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A Proposed S-N Curve for
Welded Ship Structures

A hot-spot stress-based design S-N curve for fillet weld joints
takes into account the effects of static cargo loads

ABSTRACT. Static loads on ship struc-
tures induced by cargo loading cause rela-
tively higher stress histories at welded
joints compared with cyclic loads induced
by waves. Due to these static loads, the ini-
tial tensile residual stresses at welded
joints are shaken-down to a great extent by
the elastoplastic deformation behavior of
the material. The redistribution of initial
welding residual stresses by the preload
was evaluated using finite element (FE)
analysis and compared with the results ob-
tained from an ordinary sectioning
method for three types of welded speci-
mens, which were all typical fillet weld
joints in ship structures. Fatigue tests were
performed to evaluate the effects of
shaken-down residual stresses on the fa-
tigue strength of the fillet weld joints. The
effects of the tensile mean stress on the fa-
tigue strength of preloaded specimens
were investigated as well. From the results
of fatigue tests, an empirical formula of
S-N curves, taking into account the effect
of the arbitrary preload and mean stress
associated with static loads, was derived
based on the hot-spot stress range. The
standard deviation between the formula
and fatigue test results was calculated.
With 2.35% of probability of failure, “HD
S-N Curve (Hot spot-stress based Design
S-N Curve)” was proposed.

Introduction

Tensile residual stresses generally exist
up to the yielding point of the material
around welded joints. Much research has
been carried out on the effects of residual
stresses on fatigue strength. Most of this
research work, however, has concentrated
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on the effects of initial welding residual
stresses. Only a few research works were
performed on the effect of redistribution
of residual stresses caused by the actual
service condition on fatigue strength
(Refs. 1, 2).

Static loads on a ship structure, in-
duced either by water pressure before ser-
vice or by cargo pressure during the first
laden voyage, cause relatively higher
stress history at welded joints, compared
with cyclic loads induced by waves during
service. Scantlings of main ship structure
are generally determined under the rule
requirements of classification societies
(Refs. 3-5), and the values of allowable
nominal stress by design static loads are in
the range of approximately 50-70% of the
yield points of materials. In ship structure,
local stress concentration is inevitable due
to structural geometry or discontinuity. In
most cases, the fatigue damage occurs at
these stress-concentrated points. Due to
static loads, the initial tensile residual
stresses at welded joints, where fatigue
strength is concerned, are expected to be
shaken-down to a great extent by the
elastoplastic deformation behavior of the
material, although the behavior of global
structure is elastic. Ship structural mem-
bers are subsequently exposed to cyclic
loads during service. It is therefore imper-
ative to verify the fatigue characteristics
related to the redistributed residual
stresses to assess the fatigue strength of
the ship structure properly.
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Fatigue Analysis

It was also reported that the effect of
cyclic stress ratio (minimum stress/maxi-
mum stress) on the fatigue strength of a
structure under the initial residual stress
condition by welding was minor (Ref. 6).
Therefore, the mean stress effect on the
fatigue strength of structures is minor,
based on exposure to cyclicloads under as-
welded conditions. However, the effect of
a certain level of mean stress associated
with static loads of cargo or ballasting
would not be minor in the case of ship
structures with residual stresses shaken-
down by fairly large static loads, when ex-
posed to cyclic loads induced by waves.

In this research work, the redistribu-
tion of residual stresses by the static pre-
load was evaluated using FE analysis and
compared with the results obtained from
an ordinary sectioning method for three
types of small specimens: a non-load-car-
rying box fillet weldment (Model 1); a
weldment with gussets on the plate edge
(Model 2); and a weldment with padding
plate (Model 3). These were all typical fil-
let weld joints in a ship structure. Fatigue
tests were performed to evaluate the ef-
fect of shaken-down residual stresses on
the fatigue strength of as-welded speci-
mens and that of statically preloaded ones.
The effects of the tensile mean stress on
the fatigue strength of preloaded speci-
mens were investigated as well.

Distribution of Residual Stress

Details of the specimens are illustrated
in Fig. 1. The welding condition for speci-
mens is listed in Table 1. The specimens
were fabricated in accordance with actual
shipbuilding workmanship and practice.
The material for the specimens was ship
structural mild steel of grade A. The major
chemical composition and mechanical
properties of the steel are listed in Table 2.
Although actual yielding stresses of the
material were about 300 MPa, classifica-
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Fig. 1 — Details of specimen. . . U e,
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n¥n,
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. N R Fig. 2 — Static preload conditions.
Fig. 3 — Finite element models for simulation of residual stress dis-
tribution.
Table 1 — Welding Condition Table 2 — Major Chemical Composition and Mechanical Properties of Mild Steel
Current 250 A Chemical Composition (%)
Voltage 26V C Si Mn P
Speed 30 cm/min 0.13~0.17 0.15~0.18 0.46~0.65 0.012~0.019
Method FCAW
Mechanical Properties
Yield Stress (MPa) Tensile Strength (MPa) Elongation (%)
290~299 427~457 34~36

tion societies define the design yield stress
of 6, as 235 MPa for ship structural mild
steel. In this regard, hereinafter, the de-
sign yield stress o, is defined as 235 MPa
according to the classification societies’
specification.

Distributions of residual stresses of the
specimen under three statically pre-
loaded conditions, which are illustrated in
detail in Fig. 2, were evaluated by FE
analysis and measured by a sectioning
method.

Condition 1 was the as-welded condi-
tion; condition 2 had a preload inducing
0.5 o, of tensile nominal stress; condition
3 had a preload inducing 0.85 o, of tensile
nominal stress.

Thermo-elastoplastic FE analyses
were performed using the models shown
in Fig. 3 to simulate residual stress distri-
butions by welding, and redistributions of
residual stresses by preloads. One-eighth
of the specimen was modeled imposing
symmetric boundary conditions. Elements
were 8-noded solids, and the element sizes
around the weld toe were about one-
fourth of the plate thickness. Mechanical
properties of the stress-strain relation and
material hardening due to welding were
obtained from the tensile test and the
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hardening test. After the heat input, which
was calculated from the welding condi-
tion, was fluxed to the weld bead elements,
the distributions of the temperature were
calculated by a transient thermal conduc-
tion analysis ignoring heat convection and
radiation to the air. With the calculated
distributions of the temperature with re-
spect to time, a thermo-elastoplastic
analysis was carried out to simulate initial
welding residual stress distributions. From
the status of the initial welding residual
stresses, the static preloads depicted in
Fig. 2 were applied to models to simulate
redistributions of residual stresses by an
elastoplastic analysis.

Initial residual stresses by welding and
redistributed residual stresses by pre-
loads were measured as well by using an
ordinary sectioning method. Two-dimen-
sional strain gauges with a gauge length of
1 mm were bonded on both sides of the
main plates at 2-mm, 12-mm and 22-mm
distances from the weld toe. Then, by sec-
tioning the main plates around the strain
gauges into small cubes, released strains
were measured and converted into resid-

ual stresses using the following relation-
ship.

= %(Asx +vAey)

M

where, O, is the residual stress in the
longitudinal direction of the specimen, Ag,
is the released strain in the longitudinal di-
rection of the specimen, Ag, is the released
strain in the transverse direction of the
specimen, v is Poisson’s ratio (= 0.3), and
Eis Young’s modulus (= 2.06 x 10° MPa).

The results of the FE analysis and the
measurement for initial welding residual
stress distribution and redistributed resid-
ual stresses by preloads are shown in Fig.
4. According to the results of FE analysis,
the initial welding residual stresses near
the weld toe of the main plate almost
reach the yield stress of the material or
more. The initial welding residual stress
decreases from a tensile preload. The big-
ger the preload becomes, the more the
residual stress decreases. Magnitudes of
shaken-down residual stresses obtained by
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Fig. 4 — Residual stress distribution along centerline surface of main plate:

Models 1, 2, 3.

measurement were smaller than those ob-

Fig. 5 — Fatigue test conditions of preload and mean stress.

tained by FE analysis, but the decrement
of the initial residual stress from the pre-
load was clearly observed at the weld toe

Table 3 — Hot-Spot Stress Value of Preload and Mean Stress

of the main plate. Model SCF Preloac(l) (MPa) Mean Strgss (MPa) C;ise
. 175.0 0 3
Fatigue Tests 1 1.49 297.4 0 6,11
297.4 175.0 12
Fatigue tests were carried out under 2974 2974 13
load-controlled axial loading with fully re- 0 0 1
versed constant amplitude at room tem- 229.0 0 4
perature in air. Conditions for fatigue 2 1.95 389.3 0 7,14
389.3 229.0 15
tests to evaluate the effects of both the re-

. . . 389.3 389.3 16
distributed residual stresses by tensile pre- 0 0 1
load and the tensile mean stresses by sta- 155.0 0 2
tic load are illustrated in Fig. 5. Test 3 1.32 263.5 0 58
frequency was in the range of 6 to 20 Hz. 263.5 155.0 9

263.5 263.5 10

Fifteen fatigue tests were performed per
each test condition in accordance with the

International Institute of Welding’s (IIW)
recommendation (Ref. 7). Fatigue tests
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Fig. 6 — Test results and AS-N; curves with redistributed residual stress by

preload.

stresses when ini-
tial welding resid-
ual stresses had
been shaken-down

were carried out until approximately 5 x
10° cycles of loading and stopped, unless a
fatigue crack was visually detected.

In this paper, the fatigue life of speci-
men N; is defined as the number of load
cycles until the specimen is totally failed
because of fatigue damage in the ship
structure being subject to fairly developed
cracks, but not reaching catastrophic
structural failure. The equation of the S-N
curve for each test condition was deter-
mined with the results of N; by least
squares regression analysis. The test data
stating that a crack was not detected until
5x10° of load cycles were not considered to
derive the equation of an S-N curve.

Fatigue test results under conditions 1,
2, and 3 are plotted in Fig. 6, which repre-
sents the relation between nominal stress
range (AS) and the failure life (N;). The fa-
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by the preload.

Applicability of Hot-Spot Stress

To evaluate fatigue strength properly,
there should be consistency between the
stress with which the S-N curve is defined
and the one with which fatigue strength is
calculated. Most S-N curves proposed by
international institutes, such as ITW (Ref.
7) and BS5400 (Ref. 8), are defined with
the nominal stress range and the related
weld-joint type. The nominal stress ex-
cludes the stress concentration due to geo-
metric shape such as structural disconti-
nuities and presence of attachments. At
most of the critical points in ship structure
where fatigue strength is concerned, there
are stress concentrations that depend not
only on structural detail shapes but also on
applied loading pattern. Furthermore, it is
often hard to define the nominal stress
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tigue strength was due to the complexity of structure and
00 clearly affected by loading. Accordingly, there is a high pos-
preloads. The sibility of misevaluating the fatigue
greater the pre- strength when it is evaluated with the
2w load, the more the nominal stress basis. Hot-spot stress is the
fatigue strength of recommended means of evaluating the fa-
If the weldment in- tigue strength in ship structures because it
= creased. This incre- includes the stress concentration due to
g b ment of fatigue geometric shape. However, few S-N
- strength was pre- curves defined with hot-spot stress are
dominant at the proposed, except those for tubular joints.
lower cyclic stress Therefore, it has been very hard to match
an range. Fatigue test the calculated hot-spot stress to the rele-
- results under con- vant S-N curve.
s : . ditions 3, 4, and 5 There are three different stress extrap-
115 [EXTN Tall} . . . .
. are plotted in Fig. olation techniques as commonly recom-
K 1Gycle)

mended procedures for the calculation of
hot-spot stresses in welded structures, i.e.
1) linear extrapolation of stresses over ref-
erence points at 0.5 and 1.5 of plate thick-
ness away from the hot spot; 2) linear ex-
trapolation of stresses over reference
points at 0.4 and 1.0 of plate thickness
away from the hot spot; and 3) no extrap-
olation, but the stress value at 0.5 of plate
thickness from the hot spot as the relevant
hot spot stress. Finite element analyses
using different types/sizes of elements and
computing programs had been performed
on various welded joints to calculate and
to compare hot-spot stress values by these
three techniques (Ref. 9). According to
the results, the linear extrapolation of
stresses at 0.5 and 1.5 of plate thickness
had shown the least scatters of the values
at the reference point in association with
different types/sizes of elements and com-
puting programs. In this regard, linear ex-
trapolation of stresses over reference
points at 0.5 and 1.5 of plate thickness
away from the hot spot was adopted in this
paper for the calculation of hot-spot stress
values. Calculated stress concentration
factors (SCFs) at the hot spot, using mod-
els constituted with 4-node plane stress el-
ements (of which size at the concerned
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Fig. 7 — Test results and AS-N;curves with mean stress: Models 1, 2, 3.

(SIP) on main plate.

Fig. 8 — Longitudinal stress distribution from the structural intersection point

area was about the thickness order of the
main plate), were obtained as 1.49 for
Model 1, as 1.95 for Model 2, and as 1.32
for Model 3, as illustrated in Fig. 8. Table
3 lists the magnitude of preloads and
mean stresses on each model, which are
substituted into hot-spot stress values, and
the number of cases in relation to Equa-
tions 2-8 and 12-20. To examine the ap-
plicability of a unified S-N curve based on
the hot-spot stress for the evaluation of
the fatigue strength of various weld joints,
the fatigue test results of N;for three mod-
els under the as-welded condition are
plotted on Fig. 9 in relation to the nomi-
nal stress range of AS and to the hot-spot
stress range of Ay, The hot-spot stress
ranges were calculated by multiplying the
stress concentration factors by the nomi-
nal stress ranges. The test results of Model

1, Model 2, and Model 3 coincided well
with an S-N curve under the basis of hot-
spot stresses, irrespective of their weld-

joint type.
Proposed HD S-N Curve

To estimate the fatigue strength with an
arbitrary preload and static load, it is nec-
essary to derive an equation of S-N curves
that reflects effects of redistributed resid-
ual stress and mean stress. From fatigue
test results, the equation of S-N curves
using the hot-spot stress range Ac was de-
rived.

Pre-Load Effect

S-N curves under various preload
cases, which were derived from the fatigue

test results of Model 1, Model 2, and
Model 3, are represented by the following
equations:

Case 1 (6},q = 0.0 MPa)

:log N = 14.415 - 3.776 log Ac 2)
Case 2 (Gjyaq = 155.0 MPa)

:log N = 17.579 — 5.184 log Ac 3)
Case 3 (6jpyq = 175.0 MPa)

:log N = 15.167 - 4.095 log Ac 4)
Case 4 (Ojyaq = 229.0 MPa)

:log N = 15.103 - 3.950 log Ac 5)
Case 5 (Gjpyq = 263.5 MPa)

:log N = 22.871 - 7.311 log Ac 6)

WELDING JOURNAL m
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Fig. 10 — Definition of AGgyye and AGy, jimir

Fig. 11 — Relation between AGy, jiri and magnitude of preload (0,).

Case 6 (Gjyyq = 297.4 MPa)

:log N = 18.683 — 5.383 log Ac (7
Case 7 (Gjpaq = 389.3 MPa)
:log N = 16.204 - 4.209 log Ac (8)

where 6,,4 is the magnitude of hot-spot
stress by preload.

In this paper, the fatigue strength of
hot-spot stress range at 5 x 10° cycles
under an arbitrary preload with zero mean
stress is defined as fatigue limit AG, jjmi, as
illustrated in Fig. 10. Then the fatigue
limit under the as-welded condition
AG( jimi¢ 18 110.44 MPa. Figure 11 shows
the relation between the fatigue limit
AG,jimir and the magnitude of
preload, o. Provided the relation between
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log AG,, jimir and o is approximated to the
second order equation, the relation can be
represented as follows by the least squares
regression analysis.

log AG, jimit = (0.02840

+ 0.023200 + 1) IOg AGO,]imit (9)
where o is magnitude of tensile preload
(C10ad/00; Oy = 235 MPa) and AG jipi; is
the fatigue limit under the as-welded con-
dition ( = 110.44 MPa).

Intersected points between the S-N
curve under the as-welded condition and
the ones under various preload cases are
defined as AGg, ., as illustrated in Fig. 10.
The value of Acg,,. means the stress
range at which the effect of redistributed

residual stress on fatigue strength is di-
minished under each preloaded case. At
the stress range beyond AGg, ., it is ex-
pected there would be no change of fa-
tigue strength between the as-welded con-
dition and the preloaded case. Figure 12
shows the relation between AG,,. and o.
The data of A, for Cases 4 and 7 were
discarded because they were far from a
reasonable range. Provided the relation
between AG, . and o is approximated to
be linear, the relation can be represented
as follows by the least squares regression
analysis.

log AGgyme = (0.19600 + 1)log AG() jimit
(10)
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Fig. 13 — Relation between AGy, jimi and magnitude of mean stress ().
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Fig. 14 — Comparison of HD S-N diagram and additional fatigue test results.

From Equations 9 and 10, the equation
of S-N curves that reflects the effects of re-
distributed residual stress with an arbi-
trary tensile preload but without tensile
mean stress can be derived as follows.

log N =C; + my log Ac (11)
where
C, = [(14.415-3.776logAC . ) - logAGp,limit
-6.699-logAc,,,. 1/ logAG, i —logAG,,,

"= 6.699 —(14.415-3.776logAc

10gAG,, 4y =108AC e (a>0)

In the case of AG =2 AG,,. or 0.=0, Equa-
tion 2 is to be applied.

In the case of compressive preload, the

sums)

m.limit

S-N curve under the as-welded condition
is recommended for the design purpose
because there would be no large redistrib-
ution of residual stress from an engineer-
ing judgment.

Mean Stress Effect

It was determined that the effect of
cyclic stress ratio (minimum stress/maxi-
mum stress) was minor on the fatigue
strength of a structure under the initial
residual stress condition by welding that
almost reached yield stress of the material
at the weld toe (Ref. 6). Therefore, the
mean stress effect on the fatigue strength
of structures is minor as far as they are ex-
posed to cyclic loading under the as-
welded condition. At the stress range be-

yond AGg, ., Wwhere the effect of preload is
diminished, the effect of the mean stress is
also ignored, and Equation 2 of the as-
welded condition may be applicable to ar-
bitrary preloaded cases with mean
stresses.

From Equations 2 and 10, fatigue test
results under tensile mean stresses are
represented as follows:

Case 8
(Olpaq = 263.5 MPa, 600y = 0.0 MPa)  (12)
:log N = 14.415-3.776 logAc  (AG > AGg,me)
:log N = 18.083 - 5.248 logAG  (AG < AGg,me)

Case 9

(Ojpad = 203.5 MPa, 6., = 155.0 MPa) (13)
:log N = 14.415-3.776 logAc ~ (AG > AGg,ne)

:log N = 13.756-3.512logAc (Ao < Ac,

samc)
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Case 10
(Olpad = 203.5 MPa, G,y = 263.5 MPa) (14)
:log N = 14.415-3.776 logAG ~ (AG 2 AGg,ne)
tlog N = 12.910-3.172logAG  (AG < AGg )
Case 11
(Ojoad = 297.4 MPa, G ooy = 0.0 MPa)  (15)
tlog N = 14.415-3.776 logAc  (AG > AGg, )
:log N = 18.570 — 5.405 logAG  (AG < AGg,me)

Case 12
(Oloaq = 297.4 MPa, G,y = 175.0 MPa)  (16)
:log N = 14.415-3.776 logAG  (AG 2 AGg )
(AG < AGsame)

:log N = 14.838 — 3.942 logAc

Case 13
(Olpad = 297.4 MPa, 6.y = 297.4 MPa) (17)
tlog N = 14.415-3.776 logAc  (AG > AGg, )
:log N = 14.385-3.765 logAG  (AG < AGg,me)

Case 14
(loaq = 389.3 MPa, 6., = 0.0 MPa) (18)
:log N = 14.415-3.776 logAc ~ (AG = AGgme)
1log N = 20.120 - 5.884 logAG  (AG < AGg,e)

Case 15
(G1oad = 389.3 MPa, G0an = 229.0 MPa)  (19)
tlog N = 14.415-3.776 logAc  (AG = AGg )
1log N = 13.917-3.593logAc  (AG < AGg )
Case 16
(O1oaq = 389.3 MPa, G, ., = 389.3 MPa) (20)
:log N = 14.415-3.776 logAG ~ (AG 2 AGg,ne)
:log N = 13.466 — 3.426 logAG  (AG < AGgme)

where G,,.., is the magnitude of hot-spot
mean stress.

Figure 13 shows the relation between
the fatigue limit with an arbitrary mean
stress AGp, jimir and the magnitude of the
mean stress, B. Provided the relation be-
tween AGy, jimi¢ and B is approximated to a
second order equation, the relation can be
represented as follows:

log AGy, jimit = 10g AG, jimit
= Y(AC, jimit — 10g AG jimir) (21)

where B is magnitude of tensile mean
stress (Onean/Oload) and

logA O timit ~ logAG, jimit

logAG, iy —102AGy iy

p.limit

= -1.285B° +2.609B

From Equations 9 and 21, the fatigue
limit with an arbitrary tensile mean stress
under an arbitrary tensile preload can be
derived as follows.

l0g AG jimit = [(0.028402-+0.023201+1)
+(1.2853 2.609B) (0.028402+0.023201)]
* 10gAG( jimit (22)

In the case of compressive mean
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stresses, the S-N curve under zero mean
stress is recommended for the design pur-
pose.

HD S-N Curve

From fatigue test results, Equation 10,
the equation of the intersected point be-
tween the S-N curve under the as-welded
condition and the ones under the pre-
loaded case, and Equation 22, the equa-
tion of fatigue limit, have been established
taking account of effects of the preload
and the mean stress. The equations are
based on the hot-spot stress and expected
to be applicable for the fatigue assessment
of various fillet welded structural joints.
To propose “Hot spot stress-based Design
S-N Curve (so called HD S-N Curve),” the
standard deviation between equations and
test results was calculated as 0.181 using
the following equation.

$=1 3 -x)

n-1i3 23)

where, s is standard deviation of logN, x; is
the logarithm of the number of cycles ob-
tained from fatigue test results, and X, is
the logarithm of number of cycles cal-
culated from the equation.

With 2.35% of probability of failure,
the HD S-N Curve with mean minus two
standard deviations, Equation 24, may be
proposed in general for the assessment of
the fatigue strength of fillet weld joints at
the design stage.

logN =C + mlogAc-2s (24)
where

C = [(14.415-3.776108 A e ) 108 AG 1 fimit
=6.699- IOgAGsame]/(IOgAGm,limit - IOngsame)

when (AGg,o < AGgye), or C = 14.415
when (00 = 0 0r AGy, o 2 AGgyme);

same)

m= 6.699 —(14.415-3.776logAc
logAc —logAc

m,limit same

when (AGg, < AGgyme), Or m = -3.776
when (o0 = 0 0r AGg, o 2 AGgyme);

s = the standard deviation of log N
(= 0.181);

log AGgyme = (0.19600 + 1)l0gAGy) jimit:

10g AGy imit = [(0.02840¢+0.023201+1)
+(1.2853-2.6098)(0.028402+0.023201)]
*log AGy jimit;

o = the magnitude of tensile preload

when (6y,,4/0, > 0), or, in the case of
compressive preload only, o = 0;

B = magnitude of tensile mean stress
when (1.0 2 6,a0/Cjoag = 0), Or, in the
case of compressive mean stress, = 0;

AG( jimit = fatigue limit under as-welded
condition ( =110.44 MPa);

6, = design yield stress ( = 235 MPa);

Oload = magnitude of hot-spot stress by
preload (design load in general);

Omean = Magnitude of hot-spot stress by
actual static load related to concerned
load condition.

Verification of HD S-D Curve

Additional fatigue tests were carried
out under an arbitrary preload and two
mean stress conditions to verify the HD
S-N Curve. Fatigue test results and the
HD S-N Curve under related test condi-
tions are shown in Fig. 14. The additional
fatigue test results show reasonable agree-
ment with the HD S-N Curve.

Conclusion

Contemporary assessment proposals
for the fatigue strength of ship structures
have been derived from the research re-
sults for other industries such as steel
bridges and offshore structures. It should
be noted that, in ship structures, not only
structural details in geometry and mater-
ial but also loading patterns of the dy-
namic and the static types are different
from those of other structures.

To examine the effect of static load his-
tory on ship structure, simulation by FE
analysis and measurement by a sectioning
method for the distribution of the residual
stress were both carried out. Initial weld-
ing residual stresses at the weld toe, which
almost reached tensile yield point of the
material, were shaken down by the tensile
preload. The bigger the preload became,
the more the residual stress decreased, ac-
cording to results of both the simulation
and the measurement. Due to the effect of
the tensile preload, the fatigue strength
was changed. The bigger the tensile pre-
load was, the more the fatigue strength in-
creased, and this fatigue strength incre-
ment was predominant at the lower cyclic
stress range.

Fatigue tests were also carried out ap-
plying the tensile mean stresses under pre-
loaded conditions to examine the effect of
the mean stress on fatigue strength. There
were big differences of fatigue strength
from tensile mean stresses when the pre-
load had shaken-down initial welding



residual stresses. The fatigue strength de-
creased drastically from the tensile mean
stress, and this decrement was predomi-
nant at the lower cyclic stress range.

It is noteworthy that the main purpose
of this research work emphasizes its prac-
tical application to ship structural design.
From the results of fatigue tests, an em-
pirical formula of S-N curves, taking ac-
count of the effect of the arbitrary pre-
load and mean stress in consideration of
loading conditions in ship structures,
which was based on the hot-spot stress
range, was derived in the closed form. The
standard deviation between the formula
and the fatigue test results was calculated.
With 2.35% of probability of failure, “HD
S-N Curve (Hot spot stress-based Design
S-N Curve)” was proposed. However, to
generalize and to utilize the HD S-N
Curve in the shipbuilding industry, further
research work on the following areas is
recommended.

Fatigue tests on lower cyclic stress range.
The fatigue tests were carried out until
around 5 X 10° cycles of loading and
stopped in this research work. In ship
structure, the fatigue strength is assessed
on the basis of design S-N curves and
Miner’s accumulative damage rule, with
the stress spectrum in consideration of
variable amplitude loads. Most fatigue
damage is contributed by dynamic stress at
the level of 2 x 10° ~ 1 x 10° load cycles. In
this regard, when a new Design S-N Curve
is established, fatigue test results at the
high cycle load region (around 1 x 107 cy-
cles) are important to enhance the relia-
bility of the S-N curve, even though it is
very time-consuming to carry out tests at
low stress ranges.

Definition of hot-spot stress. The result-
ing value of hot-spot stress may differ de-
pending on the FE program or on the ele-
ment type, although the procedure for the
calculation is just the same (Ref. 9). It is
necessary to establish a more appropriate
procedure for the calculation of the hot-
spot stress that may represent the state of
stress in relation to the fatigue behavior of
welded joints.

Different workmanship of welding. Fa-
tigue strength of the welded structure is
highly dependent on the quality of the fab-
rication. All specimens in this research
work were fabricated by only one ship-
yard, with its normal workmanship. Com-
parison of test results with specimens fab-
ricated by a variety of shipyards will be
required.

Verification of shaken-down residual
stresses in actual ship structures. The re-
distributions of initial welding residual
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stresses by preloads in small-scale speci-
mens may not necessarily represent those
in actual ship structures due to complexity
of the structural geometry. In addition to
welding residual stresses, other mechani-
cal residual stresses, induced by forced re-
straints during block assembly and so on,
are imposed simultaneously. It is neces-
sary to measure shaken-down residual
stresses at the hot spot of the ship struc-
ture by the cargo loading history and to
calibrate the effect of preloads on the fa-
tigue strength.

Accumulation of further experimental
data. In this research work, fatigue tests
were performed with only three fillet-
welded joint types of specimens, which
were fabricated with ship structural mild
steel of grade A. Accumulation of experi-
mental results with other joint types, such
as lap joints, and other materials, such as
higher tensile steel, is necessary. In addi-
tion, further fatigue tests under lower
mean stress levels are recommended.

Fatigue tests under other types of loading.
Fatigue tests were performed under uni-
axial loads only. Fatigue strength under
other types of loading such as out-of-plane
bending loads and bi-axial loads should be
verified.
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