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1.0 INTRODUCTION

Cyclic loading causes fatigue cracking in a shipls welded

structural details. If these details are not designed to resist

fatigue cracking, the ship’s profitability may be affected by

repair costs and its economic life shortened. Fatigue cracks,

for instance, may lead to fractures in shipls primary hull

structure, an event resulting in catastrophic failure. It is

therefore necessary that structural designers use techniques for

minimizing fatigue damage and ensuring structural integrity for

the shipls intended service life.

One technique for predicting and assessing fatigue cracking uses

empirical data derived from laboratory tests of representative

structural details. After details undergo fatigue tests, test

data are analyzed in terms of stress applied to each detail and

the number of cycles required to reach failure. The test results

are commonly referred to as S-N data and are presented in S-N

curves.

This report presents a set of S-N curves for typical

structural details. The S-N curves are reduced from

data base described by Munse et al. in SSC 318 (l-1)

welded

an extensive

and Lawrence

et al. in SSC project SR-1298 (l-2). To provide data that are

independent of method and compatible with cumulative damage

assessments, the S-N data are presented in graphs and tables as

well as in S-N curves. Fatigue loading and factors affecting

fatigue response are briefly discussed as preliminary guidance

for the designer. For those interested in developing fatigue

loading stress curves, supporting literature is cited. Examples

that illustrate the relationship between the S-N data and

structural details are provided. For all sets of S-N curves,

however, the designer’s knowledge of fatigue response and his

engineering judgement are critical to identifying the proper S-N

curve for each application. A correction for detail members

thicker than one inch is recommended. The reanalysis and

development of S-N curves is presented in Appendix A; development
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of thickness correction in Appendix B; and a glossary of terms in

Appendix C.
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2.0 FATIGUE IN SHIP STRUCTURAL DETAILS

Throughout its service life a ship experiences environmental

loading which causes cyclic stress variations in structural

members. Those variations can cause fatigue cracking in welded

structural details if the details are inadequately designed. A

fatigue assessment, supported when appropriate by fatigue

analysis, should ensure that structural members do not lead to

catastrophic failure. Fatigue-critical locations have been

identified in a survey of standard structural details by Jordan

et al. in SSC 272 (2-1) and SSC 294 (2-2). Stambaugh (2-3)

presents fatigue- critical locations for special details that may

lead to fracture. Fatigue analysis should be considered for

these locations and wherever special or new details are

introduced in the shipts primary structure.

2.1 FATIGUE STRESS IN SHIP DETAILS

2.1.1 ShiB Hull Girder Loadinq and Resultinq Stresses

Hull loads from waves and other sources must be transformed to

stress distributions in the structural detail. Because it

depends on the type of ship and operational environment,

predicting and analyzing fatigue stresses is complex. The

designer must estimate the magnitude of the stresses and

determine their impact on fatigue response.

In a ship’s steel structure, stress cycles are generally caused

by the seaway and by changes in still water bending moments.

These loads produce bending stress and shear stress in the ship!s

hull girder. These global stresses are illustrated in Figure 2-1

for a typical tanker where vertical, lateral, and torsional

bending combine in the primary structural members. Local

stresses caused by changes in hydrostatic pressure and local

loading from cargo or ballast are also superimposed on the hull

girder. If pertinent to a particular ship, other loading from
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dynamic effects, stresses from thermal differences in the girder,

and residual stresses should be considered in the fatigue

analysis.

Global loads are distributed through plates, girders, and panel

stiffeners, all of which are connected by welded structural

details that may concentrate stress.

2.1.2 Characterization of Stress for Fatiqu e Analysis

For the S-N curves in this report, stress is defined as the

stress range (double amplitude) in the location of the weld in

the absence of the weld. The overall geometry of the weld need

not be considered unless there are discontinuities from overfill,

undercutting, or gross variations in the weld geometry. The

relevant stress range is the nominal stress range, which must

include any local bending and stress concentrations caused by the

geometry of the detail. In load-carrying fillet-welded joints or

partial penetration joints, the maximum shear stress range may be

used for the S-N curve that is developed using this definition.

Finite element techniques predict stress in complex ship

structural details that is compatible with the S-N curves

presented here.

Stress associated with the physical geometry in structural

details can be estimated by parametric approximations of stress

concentration factors or for complex geometry associated with

ship structures by finite element analysis as illustrated in

Figure 2-2. The application of the finite element technique to

ship structural details is described by Liu and Bakker (2-4) .

Loading and resultant stresses are random and combine complexly.

Because the nature of loading may vary with each detail of the

same ship, a probabilistic approach is often used to characterize

the long-term stress response distribution. The distribution is

first developed by combining probabilities for each load and

corresponding stress state. Then, the stress response transfer
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function is predicted for the individual load cases; and,

finally, the distribution of joint probabilities are combined

based on the probability of occurrence of each sea state. The

long-term stress distribution is used in the cumulative damage

analysis along with the S-N data applicable to the structural

detail in question (see Figure 2-3).

Techniques for predicting long-term load and stress distribution

and their development have been investigated extensively by Lewis

(2-5), Sikora (2-6), Munse (2-7), White (2-8), Wirsching (2-9),

and others but with little agreement as to the type of distribu-

tion that accounts for random load effects. The designer,

therefore, must choose the dominant loads and combine them as

they are expected to combine during the shipts service life.

2.2 FATIGUE LIFE PREDICTIONS USING S-N CURVES

The fatigue life of a structural detail is determined by the

number of cycles required to initiate a fatigue crack and

propagate it from subcritical to critical size. The cumulative

damage approach, based on S-N curves, is a method used to predict

and assess fatigue life. As developed by Miner (2-10), this

approach requires knowledge of structural loading and the

structure’s capacity expressed as stress range and number of

cycles to failure. Developed from test data (S-N curves), this

method is based on the hypothesis that fatigue damage accumulates

linearly and that damage due to any given cycle is independent of

neighboring cycles. By this hypothesis, the total fatigue life

under a variety of stress ranges is the weighted sum of the

individual lives at constant S, as given by the S-N curves, with

each being weighted according to the fractional exposure to that

level of stress range. To apply this hypothesis, the long-term

distribution of stress range is replaced by a stress histogram,

consisting of a convenient number of constant amplitude stress

range blocks, Si, and a number of stress cycles, ni. The
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constraint against fatigue fracture is then expressed in terms of

a nondimensional damage ratio, q:

where P = number of stress blocks

ni = number of stress cycles in stress block i

Ni = number of cycles of failure at a constant

stress range. Si

n~ = limit damage ratio

The limit damage ratio q~ depends on maintainability, that is,

the possibility for inspection and repair, and the fatigue

characteristics of the particular detail. These factors also

have probabilistic uncertainty associated with them.

Fatigue design, using the linear cumulative damage approach,

ensures the safety or performance of a system for a given period

Of time and/or under a IIspecifiedli loadingcondition, But the

absolute safety of the system cannot be guaranteed because of the

number of uncertainties involved. In structural design, these

uncertainties can be due to the random nature of loads,

simplifying assumptions in the strength analysis, material

properties, etc.

Two approaches, design code and reliability, have been proposed

to account for the uncertainties not otherwise considered by the

1inear

2.2.1

cumulative damage model of fatigue life prediction.

Desian Code Amroach

The design code uses qualitatively adjusted S-N curves or S-N

curves that represent mean-minus-two standard deviations. The

former approach is used by AWS (2-11) and AISC (2-12), and the
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latter by UK DOE (2-13). Both approaches have been used for

buildings and bridges, for which design loads are specified and

limited during operation. Results have been consenative yet

acceptable.

The following design S-N curves are based on the mean-minus-two

standard deviations for relevant experimental data. Their use

therefore assumes a low but finite probability of failure at the

calculated life. Thus , when using the curves an additional

factor on life should be considered for cases of inadequate

structural redundancy. In defining this factor, the

accessibility of the joint, the proposed degree of repetition,

and the consequences of failure should be considered. Because

stress estimates are critical to calculated life, particular care

should be taken to ensure that stresses are not underestimated.

2.2.2 Fatique Reliability Amroach

In contrast to design codes, the reliability approach accounts

for the random nature of fatigue life data, stress in ship

structure, and associated uncertainties. Munse (2-7), for

example, proposes that the structural reliability problem be

considered one of supply and demand; failure occurs when the

supply (the resistance or strength of the system) is less than

the demand (the loading on the system). For a structural system

this can be stated as:

Probability of Failure = P~ = P (Strength < Load)

If both load and strength are treated as random variables, then

the reliability problem can be treated using probabilistic

methods. To analyze reliability, a mathematical model that

relates load and resistance needs to be derived. This

relationship is expressed in the form of a limit-state equation.

For the simple case cited above it would appear as:

g(x) =R-L
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where R and L are the random variables of resistance and load-

effect. While failure is represented by the region where g(x) is

less than zero, the safe region is where g(x) is greater than

zero. The line g(x) = O’represents the boundary between these

regions and is thus defined as the limit-state equation.

To use reliability-based design methods engineers and designers

need not be deeply versed in probability theory. Rather, the

design criteria they use should produce desirable levels of

uniform safety among groups of structures. This can be

accomplished without departing drastically from general practice.

One of the more popular formats for probabilistic information in

structural design is that of the Load and Resistance Factor

Design (LRFD) recommended by the National Bureau of Standards (2-

14) ● This approach uses load amplification factors and

resistance reduction factors (partial safety factors) and can be

expressed as:

where R is the resistance, e.g., in flexural shear, fatigue,

etc. ; L, is the load-effect, e.g., due to dynamic, quasi-static,

and static loads, etc. ; @ is the resistance reduction factor: ri

is the ith partial load-effect amplification factor; and n is the

total number of load-effects considered in the limit-state design

equation.

For fatigue of structural details, resistance is usually

expressed as the mean and standard deviation of the number of

cycles to failure at a given stress range. This information

typically derives from constant amplitude fatigue test data of

the type of detail being investigated. A number of these tests

are conducted and the results are provided in the form of stress

range vs. life (S-N) curves. The data points at each stress

range follow either a log-normal or Weibull distribution about
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the mean value of number of cycles to failure and can be

represented by a probability density function (PDF). Resistance

is then represented by a least-squares fit of the mean values of

life at each stress range.

While the standard deviation of the fatigue

found easily, the scatter of the data about

is only one uncertainty in S-N analysis. A

life data can be

the mean fatigue line

measure of the total

uncertainty (coefficient of variation) in fatigue life, V~, is

usually developed to include the uncertainty in fatigue data,

errors in the fatigue model, and any uncertainty in the

individual stresses and stress effects. Ang and Munse (2-15)

suggest that

given by:

where VR

Vti

VF

Vc

m

the total COV in terms of fatigue life could be

Values of m and Vn

VR2 = VN2 + VF2 i-VC2 i- (mv~)2

total COV of resistance in terms of cycles to

failure

variation in fatigue test data about mean S-N

1ine

variation due to errors in fatigue model and

use of Minerts Rule

variation due to uncertainty in equivalent

stress range (includes effects of fabrica-

tion, workmanship, and uncertainty in slope)

variation due to uncertainty in equivalent

stress range (includes effects of error in

stress analysis)

slope of mean S-N regression line

can be obtained from sets of S-N curves for

the type of detail being investigated.

Although reasonable values for the remaining uncertainties are

available in the literature (2-15, 2-16), much work remains to be

done in this area. Typically V~ is assumed to be 0.1; VC to be
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0.4; and V~ to be 0.15. Recently, Wirsching (2-9) recommended

adjustments to these values.

Reliability approaches help account for the random nature of ship

loading and analytical uncertainties, but require more

development to fully characterize the uncertainties described

above.

2-11
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3.0

The S-N cumes and data presented in this section are derived

from the same fatigue life data presented in SSC-318 (3-l). The

data base was reanalyzed for steels with a yield strength,

SY<50ksi and one stress ratio, (R=O). The approach used to

develop the S-N curves and data is discussed in Appendix A. The

welded detail category, number, description, loading, and picto-

graphs are presented in Table 3-1.

The S-N data are presented in two formats:

1. S-N curves are presented in Figures 3-1 and 3-2 for quick

analysis by designers familiar with this format and the

safety factors assumed by their use. These curves represent

the mean-minus-two standard deviations as described in

Appendix A.

2. Statistical data is presented in Table 3-2 for designers

interested in performing a probabilistic analysis.

The basic design cu~es, which consist of linear relationships

between log (ASR) and log (N), are based on a statistical analy-

sis of experimental data as described in Appendix A. Thus the

basic

S-N curves are of the form:

log (N) = log C - rnalog (AS~)

or in terms of stress range:

AsR = (C/N) I/m

where:

N is the predicted number of cycles for failure
under stress range ASR

c is a constant relating to the mean S-N curve

m is the inverse slope of the S-N curve

3-1
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Table 3-1
Welded Detail Classification

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOAD ING

PICTOGRAPH

Plain plate,
1 machined edges,

Axial ‘%-

A 2
Rolled I–Beam,
Bending

Double shear bolted -
8 lap joint,

Axial
--

B 1(F)
Plain plate flame–
cut edges, Axial

‘&-

~ to s~ls is presented cm Psge 3-15.

3-2
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Table 3-1
Welded Detail Classification

(continued)

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOADING PICTOGRAPH

Longitudinally
3 welded plate, as–

welded, Axial
‘*-

(As-welded)

Longitudinally
3(G) welded plate, weld

ground, Axial
‘--

(Groundf=softieweld)

B

Transverse butt
1O(G) joint, weld ground,

Axial

(p&,)

(Weldkicesgrmmd)

Transverse butt
joint, as welded,

(Q%)In–plane bending

(As-welded)

10A

Key to s@xJLs is preseritd cm Page 3-15.
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CATEGORY

B

c

Table 3-1
Welded Detail Classification

(continued)

DETAIL
NUMBER

25A

13

28

12(G)

DESCRIPTION,
LOADING

Lateral attachment
to plate, Axial

Flange splice
(unequal width),
as–welded, Bending

Plain plate with
drilled hole, Axial

Flange splice
(unequal
thickness), weld
ground, Bending

&y to S+LS is presentd on Page 3-15.

PICTOGRAPH

‘a c

(k-welded)

‘--

(Weldfsces’gmund)

3-4
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Table 3-1
Welded Detail Classification

ATEGORY

c

DETAIL
NUMBER

4

6

9

16(G)

(continued)

DESCRIPTION ,
LOADING

Welded I-beam
continuous weld,
Bending

lelded I-beam with
Longitudinal
;tiffeners welded
:0 web, Bending

Single shear
riveted lap jointr
Axial

Partial penetration
butt weld, weld
ground, Axial

PICTOGRAPH

)

‘%-
(Riveted)

-&-
(Psrtial~etratiot”-weld ground)

I@ to symbols is presented on Page 3-15.
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CATE GORY

c

D

Table 3-1
Welded Detail Classification

(continued)

DETAIL
NUMBER

25

7(B)

30A

26

DESCRIPTION,
LOADING

Lateral attachments
to plate, Axial

I–beam with welded
stiffeners, Bending
stress in web

Lateral attachments
to plate, Bending

Doubler plate
welded to plate,
Axial

Key to s@mLs is presented m Page 3-15.

PICTOGRAPH

‘% c

(&-=.=I
c

c
t)

‘--

3-6
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CATEGORY

D

Table 3-1
Welded Detail Classification

(continued)

DETAIL
NUMBER

14

11

21

7(P)

DESCRIPTION,
LOADING

Cruciform
Axial

joint,

Transverse butt
welded I-beam, as-
welded, Bending

Cruciform joint,
1/4” weld, In-plane
bending stress at
weld toe, C

I-beam with welded
stiffeners,
Principal stress in
web

PICTOGRAPH

%-

C

(As-welded)

Keytos@mLs is present~on Pege 3-15.
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Table 3-1
Welded Detail Classification

(continued)

12

16

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOADING

PICTOGRAPH

Welded beam with
intermittent welds

(

●

36
and cope hole in
the web, Bending L-f

-)

Lateral attachment
-

25B to plate with
stiffener, Axial

-

D

Flange Splice
(unequal (G*)
thickness), as–

=W-utol
welded, Bending

(As-welded)

Partial penetration
butt weld, as–
welded, Axial ‘--

(PSrtialpenefration-as-welded)

Key to sy#mLs is presented m Page 3-15.
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Table 3-1
Welded Detail Classification

(continued)

22

20

23

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOADING

PICTOGRAPH

D
Attachment of stud
to flange, Bending (“@&J)

Cruciform joint,

‘*X)

c

3/8” weld, Bending f
21(3/8”)

stress on throat kc

weld 1

Cruciform joint,
E Axial, Stress on

plate at weld toe C

‘*-

c

Attachment of
channel to flange,
Bending (“*5)

&y to s@JLs is presented m Pege 3-15.
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Table 3-1
Welded Detail Classification

(continued)

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOAD ING PICTOGRAPH

Key to s~ls is presented on Pege 3-15.
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CATE GORY

F

Table 3-1
Welded Detail Classification

(continued)

DETAIL
NUMBER

17A

31A

17

18

DESCRIPTION,
LOADING

Channel welded to
plate, longitudinal
weld only, Axial

Attachments of
plate to edge of
flange, Bending

Angles welded on
plate, longitudinal
welds only, Axial
Stress in angle end
of weld, C

Flat bars welded to
plate,
longitudinal weld
only, Axial Stress
in plate, C

&y to sydmls is presented on Page 3-15.

PICTOGRAPH

‘-?
c

‘w-
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Table 3-1
Welded Detail Classification

(continued)

32A

27

33

46

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOADING

PICTOGRAPH

Groove welded
attachment of plate

F
to edge of flange,
Bending stress in [c&)

flange at end of .
attachment, C

Slot or plug welded
double lap joint,
Axial ‘--

(SIOt cn Plug Welds)

Flat bars welded to

G
plate, lateral and ‘
longitudinal welds,
Axial -

Triangular gusset
attachments to
plate, Axial

-B-

t(ey to s@xJLs is presented m page 3-15.
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Table 3-1
Welded Detail Classification

(continued)

40

32B

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOADING

PICTOGR.APH

Key to s~ls is present~ on Psge 3-15.
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Table 3-1
Welded Detail Classification

(continued)

ATEGORY
DETAIL DESCRIPTION,
NUMBER LOADING

PICTOGRAPH

Flat bars welded to
plate, lateral and %

33(s) longitudinal welds,
Axial, Shear stress
on weld, C~

Angle welded to
plate, longitudinal

17(s) weld only, Axial,
Shear stress on
weld, C~ ‘%.

s

Channel welded to
plate, longitudinal

17A(S) weld only, Axial,
Shear stress on
weld, C~ --

Cruciform joint,

20(s) Axial, Shear stress

‘*-

c,

on weld, C~

Key to sydxils is present~ on Page 3-15.
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Table 3-1
Welded Detail Classification

(continued)

CATEGORY
DETAIL DESCRIPTION,
NUMBER LOAD ING

PICTOGRAPH

Key to Symbols

(F) -
(G) -
(B) -
(P) -
(s) -
A,B,C, ..
c+ -
c~+ –
L -
P -

R-
t -

Flame cut edges
Weld ground
Bending stresses
Principal stresses
Shear stresses
Additional description within the same detail number
Crack initiation site due to tensile stresses
Crack initiation site due to shear stresses
Length of intermittent weld
Pitch between to intermittent welds
Radius
Thickness of plate

3-15
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Table 3-2

S-N Cu=e Statistics

Design

Stress Fatigue Inverse Slope m Standard

Category Constant
Deviation

Range*
log

106 Cycles log c
n<5x106 n<5x106 As~ at n=l&

ksi

A 24 10.14 3.0 5.0 .083

B 19 9.84 3.0 5.0 .083

c 16 9.61 3.0 5.0 .083

D 13 9.34 3.0 5.0 .083

E 11 9.12 3.0 5.0 .083

F 9.5 8.93 3.0 5.0 .083

G 8 8.71 3.0 5.0 .083

s 7.2 10.30 5.0 5.0 .083

*Design stress range is the regression mean minus two standard

deviations
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The relevant statistics, including the standard deviation of the

log of AsR, are shown in Table 3-2.

The slopes of the S-N curves are hi-linear to account for the

constant amplitude fatigue limit. This limit begins at 50106

cycles. When all nominal stress ranges are less than the con-

stant amplitude fatigue limit for the particular detail, no

fatigue assessment is required.

The S-N curves have a cut off limit at 108 cycles. This limit is

calculated by assuming a slope corresponding to rn=5 below the

constant amplitude fatigue limit. All stress cycles in the

design spectrum below the cut off limit may be ignored when the

structure is adequately protected against corrosion.

Other than as described above, no qualitative adjustments are

included in this S-N Data set, which is typical of many other

structural design codes. Adjustments required to account for

other factors influencing fatigue response are left to the

designer, who should find the research described in the following

sections helpful.
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4.0

Designers of a ship’s structural details must be aware of

deviations from the data base used to develop the S-N curves.

Recommended adjustments are presented where differences may

exist.

4.1 MATERIAL

The strength of typical ship steels (Sy<50ksi) does not change

the S-N curve of a welded joint appreciably. Experiments (4-1)

show that higher tensile strength steels used in shipbuilding do

not have a higher fatigue strength than mild steels, in the case

of welded joints. In fatigue critical locations, therefore, the

use at stronger steels to increase allowable stress should be

approached with caution.

4.2 WELD FABRICATION AND INSPECTION

Welding processes (e.g. automatic submerged arc or manual) can

significantly influence fatigue response and are noted in the

descriptive information for the structural detail presented in

Section 3.o of this report.

Joint misalignments can significantly affect fatigue response.

S-N curves are developed assuming that weld quality is free of

critical defects and meets the requirements of regulatory and

classification societies for (4-2). Any deviations from these

requirements should put the detail in the lowest category G.

Weld profile changes by grinding and planing affect fatigue

response as noted in the UK DOE (4-3) design code, and have been

included as part of the data base evaluated here. Grinding butt

weld reinforcement was evaluated, but no difference in response

was noted.
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4.3 COMBINED STRESSES

Predicting stress and its corollary S-N category are very

important factors when determining fatigue life. As described

earlier, the designer must account for the geometric stress

concentration and stress conditions at the weld. The state of

stress in a ship’s structural details is often more complex than

that indicated by the relatively simple details presented here.

Combined axial, bending, and shear stress are present in most of

a ship’s structural details. Equivalent stress techniques have

been reviewed by Stambaugh and Munse (4-4). The equivalent shear

stress, maximum principal stress, and maximum octahedral stress

may characterize the state of stress in a structural detail,

depending on the characteristics of the principal stress field in

the joint.

4.4 MEAN STRESS

The correction for mean stress ratios other than R=O is based on

work by Yung and Lawrence (4-5) , who propose an equation to

calculate the mean fatigue strength of weldments at long lives.

A S~ l+(XV) b

AS~=O = #+R
~ (X’J) b

Based on this equation, we can predict the mean fatigue strength

at any R value at 106 cycles from the R=O fatigue strength at 104

cycles. Fatigue strength exponent b is estimated by:

b=-+ log2 (1 + ~s;~ )
, u

where Su is the ultimate strength of base metal. The derivation

of this correction is presented in Appendix A along with its

validation using the UIUC fatigue data bank.
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4.5 CORROSION

Salt water can seriously affect the

details. The data available (4-6),

fatigue life of structural

(4-7), (4-8) indicate that

corrosion decreases fatigue life where details are uncoated or do

not have cathodic protection. When no consistent protection is

provided, evidence suggests that fatigue life should be reduced

by a factor of two for all categories. Corrosion also affects

fatigue limit, which becomes non-existent when corrosion is

present. As noted by UK DOE (4-2), the S-N curve must be

continued without a change in slope.

4.6 THICKNESS

At present, most agree that for geometrically similar welds

larger weldments will sustain shorter fatigue lives. Theoretical

(4-9) and experimental (4-lo) evidence confirm the existence of a

size effect, but there is much scatter in the data. Thus, the

magnitude of the thickness effect remains in question. Lawrence

(4-5), Gurney (4-11), and Smith (4-12) recommend the following

relationship:

[21=[am

where tz is taken to be 25mm (1 inch)

t, is the thickness of plate (mm)

S1 is the design stress at the thickness in question

S2 is the design stress for the referenced thickness

m is 1/4 as recommended by Lawrence (4-5) for the S-N

curves given in Appendix B.

The one inch thickness cited is greater than most structural

details constructed of steel plate and shapes.
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5.0 EXAMPLE CORRELATION BETWEEN SHIP STRUCTURAL DETAILS AND S-

N CATEGORIES

Structural details transfer loads between structural members in

ships. The types of details vary greatly with the kind of ship,

loading on the ship, structural connection, economic

considerations, or even shipyard practice. The thousands of

possible configurations are presented by Jordan, et al. in SSC-

292 (5-1) and SSC-294 (5-2).

Designers must carefully consider this variety when selecting

categories. Geometric configuration, loading, type of weld,

fabrication and inspection procedures, and type of stress must be

reviewed carefully so a shipts structural detail is correlated

with the appropriate S-N category. If a detail significantly

differs from the category description, a review of Appendix A

and of SSC-318 (5-3) details may be appropriate. In some

instances, more tests must be conducted. As illustrated in the

following examples, however, the detail categories presented in

this report are sufficient to correlate with most of a ship’s

structural details.

5.1 WEB FRAME CUTOUT

The web frame cutout used here to illustrate the relationship

between S-N categories and structural details has many fatigue

critical locations. Variables affecting these locations include

the structural detail, geometry, weld type, stress type, and

stress magnitude.

In the example, the cut out radius is equivalent in geometry to

detail 28(F). Here the lIF~~represents flame cut. Stress in the

detail must be equated to the axial stress indicated in the

pictographs, using the maximum shear stress depending on the

characteristics predicted for the detailis location in the ship.

The flatbar attachment is fillet welded to the side shell

stiffener. The detail geometry and applied stress are similar to

5-1
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detail 21. The shear stress in the throat of the fillet weld

will correlate to detail 21(s). The local stress field is

characterized by combined stresses between the web frame and side

shell stiffener and varies in magnitude as the loading changes in

the seaway. The web frame attachment to the side shell is

similar to the weld ending associated with detail 36. Bending

stress dominates the stress field in the web frame. The stress

concentrates at the weld ending. The correlation between the

fatigue critical area and the related S-N curve detail is shown

in Figure 5-1. The equivalent S-N categories are as follows:

Equivalent
Local Detail Detail S-N Category

Flatbar stiffener
connection to tee
longitudinal 21 D

Side shell plating
at cutout 36 D

Radius of cutout l(F)* A

*With appropriate geometric stress concentration factor.

5.2 CENTER VERTICAL KEEL

Our second example (Figure 5-2) pertains to fatigue cracking on a

Center Vertical Keel (CVK). The CVK bracket, the transition

between the CVK and the bulkhead girder, experiences sheer stress

from external loading on the ship hull. The hull girder stress

and stresses induced by cargo and ballast are superimposed on the

local loading. This combined stress field must be simplified to

equal the state of stress associated with the S-N detail. The

upper end of the bracket geometry correlates to detail 14 and 20

for full penetration and fillet welds, respectively. the lower

bracket end correlates to detail 21(s) in geometry and stress

characteristics. Detail 30 correlates to the structural detail

at the top of the CVK bracket. In both types of details,
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stresses combine in a complex manner. Sheer and bending stress

are applied to details 30 and 21(s). The correlation between the

fatigue critical locations and the S-N categories for the CVK are

as follows:

Ship Detail

Base of bracket
on CVK

Equivalent
Detail

21(s) or 30

S-N Category

SorE

Top of bracket on
vertical bulkhead
girder 14 or 20(s) DorS

As discussed earlier, the designer must review the geometric

stress concentrations, weld type, loading, and stress state very

carefully, The designer is also encouraged to review the cited

literature and other fatigue life approaches for ship structures.

In any application of S-N curves, the designer’s knowledge and

judgement are required to correlate the S-N curve results to

complex applications associated with a ship!s structural details.
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6.0 CONCLUSIONS

1. The S-N curves presented in SSC-318 were analyzed using

R=O and SY<50ksi to reduce scatter in the mean fatigue

strength at 106 cycles. A consistent ranking of

details resulted from this analysis.

2. The standard deviations of the log of fatigue strength

at 106 cycles did not correlate with weldment severity

nor with the type of fatigue initiating notch. The

standard deviations of the log of fatigue strength at

106 did vary with sample size. Sample sizes less than

8 were excluded from consideration. This limitation

excluded details from the SSC-318 data base, SR-1298,

and other sources. An average standard deviation for

the data base was used to develop the fatigue strength

categories.

3. Correlations are provided for details subject to R

ratios other than O and members sized greater than 1

inch thick.

4. The reanalyzed data base was ordered according to

strength at 106 cycles; and categories were assigned to

produce uniform groups of approximately 1.21 times the

fatigue strength, which is approximately three times

the fatigue life.

5. The details characterized by shear stress in the weld

throat were separated into a unique S-N curve with

inverse slope (m)=5.
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1. The initial efforts of this project indicate a dominat-

ing effect of weld type in detail classification, with

other variables and factors influencing the fatigue

strength. Additional research should be conducted to

correlate the details according to weld type and

configuration using the detailed stress predicted by

finite element analysis.

2. Additional fatigue testing is recommended to include

the type of details unique to ship structures and

detail loading more characteristic of ship structural

experience.

3. The coefficient of variation for each detail category

did not correlate to parameters of sample size or K+.

Further investigation is required to refine the defini-

tion of coefficient of variation for probabilistic

design applications.
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A-1 INTRODUCTION AND SUMMARY

A-1*1 The University of Illinois Fatigue Data Bank

The University of Illinois Fatigue Data Bank was developed by W.

H. Munse and his co-workers over the last 20 years. The basic

structure of the data bank is described by Radziminiski (A-1) .

In its current form, the data bank contains results for over

25,000 tests of steel weldments for 100 of types of details from

over 2,500 references. The descriptor identifying a given data

set allows the user to discriminate between different materials,

loading conditions, welding procedures, etc. Standard

statistical techniques can be used to estimate the mean and

standard deviations of data in the collection. The development

of this resource for steel weldment fatigue data is described in

detail in Reference (A-1) and (A-2).

A-1.2 Data Analysis Summary

The allowable stress ranges for AISC weldment categories A - F

were reanalyzed using the UIUC Fatigue Data Bank. The data bank

was originally set-up on an IBM main-frame computer and operated

via punched cards. At the outset of the current project, the

UIUC Fatigue Data Bank was transferred to a Mac IICX computer and

converted for use with the data base software FoxBASE +/ Mac

version 2.00.

As part of the work performed, Lawrence and Banas (A-3) separated

the data into the AISC A - G weldment categories, for which they

generated category S-N curves and the 95% survival levels based

on stress range. Regression analysis was performed only on the

data representing actual failures. No attempt was made to

rationalize the data base, that is, to exclude the potential

effects of differing load ratios (R), different material yield

strengths (SY), and the effects of weldment size that result from

the indiscriminate collection of fatigue data without noting

these effects.
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Thus, all data in the UIUC data bank were included for all load

ratios, steel strengths, and thicknesses. The large scatter

observed may have resulted in part from grouping the weldment

fatigue data into broad categories without attempting to exclude

the uncertainty produced by the known effects of load ratio,

material strength, and weldment size.

A-1.3 Edited Data Base Summary

The authors further analyzed the UIUC Fatigue Data Bankis

information for the 53 weldments considered in SSC-318. The main

goal here was to edit the data sets so that the information

reflects principally the effects of loading condition and the

severity of the weldment geometry. The effects of load ratio,

base metal yield strength, and weldment size are thus minimized

or excluded.

First, the authors created an edited data base which considers

only zero-to-tension test results (R=O), and only base metal yield

tensile strengths below 50 ksi. Generally reducing the amount of

scatter in each data set, this strategy frequently led to

different average fatigue strengths at 106 cycles than had been

calculated using the unedited data (see Tables A-1 to A-4 and

Figures A-1 and A-3).

After this editing procedure

deviations(s) of the fatigue

the 53 details were compared

was established, the standard

strength at 106 cycles for each of

to see if they correlated with the

mean value of their fatigue strength at 106 cycles (AS) or their

estimated value of fatigue notch factor (K~). No correlation was

found between K~ and the standard deviation, although the

standard deviation was found to be a function of sample size (n)

(see Figures A-4 and A-5). Consequently, in the subsequent

estimation of design fatigue (AS), the constant avera~e standard

deviation shown in Figure A-5 was applied to ~ 53 weld details,

there being no rational basis for any other procedure based on

the information at our disposal.
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Table A-1
Regression analysis Parerneters for SSC-318 Weldments

Using only R=O and Sy <50KSI Data

SSC-318
Weldmem

13efails
10
lH

lAI1
IM
8
2

10Q
1O(G)
3(G)
1(?)

21(s)
10A
25A

3
13
28

12(G)
IOH

4
6
9

10M
M(G)
25

7(B)
30A
26
14
11

7;;)
18(s)
33(s)

36
25B

12
17(s)

17A(S)
16
22

21(3/%”)
20

Zqs)
23
24
19
30
38

17A
31A
19(s)

17
18

3U
27

38(s)
33
44
43

Niex, Fatigue Smiglh
at1i3-06 Cycles ( k.4 )

R=(l. Syc5Llk$!
-..

39.3
38.2
36.2
35.4
35
-..

31,6
31

305
305
29.7
29.6
29,2
28s
28,1
272
25.8
25.7
25.7
25s
245
245
245
24.4
23
23

22.9
22.1
21.8
--

21
20.7
20
20
19.7
19.6
19.6
19.6
19.4
17,9
17.5
17.3
.
—
—.

16.7
16

15.8
—

15.4
14.6
145

14.1

135
13.5
12.9
—.
—.

Rcg~ion Analysis ~!crs

log c m
..- .—

2.262 0.111
2.097 0.086
2,246 0.115
1.899 0.058
1.795 0JM2

-- .—

2.185 0.114
2.45 0.16
1.814 0.055
233 0.174

2.084 0.102
2.229 0.126
2214 0.125
3.182 0.288
1.709 0.C44
2.495 0.177
2.199 0.131
1.698 0.048
1.698 0.w8
I.fm 0.044
2.123 0.122
2243 0.142
1.919 0.088
2.347 0.16
3.143 0.297
I.79 0.072

2.025 0.111
2.246 0.15
1.714 0.063.

.—

1.98 0.11
2.25 0.156

2.175 0.14-4
2.175 0.144
2.658 0.227
1.919 0.105
1,919 0.105
2.688 0.232
2.912 0.271
1.622 0.062
2511 0.211
1.7S6 0.087

. —

.- —

3.126
2.938
2336

2.138
2.824
2.202
2379
2.254

1.6
2339

—

.—
0.317
0.289
0.223

0.158
0.277
0.173
0.238
0.188
0.078
0.238

-- .—
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SSC-31X”

Wcldmcm

Ihmls

IQ

IH

1.All

IM

8
~

1O(G)

10Q

3(G)

1(FJ

1!3A

~25A

3

13

2s
12(G)

10H
4

6
9

10M

16(G)
25

7(B)
19

30A

26

14

11

21

7(P)

36

25P
12

16
z?

21(3/8”)

‘ 20

23
24

30

38

17A

17

18

32A

27

33

31A
46

40

32B

Table A-2
Mean Fatigue Strength and Standard Deviation for
SSC-318 Weldments Using only R=O and SY<50ksi Data

Mcm F~Liguc Swngti ( AS ) 01 IE#.!.5 Cycles ( ksi )

SSC-318 All R. AIISY R=(J R=(),Sy<5()ksi

485

465

38.3

39.2

42

36.1

31.2

31.3

41.5

30.9

38.1

30.3

28

29.8

27.2

34

28.3

28.3

25.7

25.2

23.6

24

24.3

17

23

17.I
~~.g

m3

21.;

20.4

?0.6

x).6
19.6

19,9

19.2

18.1

16.1

17.2

17,2

16.7

16

15.6

15

11.5
14.1

12

11.4

15.7

11.9
11.2

11.2

48.2

44.9

37.1

39.8

42,1

35.2

31.5

31.2

38,4

31.1

35.8

?9

27.8

29.8

27.2

35.2

27.3

27.3

25.7

26.4

22.7

24.1

23.8

23.2

23

17,4

25.9

22.7

21.8

21.5

20

x)
I9.7

19.6

19.1

17.9

17..5

18.3

18.3

16.7

16

16.2

14.6

12.2

14.1

12.8

11.6
1S.6

11.9

112

11.2

45.6

42.1

36.2

39.1

41

32.8

32.7

31

3?..4

28.8

29,3

29.1

27.3

28.4

27.2

33.1

26.8

26.8

25.8

245

243

23.9

23.8

23.1

23

23

?2.9

22.7

21.X

21.5

20

20
19,7

19.6

19.5

17.9

173
--

. . . .

16.7

16

15.8
14.6

12.8

14.1

13.5

12.9

15.8
. . . .

--

.—

39-3

38.2

36-2

35.4

35

31.6

31

30”5

29.7

29.6
29.2

285

28.1

27.2

25.8

25.7

25.7

253

24S

243

24.5

24.4
. . . .

23

23

22.9

22.1

21.M
. . . .

20

20
19.7

19.6

19.4

17.9

175
—-

..-.

I 6.7

16

154

14.6

145

14.1

133

12.9
—-

.-.
—.

-..

.%udard Deviation OCLog AS

( ksiunits)

R=O R=(),Sy<5()ksi

0,074 . . . .

006
0.104

O.w

0.094

0.076

0.136

0.114

0.084

0.117

0.115

0.109

O,(M9

0.055

0.097

0.072

0.102

0.092

0.C92
0.079
0.093
0.215
0.09
0.083
0.157
0.014
0.054
0,115
0,078
0.117
0.075
0,062
0.062
0.055
0.104
0.045
0.037
0.099
..-
....

0s)51
0.058
0.051
0.W6
0.107
0.055
0.101
0.055
0.12
---
..-
--

0.04
0.042
0.04
0.079
0.017

0.127
....

0.081
0.057
0.066
0.12
0.044
0.057
0.045
0.072
0.101
0.095
0.095
0.085
0.093
0.215
0.08
0.11

0.014
0.0s4
0.109
0.08
0,117
....

0.062
0.062
0.0.55
0.104
0.044
0.037
0.099
..-
....

0.051
0.058
0.051
0.046
0.148
0.055
0.101
0.05s
.—
....
.—
..-

Kf

1.43“

1.43*

1.43*

1.43’

154

1.43*

1.82

1.84

1.94

1.43*

2.W

2.05

2.07

2.15

2.11

2.16

1.84

2.19

2.19

2.33

2.46

2.46

2.52

?.46

2.6I
z,62

2.62

2.63

2.58

2,6~1

?.73

3.01
2>)3
2.98

3.07

3.01

3.28

3.44

.-.

3,6

3.66

3.s1

4.26

4.7

4.16

4.46

4.67

3.71
. . . .
.—

.-.

FJtIguc (Lack

Iniknion Sims

....

....
Weld

Toc

Weld
. . . .

Tw

Toc

Ripple

Toc
. . . .

Weld

Toc

Rippic

Ripple
. . . .

Toc

Root

Toc

Toc or D. T.**

Tw

l). T.

TOC

Toc

Tm

“I’m!

TUGor D. T.

D, T,

Toc ur D. T.
T(K

Toc or Rmt

TN

‘roe

Tw

Tcc

T(x
D. T.

Tcc

D. T.

D. T.

D. T.

D. T,

TwatC.T.orD. T.**

Toe

D.T.
Tccand13.T.

TocandD.T.

●Plain Plrilc

* C. T. - Continuous Termination. D. T. - Discontinuous Tcrrnimtion
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Table A-3
Mean Fatigue Strength and Standard Deviation for

SSC-318 Weldments Loaded in Shear
Using only R=O and Sy<50KSI Data

SSC-318 McarIFtigue .%engh ( AS ) al 1E+06 Cydm ( ks ) SmndardDeviaucm ofbg~ Kr Fatigue Crack
Welhu’lt ( k5iunits)

Dctails SSC-318 All R .AO Sy U.O
Initialicm Siles

R=0,SY<50ksi R=O
21(s)

R=O.Sy~50kA
31 31 305 30.3 0s)31 0.031

18(s) 20
1.97

20 21
Tce

21 0.W2
33(s)

0.IM2
203 205

2.87
20.7

TceandD.T.
20.7 OJM 0.06

17(s) 21
2.91

21
Tce

19.6 19.6 0.041 0.041
17A(S) 21

3.07 T=
21 19.6 19.6 owl

2qs)
0.041

19.6 212
3.07 Tcc

16.9 17J 0.159 0.163
19(s) 203 1s2

336 Toe
15.4 15.4 0.124 0.124

38(s) 13 13.3
3.91 Tcc

135 13”5 0.113 0.113 4.46 Tct
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Table A-4
Average Standard Deviation for SSC-318 Weldments

Calculated Using Various Editing Conditions

Condition Mean of s StandardDeviationofs

AllR , AllSy 0.092 0.036
R=O 0.08 0.033

R=0,Sy<50ksi 0.077 0.034
R=().Sv<50ksi.n>R (1n!l 0075
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Table A-5
Design Fatigue strength for SSC-318 Weldments

Estimated Using the Average Standard Deviation in the Log
in Fatigue Strength

SSC-31R hi~UC SIrCn@ ( ksl ) I

Wcldmcrrt Mcm FWMUCScrcngti ( &$ ) at 1E% Cycles Design Fatigue %engur Wcldmcrll
Dcalils

Category
ASd=lOYlogAS- 2-0.08) Category Shift

All R , All SV R=0,Sy<50ksi
IQ

R=0,Sy<5(lksi
51.8 . . . . . . . .

IH 48.2 39.3 26A
I.All 44.9 38.2 26.1 A
lM 37.1 36.2
8

24.7
39.8 35.4

2
24.2

42.1 35 23.9
I(KJ 31.5 .-. . . . .

lqG) 35.2 31.6 21.6
3(G) 31.2 31 212
l(I=J 38.4 30.5 20.8 -1

21(s) 31 305 20.8 B
10A 31.1 29.7 20,3
25A 35.8 29.6

3
202 -1

29 29.2 19.9
13 27.8 2%5 19.4 1
28 29.8 2X.1 191

12(G) 27.2 27.2 18.6
1t-iii 35.2 25.8 17.6

A
-1

27.3 25.7 173
6 27.3 25.7
9

175
25.7 255 17.4 c

10M 26.4 24S 16.7
16(G) 22.7 245! 16.7 1

25 24.1 24S 16.7 1
7(9) 23.8 24.A 16.6 1
WA 23 23 15.7
26 17.4 23 1s.7 1
14 25.9 22.9 15.6
11

-1
22.7 22.1 15.1

21
D

21.8 21.8 14.9
7(PI 21.5 .— .. .

18(s) 20 21 143
3:$) 20; 20.7 14.1

20 13.6
250 20 20 13.6
12 19.7 19.7 13.4

17(s3 21 19.6 13.4 D
17A(S) 21 19.6 13.4

16 19.6 19,6 13.4

22 19.1 194 132

21(3/%”) 17.9 17.9 111
20 175 175 11.9 1

2qs) 21.2 17.3 11.lt
23 18.3 -- -. E
24 18.3 -. -.
19 23.2 .- — 1
30 16.7 16.7 11.4
38 16 16 10.9

17A 162 15.R 10.s
31A 15.6 .-.

19(s) 182 15.4 105 F
17 14.6 14.6 10
18 122 14.5 9.9 1

32A 14.1 14.1 9.6
27 ,~+8 13.5 92

3X(S) 13.3 13.5 9.2
33 11.6 12.9 8.s G
46 11.9 ..- . . . .

a 11.2 -- -..

32i3 11.2 .— -..

1 Detail shift! from Iowcr onc MIcgory 10a hifhcr rmc cmcgo~ according to ncw raIcgori7mion,

- I Daaii shifts from a ~ghm one category to a lower mm calcgory xcordng 10 new cate~ori?ation.
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Using the mean fatigue strength at 106 cycles of each detail less

two (average) standard deviations, the 53 details were ranked and

arranged in the weld categories A through G which have the stress

range boundaries suggested by Stambaugh (A-4) (see Table A-5).

Thus we have demonstrated (1) that weldment fatigue data bases

should be edited to include only standard values of R ratios,

material strength, and weldment size and (2) that appropriate

design values for other R ratios, strengths, and weldment sizes

can be analytically estimated from this standard data.

A-2 PROCEDURES AND RESULTS

A-2.1 Data Analysis Procedures

The least-squares method was used to generate new S-N curves for

each of the 53 details using only R=O and SY<50ksi test data.

The regression line is:

logC = mlogAS - logN

where:

(1)

= Fatigue life
A! = Stress range

C,m= Regression constants

Values of log C and m obtained for each detail are listed in

Table A-1. The standard deviations of the regression lines

(based on log of the stress range or fatigue strength) were also

calculated:

n
E

i=l [logAs~ – (logC -mlogNl)12~2 =
(2)

n–2

A-10



where:

n = Sample size

s = Standard deviation in the Log of the stress range

or fatigue strength

The calculated standard deviation for each detail is listed in

Tables A-2 and A-3 together with their mean fatigue strength at

106 cycles. The fatigue notch factor K+ for each detail was

estimated from UIUC fatigue data bank information in the

following manner. At a given fatigue life, the fatigue notch

factor K~ is defined as:

K~’ =
ASSmooth Swec;men

ASwel&ent (3)

From the work of Chang (A-5), the ratio of mean fatigue strength

at 106 cycles of smooth specimen to that of plain plate is 1.43.

Therefore, the K+ can be written as:

K= . 1.43 Asplain plate
ASwel&ent (4)

Kf . 1.43 ASplain plate
ASweldment

at 106 cycles and for R=O (5)

Values of AS plane plate and AS weldment were taken from the UIUC

data bank at a life of 106 cycles to obtain the K~ values listed

for each detail in Tables A-2 and A-3.

A-n



A-3 DISCUSSION

A-3.1 Mean Fatigue Strength

Tables A-2 and A-3 give calculated mean fatigue strength at 106

cycles (AS). The values calculated in this study based on R=O

and SY<50ksi are entered in bold type. For comparison, other

values of mean fatigue strength are listed including the actual

values listed in SSC-318, based on all R ratios and all material

strengths. The comparison also includes values for all strengths

and R=O. The values for all R ratios and all strength values

more-or-less reproduce the values given in SSC-318. However,

restricting the data base both in terms of R ratio and material

strength leads to quite different values of AS. The difference

between these values is generally least for details with the

lowest fatigue strengths.

A-3.2 Fatigue Notch Factor Kf and Crack Initiation Sites

For each detail,

initiation sites

crack initiation

categories: weld

the fatigue notch factor and the fatigue crack

are listed in Tables A-2 and A-3., The fatigue

sites have been grouped into four main

bead ripple, weld toes, continuous weld

terminations (wrap-around welds), and discontinuous terminations

(stops). Details in which cracks initiate at the weld ripple

have the lowest values of K~. Details in which fatigue cracks

initiate at weld toes and discontinuous terminations (stops) have

the highest value of K+.

A-3.3 Relationship Between Standard Deviation and Weldment Notch

Severity

Figures A-1 to A-3 are histograms of the standard deviation of

the log AS (s) of the 53 details with different conditions of

data base editing. Fewer details were considered because some,

such as 16(G) , contained a partial penetration of unknown and

presumably variable dimensions. Others were eliminated because

A-12
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they contained only high strength data (lQ, 10Q, 23, 24, 31A) or

because we could not reproduce the SSC-318 data set (19, 7P) or

because there was an absence of data in their data sets (46, 40,

32B) . Also, as seen in Figure A-5, the standard deviation(s) is

a function of sample size. Sample sizes less than 8 were

considered unreliable and were excluded from consideration in

Figures A-1 - A-3. The histogram of s~=O,SY<50ksi (Figure A-4)

has less scatter than other conditions and the smallest mean

value (see Table A-4).

Figure A-5is values of s~=O, SY<50ksi for SSC-318 details are

plotted as a function of their fatigue notch factor K~. It seems

that there is no correlation between s~=O, SY<50ksi K~ or the

nature of the discontinuity initiating the fatigue failure. The

COV of fatigue life at a given stress level reported in SSC-318

for each of the 53 details is plotted as a function of K~ in

Figure A-6. Figure A-6 also suggests that the uncertainty in

fatigue life is not a strong function of K~.

It is possible that the results shown in Figure A-5 indicate that

details with terminations have lesser values of s~=O, SY<50ksi.

The s~=O,SY<50ksi, however, seemed not to be a strong function of

K~ or fatigue crack initiation site, but rather of sample size.

A t-test was performed to see whether the weld terminations have

less values or standard deviation than those of other crack

initiation sites. The results indicate that there is no

correlation between standard deviation and weld terminations.

Therefore, the average value of s~=O, SYc50ksi = 0.083 is

recommended for all detail categories. Future research should be

conducted in this important area.

A-3.4 New Ranking of Weldments by Categories

The mean value of standard deviations of s~=O, SY<50ksi for sample

size n > 8 was calculated to be 0.083. This value was used to

calculate the design mean fatigue strength AS~ at a fatigue life

106 cycles. The AS~ is defined as:
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As~ = lolog<’AS-(2 X 0.083)
(6)

at a fatigue life 106 cycles

Using the mean fatigue strength at 106 cycles of each detail less

two (average) standard deviations, the 53 details were ranked and

arranged in the weld categories A through G which have the stress

range boundaries following the ECCS model (A-4) (see Table A-5) .

If a detail’s weldment category changed after the data base was

edited, the shift is indicated in a column in Table A-5 as either

+1 or -1.

A-3,5 Design Strengths for Load Ratios other than R=O

From Basquinls Law, Yung and Lawrence (A-6) propose an equation

to calculate the mean fatigue strength of weldments at long

lives:

As =
(cif’– u=) (2A7)*

Kr (1 + ~R (2N’)*)

where:
Uf’ = Fatigue strength coefficient

= Residual stress
:r = Fatigue strength exponent

For a certain weldment, when R=O Eq. 7 can be written as:

As~.O = ‘af’ - ‘r) ‘2M*
Kf (1+(2N’)*)

(7)

(8)
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Dividing Eq. 7 by Eq. 8, the ratio of the mean fatigue strength

ratio at any R value to R=O is:

(9)

Based on Eq. 9, we can predict the fatigue strength at any R

value at 106 cycles by the mean fatigue strength of R=O at

fatigue life 106 cycles. Eq. 11 was used to predict the

allowable stress ranges of different R ratios at 106 cycles based

on the AS of R=O. Fatigue strength exponent b is estimated by:

b= -~ log,z’(I + ~5;S)
. u

(lo)

where Su is the ultimate strength of base metal. A value of 80

ksi was used as a rough value of Su.

The predicted results for R=- 1 and R=O.5 are shown in Figures A-7

and A-8. The predicted mean stress ranges for R=-1 and R=O.5 are

in good agreement with the values of the UIUC fatigue data bank;

therefore, fatigue data banks based on R=O information can be

used to predict behavior at other R ratios.

A-4 SUMMARY OF FINDINGS

Editing the UIUC data base to include only R=O and SY<50ksi

reduced the scatter in the mean fatigue strength at 106

cycles for the 53 details of SSC-318.

The standard deviations of the log of fatigue strength at

106 cycles did not correlate with weldment severity nor with

A-16
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the type of fatigue initiating notch. The standard

deviations of the log of fatigue ‘strength at 106 did vary

with sample size. Sample sizes of less than 8 were not

considered. An average standard deviation was estimated

from the results for selected weldments.

The design fatigue strength at 106 cycles was estimated

using mean fatigue strength at 106 cycles for a given detail

minus two (average) standard deviations.

The mean fatigue strength at 106 cycles at other R ratios

can be analytically estimated from UIUC data bank values at

R=O and an analytical model based on the theories of fatigue

crack initiations. The resulting S-N curves for each detail

are presented in Figures A-9 through A-65.
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B-1 RECENT THINKING ON THE WELDMENT SIZE EFFECT

B-1.l EARLY CONCEPTS

There is currently much interest in the influence of weldment

size on its fatigue strength at long lives. Most fatigue design

curves were generated for welds fabricated from plates of 12.5 mm

thickness. Unfortunately, the use of these design rules may

overestimate the fatigue resistance of very large weldments. At

present, for geometrically similar welds, larger weldments will

sustain shorter fatigue lives; and in the U.K., the off-shore

codes have recently been modified to reflect this

thickness (B-l).

The conclusion that thicker weldments should have

effect of

shorter fatigue

lives is suggested by analytical estimates of both the fatigue

crack propagation lives and the fatigue crack initiation lives;

however, the predicted influence of thickness is less for propa-

gation than for initiation. Experimental evidence also confirms

the existence of a size effect, but there is much scatter to this

data (see Figure B-l). Thus, the magnitude of the thickness

effect remains in question.

Gurney (B-2)

experimental

where:

s

s
ref

t

suggests two empirical relationships based on

results:

s

[ 132 %— =. for tubu7ar joints
$ref t

s
[ 122 %— =_ for non-tubu7ar joints

$ref t

Design stress at the thickness in question

Design stress for the reference thickness

Thickness of weldment plates (mm)

B-1
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Smith (3) calculates the fatigue crack propagation lives of three

weldments using fatigue crack propagation analyses, concluding

that:

[ 1s, t, m
<=%

The value of the exponent m, which depends on geometry and

loading condition, was found to

well since the value of m for t

that for t > 22 mm.

B-1.2 ANALYTICAL

Yung and Lawrence

life of weldments

STUDIES BASED

(B-4) suggest

(3)

be a function of thickness as

< 22 mm appears to be less than

ON CRACK INITIATION

that at long lives the fatigue

is principally governed by fatigue crack

initiation; consequently, the thickness effect should be related

to the fatigue notch factor for the weldment (K~mX), which in

turn depends on the weld geometry, the nature of the applied

loads, the strength of the material, and the weld thickness:

~A
f max = 1 +3.25e-s&$~”g tO.5

$lrnax . 1 +3.25e-s$$~”g tO.5

(4)
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where:

x . @/sT
aa

ST = s: +s:
a

From Basquinrs Law, Yung and Lawrence (B-4) derive an expression

for the fatigue strength of weldments at long lives based on

fatigue crack initiation:

(-f -U,)(q)b

Thus, the effect of thickness on the fatigue strength of weld-

ments at long lives should be given by the expression:

S1 Kf ~x ,

~=Kfmx2

For purely axial loading:

s, 1 +3.25e-3&Sj.9 to.s

q =
1 +3.25e-3$S].9 tO.5

(8)

As shown in Figure B-2, fatigue crack initiation is expected to

dominate in the long life region; consequently, Eq. 9 should

describe the effect of thickness in this life period. According

to Eq. 9, the influence of thickness on the long life fatigue

B-4



strength of a weldment is modified by the ultimate strength of

the notch root material and by the weldment geometry and loading

condition (axial or bending). Consequently, the thickness effect

should depend on the material (Su), the life range (N~), the weld

geometry (a), the nature of the applied loads, as well as the

absolute size of the weldment itself (t). Figure B-3 shows the

predictions made using Eq. 9 compared with the work of Gurney (B-

2) and Smith (B-3).

B-1.3 CURRENT SITUATION

Most recent thinking on the thickness effect was summarized at

the 9th International Conference on Offshore Mechanics and Arctic

Engineering in Houston, May 1990 (B-5 - B-n). An entire session

was devoted to the topic; and the papers and subsequent panel

discussion showed that controversy still surrounds this topic.

Discussion of weld fatigue strength and the influence of size,

complex in itself, is further complicated by several definitions

of stress: nominal stress at the location of the notch, notch

root stress (hot-spot stress), etc.

The controversy breaks into two positions. The European view (B-

6) i.s that thickness can be entirely explained in terms of linear

elastic fracture mechanics and is the result of a constant

initial crack size (aO) propagating through weldments of dif-

ferent thickness. This view does not admit any advantage to weld

profiling or control of weld toe geometry or residual stress.

The U.S. view (B-5) accepts the importance of the notch severity

provided by the weld toe.

Most agree, however, that the original value of m (proposed by

Gurney) of 1/4 is too low and that a value of 1/3 is more likely

the proper value for weldments. The persistent problem is the

lack of a comprehensive theory which can predict the fatigue life

of a weldment, deal with the many variables which influence

fatigue life, and predict the effect of thickness on a weldrnent’s

fatigue behavior.

B-5



Ii.-

m
U-J
w
K

-i
v.—

e.—

tn
w
w
K

c1.—
-c

t-

-k.
r-’-l

,,

N
a
x

A
m=

/

/;’
//’

u u

1 I I I I I 1 I

a
w,

I I I I OIL
w e ‘-wTNo. m._. _.L

N

Fig. B-3 Predictions of

qIbuaJIS anb!lD~

the I-P Model

u-l

z

I 1-

J,
m
0 0

~A!+Dl~~

compared with work of
Gurney and Smith

B-6



B-2 EFFECT OF WELDMENT THICKNESS PREDICTED BY THE I-P MODEL

B-2.1 THE INITIATION-PROPAGATION MODEL FOR WELDMENT FATIGUE LIFE

The total fatigue life of a weldment (N~, comprises a period

devoted to fatigue crack initiation and early growth (NI) and one

devoted to the growth of a dominant crack (NP):

/vT=/vl+l’fp (lo)

Lawrence and his colleagues at the UIUC have during the last fif-

teen years developed an analytical model (called the I-P Model of

Total Life Model) for estimating the fatigue life of weldments by

summing independent estimates of NI (using Eq. 7) and NP using

the Paris power law:

(11)

I

To explore the influence of thickness on structural weldments,

the NT of steel weldments was estimated using Eqs. i’, 10 and 11.

To operate the model, it is necessary to make the assumptions

discussed below.

B-2.2 ASSUMPTIONS FOR ESTIMATES OF N1

Similitude: It was assumed that all dimensions except the notch

root radius remained in the same proportions as the plate thick-

ness. The critical value of the notch root radius was kept

constant at a value numerically equal to the material constant in

Petersonls Equation (B-12).

B-7



Material: The material properties of ASTM A36 steel weldments

were the only ones assumed by the study. Note from Eq. 9 that Su

is as influential a variable as a which describes the effect of

the weld geometry and loading conditions. The properties of the

HAZ were estimated from assumed nominal base material properties

after McMahon (B-13) and from the work of Higashida (B-14).

Loading: Constant amplitude, pure axial loading was assumed. A

load ratio of R=O was assumed. This assumption diminishes the

importance of NI as predicted by Eq. 7. Under R=-1 conditions,

NI would be much larger.

Weld geometry: Three values of K~ at a thickness of 25 mm were

assumed. These values correspond to the K~ values for weldments

of Categories B, D, and F; that is, they had values of K~mX equal

to 2.0, 3.0, and 5.0 for weldments of 25 mm thickness. (Note

that the K~ of a given geometrically similar weldment increases

with thickness as described by Eq. 9.) The estimates of K~ for

the weld categories were taken from the AISC Bridge Fatigue Guide

(B-15) Table 1.3.13B and calculated as the ratio of the design

stresses for AISC weld category A to the design stress of the

category in question. The K~ for AISC category A (A36 plane

plate) was taken to be 1.43 as suggested by Chang (B-16).

Residual stresses: It was assumed that the weldments were in the

as-welded state; that is, the residual stresses were equal to the

yield strength of the base metal.

B-2.3 ASSUMPTIONS FOR ESTIMATES OF NP

Similitude: It was assumed that all dimensions except the

initial value of fatigue crack length remained in the same

proportions as the plate thickness. The initial value of the

crack length was kept constant. It was also assumed that the

weld toe had a constant radius equal to Peterson’s material

constant “a”.

B-8



Geometry factor for NP estimates: An expression for M~ given by

Ho (B-17) for cruciform weldments under axial loads was used and

rewritten in terms of K~ max since 2(K~mX - 1) = K~[~)- 1 for the

worst case notch (B-12).

Mk=l+2(Kfmx- 1) w ( 44. O(& ~X - 1)0”85‘1’) (12)

Loading: Constant amplitude, pure axial loading was assumed. A

load ratio of R=O was assumed. AK = YASJ(7rai). The effect of

residual stresses was ignored.

Initial and final fatigue crack lengths: An initial crack length

ao = 0.1 mm and a final crack length a~ = 0.4t were assumed.

B-2 .4 PREDICTED S-N DIAGRAMS

F@ures B-4 through B-9 give the estimated S-N diagrams for AISC

Categories B, D, and F weldments of 25 and 100 mm thickness under

constant amplitude, R=O, axial loading. In each of these fig-

ures, the estimates of NI NP and NT are plotted. Because of

interest h long-life be~avior (lives of 106 and 107 cycles) most

of the S-N curves have been developed principally for this life

regime. As seen h Figures B-4, B-5, and B-6, NI dominates the

NT of weldments in AISC Category B for both thicknesses and in

AISC Category D for the 25 mm thickness. NP dominates the NT Of

Category F for both thicknesses and in Category D in the 100 mm

thickness as seen in Figures B-7, B-8 and B-9. Figure B-10

compares the NT estimates for the six case studies.

Except for AISC Category D, for which the UIUC Fatigue data base

gives peculiar estimates, there is excellent agreement between

the blind predictions given by the model and the UIUC fatigue

data base, as is seen in the table below. The best fit lines to

the UIUC data bank information reflect test data for all

B-9
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Fig. B-9 Predicted NI, NP and NT for Category F A36 steel
weldments. Thickness s 100mm, K+- R 9.o.

B-12



.

----
I Uuu

100

10

I
I

~ CategoryB, t. 25 mm, KI. 20
~ Categov B, t. 100 mm, KI. 3.0
~ Cafegoy D, t = 25 mm, Kf. 3.0
~ Catego~ Q t. 100 mm, Kf -5.0
~ Catego~ F, t ● 25 mtn. K!= 5.0
~ Categoty F, t. 100 mm, Kf = 9,0

I
,.5 5 “ 10’

Nt (cycles)
●

Fig. B-10 Predicted NT fOr Category B, D and F A36 steel
weldments. Thickness s 25 and IO Omxa.

,.8

.

B-13

,,’



materials and R ratios listed in the data base. Thus agreement

between the UIUC data bankts mean S-N curves and the blind

predictions for the general A36 steel weldment is quite good.

The UIUC data bank regression analysis for AISC Category D was

somewhat strange.

B-2 .5 PREDICTED EFFECT OF PLATE THICKNESS

The calculated effect of plate thickness on the fatigue strength

at 106 cycles for AISC categories B, D and F are given in Figure

B-n. Also given in this figure are data of Booth (B-7) for AISC

Category F detail tested in bending.

Detai 1 ~lc~ AS &p AS
~L;#~L=

Exp.-/AS
NT = 10 cycl~ NT = ldcycl~ NT = NT = 10 cyck

(PIPa) (MPa) (HPa) (UPa)

Category B 200 195 145 131

Category D 144 187 98 156

Category E . 113 . 78

Category F 125 109 65 75

While the comparison is strained because the weldment was tested

in four-point bending and because the estimates are for axial

loading, the similarity between the trends for AISC Categories D

and F and the experimental data reinforce confidence in the

calculations made using the I-P model.

Figures B-12 and B-13 show the predicted effect of plate thick-

ness on relative fatigue strength (S/Sre~). In this study, the

reference thickness was taken as 25 mm. At 106 cycles, the

fatigue strengths of the AISC Categories F and D weldments agree

most closely with the m = -1/4 power dependence, particularly in

the case of AISC Category D weldments of very large thickness

(see Figure B-12). At 107 cycles, all weldments except those

with the most severe geometries follow a m = -1/3 power

B-14
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versus plate thickness for Category B, D and F A36
steel weldments. Fatigue strengths were normalized to
the values calculated for t=25mm.
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dependence. Thus, both the experimental data of Figure B-1 and

the predictions of the I-P model suggest that at sufficiently

long lives and for thicknesses in the range 12.5 to 50 mm the

dependency of relative fatigue strength on thickness is best

described by m = 1/3.

Figures B-14 and B-15 plot relative fatigue strength versus K~mX.

Figure B-14 shows the calculated values for 106 cycles; and it is

apparent that basing the estimate of the thickness solely on NI

and Eq. 8 or 9 is valid only for weldments having notch severity,

ultimate tensile strengths, and thicknesses which give K~ ~X

values of 3.0 or less, e.g., AISC Categories A through D in

thickness up to 50 mm for mild steel weldments. Figure B-15

shows the calculated values for 107 cycles. It is apparent that

Eq. 8 or 9 may be used to estimate the thickness effect for AISC

Categories B, D, and F. This is applicable to severely notched

weldments (like those of AISC Category F) where crack initiation

dominates (see Figure B-8).
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B-3 SUMMARY OF FINDINGS

Experimental data, recent thinking, and analytical studies using

the I-P Model favor a dependency of the relative fatigue strength

on the -1/3 power of thickness.

Analytical studies of the thickness effect using the I-P Model

suggest that the thickness effect depends on the relative impor-

tance of fatigue crack initiation and propagation and hence upon

the notch severity of the weldment, the ultimate tensile strength

of the notch root materials, the nature of the applied loads, the

life regime, and the thickness of the weldment.

For long lives (107 cycles), analytical studies using the I-P

Model suggest that K
.

~~X provides a rational basis for estimating

the thickness effect.

The I-P Model appears to predict correctly the weldment size

effect at both long and short lives.
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APPENDIX C

Glossary





Cathodic protect ion A means of reducing corrosive attack on a metal by
making it the cathode of an electrolytic cell.
This can be done by applying an external direct
current from a power source (impressed) or by
coupling it with a more electro-positivemetal
(sacrificial).

Constant amplitude
fatigue limit

Continuous
termination

Cruciform or
transverse load-
carrying joint

Cut-off limit

Design life

Detail category

Discontinuity

Discontinuous
termination

Fatigue

Fatigue Limit

The fatigue strength at 5-106 cycles. When all
nominal stress ranges are less than the constant
amplitude fatigue limit for the particular detail,
no fatigue assessment is required.

Termination from continuous weld

Specimen made from two lengths of plate welded, via
fillet or full penetration welds, to either side of
a perpendicular cross piece of the same section
thickness.

The fatigue strength at 108 cycles. This limit is
calculated by assuming a slope corresponding to
m = 5 below the constant amplitude fatigue limit.
All stress cycles in the design spectrum below the
cut-off limit may be ignored unless the detail is
exposed to a corrosive environment.

The period during which the structure is required
to perform without repair.

The designation given to a particular structural
detail to indicate which of the fatigue strength
curves should be used in the fatigue assessment.
The category takes into consideration the local
stress concentration at the detail, the stress
direction, and residual stresses.

An absence of material causing a stress concen-
tration. Typical discontinuities are cracks,
scratches, corrosion pits, lack of penetration,
slag inclusions, cold laps, porosity, and undercut.

Termination from intermittentweld.

The damage of a structural part by gradual crack
propagation caused by repeated stresses.

See “cut-off” limit.
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Fatigue loading Fatigue loading describes the relevant variable
loads acting on a structure throughout the design
life. The fatigue loading in ships is composed of
different load cases.

Fatigue notch factor Ratio of stress of a notched detail to stress for a
plan detail at a constant fatigue life.

Fatigue strength The stress range corresponding to a number of
cycles at which failure occurs.

Geometric stress The stress at any point around the detail inter-
section necessary to maintain the compatibility of
displacements. This stress excludes local stress
and depends on the nominal stress and overall
geometry of the intersectingmembers.

Hot spot stress The stress which controls fatigue endurance in
tubular nodal joints. It can be defined experi-
mentally or in design by the product of the nominal
stress and the design hot spot stress concentration
factor. This form is used primarily for offshore
structural details.

Load case A part of the fatigue loading defined by its
relative frequency of occurrence as well as its
magnitude and geometrical arrangement.

Load stress The stress due to the discontinuity at the weld and
which is superimposed on the geometric stress.

Nominal stress The detail stress remote from the intersection.
This includes geometric stress at the weld toe in
the absence of weld.

Nominal stress range The algebraic difference between two extremes
(reversals) of nominal stress. Usually, this
difference is identified by stress cycle counting.
Stress extremes may be determined by standard
elastic analysis and applying forces and moments to
the cross-sectional areas. Exceptions to this
definition are details near cut-outs, man-holes, or
other stress concentrations not shown in Table 3-
1.

Ripple

Me7dprofi7ing

Uneven weld surface.

Process of mechanically altering weld surface
geometry.
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Me7d toe The intersection of the weld profile and parent
plate.
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