arn +arantnd +
CHiILY sSpecrricatiions are targeted U

n tha carvirn
VoL aTi Vil

life, a higher reliability is realized during
operation.
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Fig. 12 Degradation in reliability as a function
of time
CONCLUSIONS

Reliability mathematics can he useful as a
teol for managing the Targe uncertainties asso-

a1

ciated with fatigue, thereby providing designers
with a sound basis for decision making. Summa-
rized in this paper are elementary methods of
reliability assessment and design code develop-
ment relative to fatique. Research efferts con-
tinue worldwide on this important topic.
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