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The response of maritime structures can be multiaxial, involving predominant mode-I and non-negligible mode-
III components. Adopting a stress distribution formulation based effective notch stress as fatigue strength
parameter for mixed mode-{I, III} multiaxial fatigue assessment purposes, a mode-I equivalent von Mises type
of failure criterion has been established at the critical fracture plane. Counting includes a cycle-by-cycle non-
proportionality measure and damage accumulation is based on a linear model. Distinguished mode specific

and material characteristic strength and mechanism contributions in terms of respectively the resistance curve
intercept and mean stress induced response ratio coefficient, resistance curve slope and material characteristic
length, have been incorporated. Evaluating the mid-cycle fatigue resistance, the outperformance is impressive.
The analysed multiaxial mode-{I, III} data fits the uniaxial mode-I reference data scatter band and a single
resistance curve can be used for fatigue assessment.

1. Introduction

Maritime structures are typically exposed to environment and ser-
vice induced loading conditions varying over time, introducing a cyclic
response. Fatigue can be a governing limit state [1]. For commonly
applied materials like steel, the arc-welded joints typically connecting
the planar or tubular structural members are fatigue sensitive because
of the notched geometries; hot spots [2].

In general, maritime structural response conditions can be mul-
tiaxial with potential contributions from loading, geometry and/or
even material sources. External environment and service loading com-
ponents, like wind and waves from different directions, as well as
heavy lifting operations and rotating turbine blades (Fig. 1), can occur
simultaneously. Stiffness variations because of changing geometry or
material anisotropy enable multiple - internal — load transfer mecha-
nisms along dissimilar paths. Normal mode-I, in-plane shear mode-II
and/or out-of-plane mode-IIl shear components (Fig. 2) can be in-
volved, either proportional (P); i.e. in-phase (predominantly geometry
and material source related), or non-proportional (NP); i.e. out-of-
phase (often related to the loading source) because of asynchronous
behaviour and/or different frequencies [3].

Since the (curved) plate thickness is often relatively small in com-
parison to the other structural member dimensions and the external
loading is typically a distributed one, the internal mode-I loading
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components: normal force F, as well as the in-plane and out-of-plane
bending moments M, and M, ,,, are typically governing. Any in-plane
shear force F,;, mode-II component is in general negligibly small. At
the same time, the out-of-plane shear force F;,, and torsion moment
M, mode-III components affect in specific cases [4,5] the predominant
mode-I response and multiaxiality has to be taken into account for
accurate fatigue strength and life time estimates [e.g. 3]. Adopting
respectively intact and cracked geometry parameters [2], the initiation
and growth contributions to the fatigue damage process can be mod-
elled [1]. The fatigue life time N is predominantly spent in the notch
affected region [6], meaning a notch characteristic intact geometry
parameter can be adopted as fatigue strength parameter S rather than
a cracked geometry one, even if N for welded joints is typically crack
growth defined. Since far field response spectra of welded joints in steel
maritime structures reflect predominantly linear elastic behaviour, .S is
typically of the stress — rather than strain or energy - type, in particular
for mid- and high-cycle fatigue [7]. Correlation of S and N typically
reveals a log-log linear dependency and a Basquin type of resistance
relation is naturally adopted: log(N) = log(C) — m - log(S). Intercept
log(C) and slope m reflect respectively a strength and mechanism
contribution, suggesting the mode-I and mode-III values are different.

Different fatigue strength parameters have been developed over
time aiming to obtain more accurate lifetime estimates, balanced with
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Nomenclature
Symbols
a (half) notch angle
B, particular stress angle
B(N) lifetime dependent shear strength coefficient
y response ratio coefficient
A prefix indicating stress range
€ residual
{¢s0-Css)  mode-I blunt body eigenvalue of (anti-)symm. part
0 generic (stress) angle
A eigenvalue
{Apa> 455+ ~mode-I eigenvalue of (anti-)symmetry part
Ay mode-III eigenvalue
{lsa> Hssy ~mode-I equilibrium coeff. of (anti-)symmetry part
Hep mode-III force equilibrium coefficient
Hem mode-III moment equilibrium coefficient
p (real) weld notch radius
ps., mid/high-cycle fatigue transition curvature
p* material characteristic length
Pe normal to shear stress ratio
c normal stress
o, mode-I effective notch stress
Cre mode-I linear structural field stress
oNn fatigue lifetime standard deviation
o, (r/t,) weld toe notch normal stress distribution
oy (structural) normal stress
Oge mode-I self equilibrium stress
oy M, induced structural normal stress component
Csm F, induced structural normal stress component
o, material yield strength
T shear stress
7, mode-III effective notch stress
Tpe mode-III linear structural field stress
7, (r/t,) weld toe notch shear stress distribution
7 (structural) shear stress
Tye mode-III self equilibrium stress
Ty F, induced structural shear stress component
Ty M, induced structural shear stress component
D parameter vector
{Xsa> X¥ss+ mode-I eigenvalue coeff. of {1,,, 4.}
{w,q> @y} mode-I blunt body eigenvalue coeff. of {¢ ., ¢}
C fatigue resistance curve intercept
Cho weld load carrying normal stress coefficient
Cpp path characteristic non-proportionality coefficient

Cm material characteristic non-proportionality coeff.
Ci weld load carrying shear stress coefficient
F, nodal normal force
F; nodal shear force
h,, weld leg height
Ly weld leg length
m fatigue resistance curve slope
M, nodal bending moment
M, nodal torsion moment
n number of counted cycles
fatigue lifetime in number of cycles
Dy probability of survival
ro radial distance coordinate system origin to notch tip
r radial coordinate
To, structural normal stress ratio
re, structural shear stress ratio
R response ratio
R, response ratio including S,
R, tube outer radius
S fatigue strength parameter
S, (mean) residual stress
S, effective notch stress parameter
S fatigue strength limit
1y base plate thickness
t, cross plate thickness
1 plate thickness
T,s 10% — 90% strength scatter band index
L log-likelihood
I mode-I index
1974 mode-III index
Abbreviations
AW as-welded
CA constant amplitude
DS double side
FE finite element
MLE maximum likelihood estimate
NP non-proportional
P proportional
SR stress-relieved
SS single side
VA variable amplitude
VAR variance

parameter complexity and computational efforts [8]. Incorporating lo-
cal (notch) information provides more generalized S formulations and
the number of involved fatigue resistance curves reduces accordingly
(i.e. ultimately to one), like for the effective notch stress concept [8-
14]. Embedded in the critical distance theory [15], applications are not
limited to welded joints but extents for example to 3D printed materials
and structures [16-19]. Taking advantage of semi-analytical weld notch
stress distribution expressions [8,20], the effective notch stress .S, can
be calculated averaging the notch stress distribution along the expected

crack path over a material characteristic length p*, introducing an-
other mechanism contribution. Solid finite element (FE) models to
estimate .S, are not required anymore. Uniaxial mode-I and mode-III
investigations revealed distinguished {r}s o7} as well as {log(C)),
log(Crrp)} and {m;, m;;;} values [7,8,20]. Since a response cycle
needs two parameters for a complete spatial description, e.g. range and
ratio, mode specific response ratio coefficients {y;, y;;;} containing
another strength contribution have been proposed as well [7,8,20].
However, consequences for mode-{I, III} multiaxial fatigue have not
been investigated before.



G. Bufalari et al.

Fig. 2. DS welded T-joint in a tubular structure with internal load components.

Aiming to reduce the still relatively large multiaxial fatigue resis-
tance scatter [e.g. 21,22], dedicated mode-{I, III} strength and mecha-
nism related contributions, respectively {log(C), y} and {m, p*}, will
be incorporated in order to obtain improved lifetime estimates. An
S, based multiaxial fatigue strength parameter will be established
considering all relevant assessment aspects for a time domain approach
(Section 2) and the performance will be evaluated using multiaxial
fatigue resistance data (Section 3).

2. Multiaxial fatigue aspects

Based on fatigue damage criteria classification [2], particular at-
tention will be paid first to modelling aspects for different types of
criteria, looking at static and fatigue strength similarities, as well as dif-
ferences between infinite and finite life criteria (Section 2.1). In order
to be able to deal with random multiaxial response conditions, damage
plane selection (Section 2.2) and cycle counting aspects will be ad-
dressed (Section 2.3), including ways to deal with non-proportionality
(Section 2.4). Last but not least, fatigue damage accumulation model
considerations will be discussed (Section 2.5).

2.1. Failure criterion

Classical failure criteria for more ductile isotropic materials, includ-
ing polycrystalline metals like steel, already aim to estimate yielding
of materials for monotonic — ultimate strength related — multiaxial
response (i.e. stress) conditions [23].

Any stress tensor can be decomposed into the sum of a hydrostatic
(mean) and deviatoric (shear induced) part. Whereas the hydrostatic
part introduces a volume change only without deformation, the devi-
atoric one is associated with shape change, distortion. Polycrystalline
metals comprise of grains with different shape, size and orientation,
meaning for any loading condition each grain shows a different amount
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of slip; a shear induced response, changing the shape. After failure,
slip bands turn out to be visible at the fracture surface, i.e. experimen-
tal evidence suggesting the Tresca maximum shear stress criterion is
decisive [24]. For shell/plate type of structures only the mode-III com-
ponent is relevant: .S = max(z;; ) < o,, since the mode-II contribution is
negligible. At the same time, experimental evidence shows that ductile
materials do not fail in case of a hydrostatic stress component only
(e.g. metals in deep ocean waters), introducing the distortion based von
Mises maximum deviatoric stress criterion [24]. For shell/plate type of
structures principally containing a governing mode-I normal and mode-

\/a%+ﬂ~r%”} < o). The von
Mises criterion is essentially an equivalent normal stress formulation.
Shear strength coefficient f is a material constant. For steel g = 3 is
typically adopted [24].

For cyclic - fatigue strength related — multiaxial response condi-
tions, linear and non-linear failure criteria have been proposed for the
infinite life region [e.g. 25-27]. A fatigue resistance limit is naturally
introduced, defining the threshold for an unlimited number of cycles:
So(N — o). Based on different modelling philosophies, the criteria
are principally a combination of two parameters: a primary governing
term and a secondary correcting one. The linear criteria: S = max{Cl .
fSH+GC, - g(Sz)} < So(N - ), seem of the Tresca type; the non-
linear ones: S = max{\/Cl S f(S)?+C, - g(Sz)z} < S, (N — ), of the
von Mises type. Parameters S; and S, are for example the deviatoric
and (max) hydrostatic stress, respectively, taking the complete stress
state into account. The shear stress — assuming crack initiation provides
the major contribution to the fatigue lifetime — and (max) hydrostatic
stress can be used as well. Alternatively, the shear stress z;;; and
(max) normal stress o; are adopted [e.g. 28], reflecting the multiaxial
mode-I and mode-III contributions. Constants C, and C, are (fitted)
material dependent coefficients. Since a response cycle requires two
parameters for a complete definition in space, e.g. the stress range S
and the response ratio R = S,,,/S..> Doth may affect the fatigue
strength and the criteria may even turn into: S = max{C, - f(S|,R)) +
C, - (85, Ry)} < S,(N — o) for an equivalent shear stress and
S = max{y/C, - f(S|,R)2+C;-8(S5, Ry)?} < Su(N — o) for an
equivalent normal one.

For the finite life region, principally the same type of criteria
could be adopted, although the coefficients will become response level
dependent and the fatigue limit will turn into a lifetime dependent
fatigue resistance relation because of the finite number of response
cycles N: S = max{C;(S)) - (S|, R)) + C5(Sy) - g(S5, Ry))} < S(N) and
S = max{/C,(S) - f(S1, R + Co(S,) - 8(S,, Ry)?} < S(N). The gov-
erning mode-I and mode-III log-log linear mid-cycle fatigue resistance
relations (Fig. 3): log(N) = log(C) — m - log(S) — log(S) = {log(C) -
log(N)}/m — S(N) = (N/C)~'/™, have characteristic intercept and
slope parameters {log(C),m}, respectively reflecting different fatigue
strengths and mechanisms. In case initiation dominates the fatigue
lifetime, the shear stress is in control and a Tresca type of criterion
seems straightforward. If growth provides the major contribution, an
equivalent normal stress based von Mises type of criterion makes sense.

Adopting an (equivalent) shear stress S = max[VAR{z;;;(1)}] based
on a primary governing term only, a response based normal to shear
stress ratio has been introduced to establish the failure criterion [21,
29-311: p, = do;/Ary;; = /12-VAR{c;()}1/+/[2 - VAR{z;;;()}]. In-
corporating the relative mode-I and mode-III contributions, a response
representative — rather than mode-III equivalent — resistance curve has
been proposed with log{C(p,)} = a-p, +b and m(p,) = ¢ - p, + d,
turning the criterion into: S = max[VAR{f,”(I)}] < {N/C(pr)}_]/m(p’).
Coefficients {a, b, c, d} are based on the mode-I and mode-III reference
resistance curve parameters. Since both the resistance and response
information define [log{C(pT)}, m(p,)], the intercept and slope can be-
come out of (resistance) control. Bounds have been provided [31,
32], but remain a modelling limitation. Involving the mean stress
as a 2"! parameter to define a cycle in space, the equivalent shear

III shear component only: S = max{




G. Bufalari et al.
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{N /C(pf)}_l/ ™72 A similar ratio has been proposed to establish a
shear stress fitting coefficient C,{4z;;,/4c; }, aiming to obtain a mode-
III equivalent resistance curve [33]. Explicit model limitations do not
seem to exist, although the multiaxial test data fitted C,(47;;;/40;)
formulation implicitly determines up to what extent the criterion: S =
max[S| + Cy{Ar;;; /40y } - S51 < {N/Cppp )™ with S, = Az, and
S, = 4oy, is applicable.

For a finite lifetime, the ratio of the mode-I and mode-III fatigue
strength depends on the number of cycles N until failure (Fig. 3), mean-
ing that for an equivalent normal stress criterion the shear strength
coefficient has to be response level dependent rather than constant [e.g.

28]: § = max[\/o'%+ﬂ{6,(N),T,”(N)}-T%”], with f = 46,(N)/
At (N) =C - NM’ C = 10{mrrrlog(Cp—myplog(Crrp}/{impmirry and M =
(my—my;p)/(m;-my ;). Both uniaxial and multiaxial mode-{I, III} fatigue
test data should fit in the mode-I resistance data scatter band, reflecting

the same equivalent strength and mechanism, i.e. intercept and slope:
S = max[\/o§+ﬂ{a,(N),r,,,(N)}~r§”] < {N/C,}’l/'"'. The S(N)
formulation is fully resistance defined and f(c;,7;;;) bounds, either
real or artificial, are not required.

Although the shear strength coefficient should be response level
dependent, still a constant # has been used since the fatigue resistance
data scatter would hardly reduce [34,35]. However, at least the uni-
axial mode-I and mode-III data is not aligned since the mode-III data
is mode-I equivalent at one particular number of cycles only, rather
than over the full finite lifetime range. Hardly observing a reduction in
fatigue resistance scatter seems a consequence of unbalanced uniaxial
mode-I, mode-III and multiaxial mode-{I, III} data in general, or at
least ignoring the resistance characteristics for the particular groups
of data. Adopting a constant f, regression analysis will principally
provide biased, i.e. averaged, fatigue strength and damage mechanism
contributions with respect to {log(C), m}. In case the mode-I parameters
are simply adopted, the mode-III contribution is not properly taken
into account. A mean stress correction is typically limited to a mode-I
contribution, introducing an effective normal stress oy, [e.g. 28,36].

Rather than a resistance based shear strength coefficient, a response
dependent one: f(do;, Ar;;;) — similar to the normal to shear stress
ratio p, for the equivalent shear stress criterion, has been proposed
[21,37-39]. The uniaxial mode-I and mode-III reference conditions can
be represented, although for a multiaxial response f(4c;,47;;;) can
take unrealistic values since fatigue resistance related limitations are
lacking.

stress turns into an effective one [30]: S = max[VAR{z;; ()}

2.2. Damage plane

Whereas for proportional (i.e. in-phase) multiaxial mode-{I, III}
response conditions in a particular 2D {5, .S, }- plane with angle ¢ only

Bi(S1i,S2i) #Bj(S1,j,52.7)

Sco, 111
S1,j

Soc,l

>
>

log(N)

o —
\2 [

Fig. 3. Lifetime dependent mode-I and mode-III fatigue strength ratio.
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Fig. 4. Temporal evolution of stress in the {.5|, S,}- stress plane.

the stress tensor magnitude is changing (Fig. 4), the tensor additionally
rotates for non-proportional (i.e. out-of-phase) ones and the plane angle
¢(?) is varying in time.

Incorporating the damage contribution of all planes explicitly intro-
duces typically an equivalent fatigue strength parameter: S,, = (1/27)-
[ S(¢)d¢, representing the integral plane [e.g. 37,38,40]. Alternatively,
an enclosing surface like an ellipse can be established in the von Mises
stress plane based on the perimeter p (Fig. 4) — an implicit angle
measure, meaning: S,, = (1/p) - / S(p)dp [e.g. 41].

Rather than the integral plane, only the governing, i.e. critical plane
can be considered, e.g. based on the maximum value of the adopted
fatigue strength parameter .S, either an equivalent shear stress [e.g.
29-311: S = max[VAR{z;;;(¢)}], or an equivalent normal one [e.g.

28,41,42]: S = max[\/of’max(qﬁ)+ﬁ{o,(N),T,“(N)} - A7}, ()] Since
the stiffness distribution of (maritime) structures in stiffened panel
configuration is predominantly orthotropic and cracks at the weld
notches typically develop first in plate thickness direction, the fracture
plane can be used as well to obtain .S [e.g. 34].

The full stress tensor of a volume element consists of 3 normal-
and 6 shear stress components. For (quasi) isotropic materials (like
steel) in static equilibrium, element rotation is prevented for and tensor
symmetry appears: 7;; = 7;;, reducing the tensor content to 3 normal-
and 3 shear stress components only. Certain symmetric stress tensor
properties are coordinate system rotation (i.e. plane) independent,
introducing invariants. Both tensor parts (Section 2.1) can be incor-
porated in terms of invariants to take the complete stress state into
account [e.g. 40,43]. The hydrostatic part, equal to one third of the
first tensor invariant I,, is basically the average normal stress; a mean
value. The square root of the second invariant of the deviatoric stress
\/J_z represents the other part, often incorporated as a von Mises type
of criterion: \/fi - J,; a stress range, with the shear stress coefficient g
either constant or response level dependent. Both invariants represent
up to some extent 2 parameters defining a cycle in space.

2.3. Cycle counting

Although for a mode-I or mode-III uniaxial response cycle counting
— i.e. identification of the number of closed hysteresis loops - is
principally required for variable amplitude (VA) conditions, in case of a
mode-{I- II[} multiaxial one cycle counting can already be relevant for
constant amplitude (CA) conditions, in particular when asynchronous
behaviour is involved and/or the frequencies are different. However, if
multiaxial cycle counting is required, depends on the adopted failure
criterion (Section 2.1) and selected damage plane (Section 2.2).

For an equivalent fatigue strength parameter S,,(¢) at the integral
plane — either of the Tresca or von Mises type, at each time instant
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0(r2)

Y

Fig. 5. Cycle counting illustration in the von Mises plane, searching for the max.
range [e.g. 34,35,48-50].

S,4() can be established. Reducing the time series to a peak-valley
sequence, uniaxial (rain flow) counting can be adopted in order to
obtain the equivalent stress spectrum {S,,(n)} [e.g. 38].

In case of a Tresca type of criterion at the critical plane, S() can still
be processed using uniaxial rain flow counting [e.g. 31]. Virtual cycles
have been counted based on zero crossings [44], rather than closed hys-
teresis loop criteria, but suggest at least that mean stress effects cannot
be incorporated. Adopting a von Mises type of criterion, several ways of
cycle counting have been considered. The uniaxial rain flow counting
algorithm can be straightforward applied to .S(¢), but sign information
— lost by definition - should be incorporated [e.g. 45,46]. However,
sign changes may cause artificial anomalies affecting the von Mises
time series and providing unrealistic counting results. Introducing a
primary and secondary channel, multiaxial rain flow counting has been
proposed. In fact, one von Mises stress component is counted (e.g. the
mode-I normal stress) at the primary channel and the corresponding
other one (e.g. the mode-III shear stress) at the secondary channel is
a projection at the primary channel peak-valley location [e.g. 47].
Although at least the mode-I and mode-III components have been
incorporated up to some extent, the established cycles are not likely
multiaxial closed hysteresis loops. However, an algorithm continuously
searching for the maximum range in the time series (segments) at the
von Mises plane (Fig. 5) provides cycles reflecting closed hysteresis
loops [e.g. 34,35,48-50]. In case the structural response is uniaxial,
the results are the same as obtained with rain flow counting.

If in terms of invariants only the damage related tensor component,
i.e. the deviator, is involved, uniaxial rain flow counting is straight-
forward applied. When the hydrostatic component is involved as well,
multiaxial rain flow counting can be used adopting a primary and
secondary channel [e.g. 43].

International Journal of Fatigue 180 (2024) 108067
2.4. Non-proportionality

The normal mode-I and shear mode-III stress components are not
necessarily proportional, e.g. because of asynchronous behavour, differ-
ent frequencies or time varying amplitudes. How non-proportionality
is incorporated typically depends on the adopted type of criterion
(Section 2.1), selected damage plane (Section 2.2) and cycle counting
procedure (Section 2.3).

Since an equivalent fatigue strength parameter (Section 2.2) takes
the damage contribution of all planes into account, any type of non-
proportionality is principally incorporated in the criterion. Adopting
for example a von Mises type of criterion; an equivalent normal stress,
non-proportionality is considered introducing a shear stress variations
() based correction: S,, = S(¢ = 0) - f{z(¢)}, assuming z(¢) to be
the basic requirement to develop fatigue damage [37,38].

Although for an equivalent shear stress like .S = max[VAR{z; ()}
[31] the normal stress component is not explicitly considered, the
response based normal to shear stress ratio p, = Ado;/Ar;;; =
\/ [2-VAR{c;(1)}]/ \/ [2- VAR{7;;;(t)}] defining the characteristic re-
sistance curve incorporates at least an average non-proportionality
measure. Using a similar ratio Cz{r(t) /a(t)}, the equivalent shear stress
takes the instantaneous {a(t), r(t)} contributions into account, meaning
non-proportionality is explicitly considered: S =[S, +C2{r(t)/ a(t)} -S,]
with S| = z(r) and S, = o(r) [44].

For an equivalent normal stress of the von Mises type at the critical
plane, non-proportionality can be considered in different ways. Using
the instantaneous normal and shear stress contributions {6(1),T(t)},
non-proportionality is explicitly incorporated. Even if only a single
component has been counted (e.g. the mode-I normal stress) at the
primary channel and the corresponding other one (e.g. the mode-III
shear stress) at the secondary channel is a projection at the primary
channel peak-valley location, meaning the non-proportional time series
are basically turned into quasi-proportional ones, non-proportionality
is implicitly included up to some extent [e.g. 47]. Cycle counting in
the von Mises stress (critical) plane (Section 2.3) allows to capture at
least the stress range. However, the actual response path or perimeter
has been identified as being crucial (Fig. 6). Introducing an effective
stress range S, = S(1+c,, - C,,), with C,, = [s{r-|sin(0)|}"dp/ [¢{R-
| sin(0)|}"dp and n = {0, 1,2} for respectively either a 0" order moment
(representing length), 1% order (static) moment or 2" order moment
(of inertia) based path correction factor incorporating the level of non-
proportionality for each cycle relative to the straight line defined stress
range (Fig. 6). Any material characteristic non-proportionality effect is
reflected in fitting coefficient c,, [34,35,49,50].

Adopting a failure criterion based on the full stress tensor, mul-
tiaxial rain flow counting of the invariants /J, or v/f-J, and the
projection of the corresponding I, at respectively the primary and

Fig. 6. Cycle-by-cycle response path based non-proportionality in the von Mises plane.
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Fig. 7. Linear superposition of an equilibrium equivalent and self-equilibrium part for
the mode-{I, III} weld toe notch shear stress distribution of a DS welded T-joint and
DS welded cruciform joint in a tubular structure.

secondary channel [43] implicitly includes non-proportionality up to
some extent.

2.5. Damage accumulation

Fatigue damage is progressive and accumulates cycle-by-cycle,
meaning history counts. Both linear and non-linear models have been
developed over time [e.g. 51,52], although typically for uniaxial re-
sponse conditions. Application extends to multiaxial ones as well,
since the failure criteria are typically of the equivalent stress type
(Section 2.1) and even multiaxial rain flow counting (Section 2.3)
is limited to the primary channel, meaning a single time series is
considered for damage accumulation.

The linear damage model D = {n (S)/N(S; )} 1; the sum of
the ratios of the number of response cycles at a particular level #;(S;)
and the corresponding resistance defined number of cycles to failure
N;(S;) [53,54], is the universal standard for fatigue design, as reflected
in applications for criteria defined at the integral plane [38], the critical
plane [31,33,34] and the invariant plane [43].

However, numerous test results have shown the deficiency, includ-
ing possible non-conservative D estimates [e.g. 52]. Sequence effects
turned out to be an important one from response perspective and D for
example proved to be different for a single overload in comparison to a
single underload and for a low-to-high sequence different from a high-
to-low one [e.g. 55]. Even for random response conditions as typically
observed for a wave loading induced response of maritime structures,
D # 1 is obtained for different types of spectra [e.g. 56-59]. From
resistance perspective, cycles with a stress range below the (random)
fatigue limit affect D as well [e.g. 60]. Still adopting the linear model,
the maximum allowed damage is typically reduced to a value below
one, depending on the variable amplitude response characteristics [e.g.
38].

Most non-linear models [e.g. 51,52] addressing the response aspects
are basically of the type: D = YI[C; - {n,-(S,.)/N,-(S,.)}f(S")] < 1,
considering the linear one as a special case for C; = f(.5;) = 1. Simpli-
fications typically concern a bi-linearization. Fitting coefficient C; and
fitting function f(S;) are meant to incorporate any material specific
contribution as well. So far, applications for multiaxial fatigue seem
limited, although a non-linear model of this type has been adopted for
S defined at the critical plane [28,47].

Anyway, a generalized, all-encompassing model overall outperform-
ing the linear one is not available yet [e.g. 52]. At the same time, the
damage accumulation model performance seems related to the adopted
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fatigue strength criterion. For and advanced S formulation the linear
model still proved to be sufficient since variable amplitude fatigue
resistance data fits the constant amplitude data scatter band [34,55,61].

When both mid- and high-cycle fatigue are involved, a resistance
induced damage accumulation non-linearity appears as well, because of
the changing slope (i.e. changing mechanism) as reflected in the 2-slope
resistance curve formulations [e.g. 7]. For a bi-linear one with a finite
high-cycle fatigue slope, still D = Y {n,(S;)/N,(S))} < 1, but the resis-
tance part involves different slope contributions m based on the number
of cycles at the mid- to high-cycle fatigue transition N,: log{N ,-(S,-)} =
log(C) — m - log(S;) with m = m,,;, for N; < N, and m = my,,, for N >
N, [52,62]. However, D estimates are quite often observed to be non-
conservative [e.g. 63]. In case of an infinitely high-cycle fatigue slope,
like for the generalized random fatigue limit formulation [7,55,64]:
log Ny(S;) = log(C) — m-1og(S)) — ps__ log{1=Se(u, 5, D)/S; }, the fatigue
limit S, decreases for increasing D, meaning the damage accumulation
calculation becomes an iterative process: D = >{n,(S,)/N,(S;; D)} < 1.

3. Effective notch stress assessment

For mixed mode-{I, III} multiaxial response conditions of planar
and tubular maritime structures, the mode-I contribution is governing
(Section 1), meaning the normal stress ¢; is predominant. At the same
time, the fatigue lifetime of arc-welded joints is growth — rather than
shear induced initiation — controlled because of the welding induced
defects, explaining why an equivalent normal stress based von Mises
type of failure criterion will be adopted (Section 2.1). Since cracks at
weld notches typically develop first in plate thickness direction, the
fracture plane is identified as the critical one and will be selected for
criterion evaluation (Section 2.2). Cycles will be counted — because
of the time domain approach - in the von Mises plane (Section 2.3),
in order to be able to incorporate non-proportionality cycle-by-cycle
(Section 2.4). The linear damage accumulation model will be used,
since good performance has been shown for advanced fatigue strength
criteria. Including a response related non-linearity may correct for
fatigue strength parameter deficiencies because of the fitting involved,
which should be identified first. Starting with mid-cycle fatigue, the
resistance related non-linearity is not required as well (Section 2.5).

Opting for an effective notch stress based fatigue strength parame-
ter, a failure criterion S =S, = {/{ S2 + B(N) - §2 T } will be estab-
lished first (Section 3.1) and includes a 11fet1me dependent shear stress
coefficient (N). Using fatigue test data from literature (Section 3.2)
the strength and mechanism contributions, reflected in respectively
mode specific {log(C),y} and {m, p*} coefficients, will be investigated
(Section 3.3).

3.1. Fatigue strength parameter

The through-thickness weld notch stress distributions along the
expected (2D) crack path - defining the fracture plane — are assumed
to be a key element for an appropriate fatigue design and detectable
repair criterion [8]. Semi-analytical formulations {a,,(r/tp), r,,(r/tp)},
with plate thickness ¢, either the base plate or cross plate value, #, or
t., have been developed for both non-symmetry and symmetry with
respect to half the plate thickness (7,/2), using respectively a double
side (DS) welded T-joint and DS welded cruciform joint for illustration
purposes (Fig. 7), in case of both zero and finite notch radius p [8,20].
Adopting a linear superposition principle [61], far field related equilib-
rium equivalent and self-equilibrium parts {o;,,06;7,. 7, | have been
distinguished (Fig. 7), involving three components: the notch stress, the
weld-load carrying stress and the far field stress. Typically three zones
can be identified in all distributions: the zone 1 peak stress value, the
zone 2 notch-affected stress gradient and the zone 3 far-field dominated
stress gradient, demonstrating stress field similarity.

Since the (as) weld(ed) notch radius p is typically small, a zone
1 peak stress fatigue strength parameter would be too conservative.
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Adopting a micro- and meso-structural notch support hypothesis, an
effective notch stress estimate {s,,7,} has been obtained by averaging
the notch stress distribution along the expected crack path over a
material characteristic micro- and meso-structural length p* — rather
than introducing a fictitious notch radius, partially incorporating a
zone 2 notch stress gradient — and zone 3 far field stress gradient
contribution as well [34,43,65-69]. Physically speaking, p* reflects the
length in which the majority of the fatigue lifetime has been spent. For
mode-I if p =0 [8]:

*

71
t T
p I3 r r
o, =2~ o, (L)a(L). 6})
¢ ﬂ', 0 n<tp> <tp>

The effective notch stress parameter S,; = 40, becomes in case of
non-symmetry with respect to (t,/2) [8,611:
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In case p > 0 and non-symmetry with respect to (,/2) applies [8,61]:
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For mode-III if p = 0 [20]:
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The effective notch stress parameter S, ;;; = Az, becomes in case of
non-symmetry with respect to (z,/2):
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In case p > 0 and non-symmetry with respect to (z,/2) applies [20]:
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Mode-{I, III} formulations for symmetry with respect to (z,/2) have
been developed as well, both for p = 0 and p > 0 (Appendix). The far
field stress parameters {Aas,rcs;ArS,rT‘} can be obtained using nodal
force output of relatively coarse meshed shell/plate FE models [70-72],
naturally providing the constant membrane and linear bending contri-
bution: ¢, = o, + oy, as well as the constant shear and linear torsion
contribution: z; = r+7,,. The structural normal and shear stress ratios:
{rs, = ow/ogr, = 74/7,} reflect the far field stress gradients [8,
20]. Eigenvalues { Ay, Ay, 4, |, eigenvalue coefficients { z,,, 1, and
stress angle g, can be obtained using the notch angle a. Coefficients
{5+ Hoar He Hepr § are obtained using force and moment equilibrium.
The mode-I bending and mode-III torsion related weld load carry-
ing stress coefficients, respectively C,, and C,,, are loading and ge-
ometry dependent. Fitting functions have been established [8,20]. A
complete spatial description of a response cycle requires 2 param-
eters to be involved, important for modelling of sequence effects.
The ranges {S,;.S,;;;} and ratios {R; = Sesmn/Sermaes Rirr =
S 111.min/Se.r11.max ) are selected for this purpose. Adopting Walker’s
mean stress model, typically providing the best results for welded
joints [7,20], the effective notch stress parameter becomes:

S

Se,eff = —(l — R)lfy (7)

with {S,.rr = Seerr1s Se = Seys R= Ry, v = y;} for the mode-I and
{Seers = Seersarr> Se = Serrr» R =Ry v = vy} for the mode-
III effective notch stress component. The response ratio coefficient y
is a fitting parameter. For y — 1, the range dominates the fatigue
resistance; the mean stress becomes governing for y — 0. However,
an environment and service loading induced mean stress component
is not the only one. Arc-welding adds a thermal loading induced —
typically high-tensile — quasi-constant residual (mean) stress, affecting
the fatigue strength. An explicit residual stress measure is typically not
included, since for fatigue design in general only joints in as-welded
(AW) condition are considered [e.g. 67,73,74], meaning any residual
stress affecting the fatigue resistance is just implicitly incorporated in
the most likely fatigue resistance parameter estimates. A stress relieving
heat treatment can be applied, being one way to virtually eliminate
residual stress and improve the fatigue strength. If both as-welded and
stress-relieved (SR) test data are jointly considered, an explicit residual
stress measure S, has to be introduced to cover the thermal condition,
meaning a re-formulation of the response ratio is required:

R. = Se,min+Sr _ R'Se+S,.(1—R)
T Semax +S, S, +S.(1-R)"

e,max

(®

From fatigue design perspective, the as-welded condition is still
adopted to define the reference resistance, meaning the stress-relieved
data — principally without any residual stress — is expected to provide
a compressive .S, estimate. Note that the extended R formulation most
likely affect the mean stress sensitivity coefficient y as well.

Because of the arc-welding induced heat input, the material crys-
tallography changes, introducing a heat affected zone in between the
weld and base material at the fatigue sensitive weld toe notch location.
The hardness in the heat affected zone is typically large in comparison
to the base material value. Since the weld material hardness is in
general in between the heat affected zone and base material value,
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an M-shaped hardness characteristic appears [75]. Applying a post-
welding heat treatment is principally meant to reduce the hardness —
in particular in the heat affected zone — and the aim is to obtain a more
uniform hardness distribution across the material up to a certain extent,
depending on parameters like heat rate, maximum temperature and
treatment duration [75-77]. In general, an increased hardness reflects
a smaller grain size and the other way around, introducing fatigue
resistance consequences; i.e. changing crack initiation and growth be-
haviour. Since for a smaller grain size the initiation resistance seems
to increase and at the same time the growth resistance decreases —
for a larger grain size the opposite applies [78], dedicated material
characteristic p* parameters seem required for the as-welded and the
stress-relieved condition.

Because of the mode-I and mode-III finite lifetime specific strength
and mechanism fatigue resistance characteristics, a response level
dependent shear strength coefficient f(N) is adopted, rather than a
constant one (Section 2.1). For a single-slope resistance relation N =
c.-Sm

S, (N) v
BIN)= ———==Cy- N/ (C)]
Serr(N) 7
with
log(Cp)myyr—log(Cryrimy
C/i =10 mpmpypy (10)
and
M, = My~ M an
myp-mpry

Since only the uniaxial mode-{I, III} number of cycles {N;, N,;;} are
known in advance, the actual f(N) value has to be obtained in an
iterative cycle counting process in order to capture N for the equivalent
normal stress based von Mises type of criterion:

— 2 2
Se,eff - \/{Se,eff,l +ﬂ(N) ' Se,eff,lll } (12)

Counting iteratively the effective von Mises notch stress (Fig. 8) at the
critical fracture plane (Section 2.2), the range S, ; including the normal
and equivalent shear stress projections {S, ;;, #(N)-S, ;;,;} and corre-
SpOl'ldiIlg ratios {Rl = Se,l,min,i/Se,l,max,i! Rl]l = ﬂ(N)'Se,lll.min,i/[ﬂ(N)'
S, 111.maxi]} can be obtained for each cycle i (Section 2.3). Adopting
a 0 15t or 2" order moment approach (Section 2.4), differences
between the actual response path and the (straight) range have been
used to incorporate a non-proportionality effect cycle-by-cycle in terms
of C,,, including a material characteristic contribution in terms of
¢,y [34,35,49,50]:

Seesfi=Sei (14 Cppi) 13)
with

_ [5(r- Isin(@)))"dp

" [(R - Tsin@)])dp

Although C,,; and ¢, are meant to reflect respectively the path
and material characteristic part, ¢,, may correct for any cycle counting
and/or non-proportionality related model deficiency as well, since data
fitting is used to obtain an estimate. A compromised value may be
acquired, meaning interpretation becomes more difficult. In order to
obtain a mid-cycle fatigue related equivalent effective notch stress pa-
rameter S, ,, for variable amplitude data fitting the constant amplitude
data scatter band; i.e. N(S,) = C-S,;" with S, = S, ,,, the linear damage
model is adopted: D = ¥ {n,(S,;)/N;(S, )} <1 with N(S,;)=C- S,
For D = 1, reflecting failure, the formulation becomes:

[Z{ni(‘g&l_) . ngi}] 1/m
eeq= - N5 .

r n=20,1o0r2. (14

N (15)

Recall N = Y{n(S,,)}, the iteratively obtained total number of
effective von Mises notch stress cycles.
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Fig. 8. Effective notch stress cycle characteristics in the von Mises plane.

3.2. Test data

Data series containing steel specimens with both tubular and planar
structural joints have been considered (Fig. 9 and Tables 1 and 2),
involving respectively circular/square hollow and plate cross-sections
with specified joint dimensions (Fig. 7). Most data is obtained for
constant amplitude loading conditions, but some variable amplitude
data is included as well. Uniaxial mode-I, uniaxial mode-III and mul-
tiaxial mode-{I, III} response conditions — both proportional and non-
proportional — have been introduced at the governing fatigue sensitive
locations: SS welded butt joints and DS welded T-joints, as well as
DS welded cruciform joints showing respectively non-symmetry and
symmetry with respect to (¢,/2) [8,20,61]. The governing hot spot is
typically of the type C along the weld seam, although some of the
type A at the weld end exist as well. Only specimens showing weld toe
induced fatigue damage are included, involving predominantly failures
and some run-outs. The data size is ~500.

The external loading consists of a normal force F, or bending
moment M, for the mode-I response and a shear force F, or torsion
moment M, for the mode-III response. Multiaxiality is often either load-
ing [37,38,79-81,83-85,87,88,90] or geometry [86,89,91,92] induced.
In case a mode-I and mode-III response related external loading compo-
nent (e.g. M, and M,) are applied and at the same time the specimen
contains a non-circular cross-section and warping constraints, multiax-
iality includes even both a loading and geometry contribution [87,88].
The response is proportional by definition if multiaxiality is a result
of geometry only. The response ratio R = 0 for the majority of the
data series, reflecting a pulsating loading induced response condition
with non-zero mean. For a significant amount of data R = —1, meaning
the response condition is fully reversed and the mean component is
zero. For the remaining data series, R # {0; —1}. Since data with both
as-welded and stress-relieved thermal conditions are considered, the
influence of (mean) residual stress has to be addressed as well. A von
Mises based structural stress fatigue assessment (Fig. 10) of the adopted
test data (Fig. 9 and Tables 1 and 2) shows the initial data scatter
and the clear distinction between CA and (maximum range) VA results.
Cycle counting is not involved for the multiaxial data and N is based
on the mode-I lifetime.

3.3. Strength and mechanism contributions

The life time range of the considered data (Fig. 9 and Tables 1
and 2) virtually reflects mid-cycle fatigue characteristics only: N =
(10* ~ 5-10° cycles. A log-log linear resistance formulation of the
Basquin type typically relates N to a fatigue strength parameter S [7]:
log(N) = log(C) — m - log(S). Linear regression on life time is adopted
to estimate the single-slope curve parameters: intercept log(C) and
slope m, respectively reflecting a strength and mechanism contribution,
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[38]Sonsino TP [80]Yung [82]Razmjoo [37]Sonsino TT [83]Witt
[79] Amstutz [81]Siljander [84]Yousefi
HS-A
Fy
HS-C
[88]Kim
[89]Maddox
HS-A
[90] Béckstrom [91]1Dahle TW [92] Archer
Fig. 9. Fatigue test specimen geometry, external loading (arrows) and constraints (thick lines or 4 symbols).
Table 1
Specimen characteristics of the fatigue resistance data from literature.

source 1, t, Ly hy, joint dimension P weld hot spot thermal

[mm] [mm] [mm] [mm] [mm] [mm] geometry type condition
[38] Sonsino TP 10.0 25.0 9.0 9.0 244.4 % 10.0 0.45 SS T-joint C SR
[79] Yousefi 8.0 25.0 10.0 10.0 2424 = 8.0 n.a. SS T-joint C SR
[80] Siljander 9.5 9.5 8.0 8.0 2254 % 9.5 0.18 SS T-joint C SR
[81] Witt 8.0 16.0 9.0 9.0 2444 %« 8.0 n.a. SS T-joint C SR
[82] Seeger 8.0 20.0 6.3 6.3 254.0 = 8.0 1.00 SS T-joint C SR
[371 Sonsino TT 6.0 / 10.0 1.0 2444 % 6.0 0.45 SS butt joint C SR
[83] Amstutz 7.7 25.0 9.0 9.0 242.1 % 1.7 1.00 SS T-joint C SR
[84] Razmjoo 3.2 12.0 11.0 11.0 2243 % 3.2 0.18 SS T-joint C AW
[85] Yung 8.0 8.0 7.7 7.7 2238 % 8.0 n.a. SS T-joint C {SR, AW}
[86] Meneghetti 8.0 20.0 12.0 12.0 250.8 % 8.0 2.00 SS T-joint C {SR, AW}
[87] Béckstrom 5.0 20.0 6.0 6.0 0100 # 100 % 5.0 1.00 SS T-joint C AW
[88] Archer 6.0 10.0 9.0 9.0 0200 * 200 % 6.0 n.a. SS T-joint {A, C} AW
[89] Dahle TW 10.0 / 12.0 2.0 0150 * 150 # 10.0 n.a. SS butt joint C AW
[90] Takahashi 12.0 12.0 6.0 6.0 = 1000 % 1000 % 12.0 n.a. DS Cruciform joint {A, C} AW
[91] Maddox 12.5 12.5 9.0 9.0 = 700 % 160 * 12.5 n.a. SS T-joint {A, C} AW
[92] Kim 9.0 9.0 9.0 9.0 =1000 % 200 % 9.0 n.a. SS T-joint {A, C} AW

introducing the life time scatter (i.e. performance) parameter o, . For
strength performance evaluation purposes, the scatter band index T, ¢ =
1t (S819/Sqy) will be used: the fatigue strength ratio for 10 [%]
and 90 [%] probability of survival [69]. Maximum likelihood based
regression [61,93] will be employed to obtain the most likely parameter
vector estimate @ : max {L (®; N|S);®} with & = {log(C).m,oy},
assuming fatigue lifetime N is most likely log(Normal) distributed [8,
20]. For S = §,, rr (Section 3.1), the response ratio coefficient and
material characteristic length providing respectively another strength
and mechanism contribution are introduced, principally extending the
parameter vector to: @ = {log(C),y,m,p*,oy }. Note that ideally the
uniaxial mode-I and mode-III, as well as the multiaxial proportional
and non-proportional mode-{I, II[} data (Fig. 9 and Tables 1 and 2)
would have been balanced for appropriate S, performance evaluation,
meaning that except the oy and 7,y parameters as global indicators
for all data, the individual data groups behaviour have to be carefully
considered as well.

Starting with the uniaxial reference fatigue resistance in terms of S,
the mode specific strength and mechanism coefficients will be estab-
lished first (Section 3.3.1) in order to obtain g(N). The .S, performance
for multiaxial fatigue resistance data will be investigated accordingly
(Section 3.3.2). Particular attention will be paid to the consequences of
mode specific strength and mechanism for mixed mode-{I, III} fatigue
and the influence of non-proportionality. Since S, is an equivalent
normal stress von Mises type of parameter, the fitting of the multiaxial
data in the mode-I uniaxial data scatter band will be verified, as well as
the fitting of VA data in the CA data scatter band in order to establish
the performance of the adopted linear damage accumulation model for
aS,,; based fatigue assessment.

3.3.1. Uniaxial reference fatigue resistance

The S, based mode-I mid-cycle fatigue resistance formulation for
planar structures in steel (maritime) structures, involving hot spot types
{A, B, C} and various as-welded joint geometries, has already been
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Table 2
Loading characteristics of the fatigue resistance data from literature.

International Journal of Fatigue 180 (2024) 108067

source uniaxial mode-I uniaxial mode-IIT multiaxial mode-{I, III} loading no. specimens
Ry loading Ry loading R; Ry loading condition I 1II {1, III}

[38] Sonsino TP -1 M, -1 M, -1 -1 M, + M, {CA, VA} 21; 9; 29
[79] Yousefi [0;-11 M, -1 M, [0;—1] [0;-11 M, + M, {CA, VA} 38; 14; 82
[80] Siljander [0;—1] M, [0;—1] M, [0;—1] [0;—1] M, + M, CA 10; 8; 20
[81] Witt -1 M, -1 M, [0; 1] [0;-1] M, + M, CA 11; 11; 19
[82] Seeger / / -1 M, / / / CA 0; 6; 0
[371 Sonsino TT -1 M, / / -1 -1 M, + M, CA 14; 0; 24
[83] Amstutz [0;-1] M, -1 M, [0;—-1] [0;—-1] M, + M, CA 12; 7; 19
[84] Razmjoo 0 F, 0 M, 0 0 F,+ M, CA 7; 8; 13
[85] Yung -1 M, -1 M, -1 -1 M, + M, CA 5; 2; 7
[86] Meneghetti / / / / 0.1 0.1 F, CA 0; 0; 14
[87] Bickstrom [0.1 ... 0.7] M, -1 M, [0.4 ... 1.1] [-1.3 ... 0] M, + M, CA 5; 4; 13
[88] Archer 0 M, -1 F, 0 -1 M, + F CA 1; 12; 18
[89] Dahle TW -1 M, / / -1 -1 M, CA 3; 0; 5
[90] Takahashi 0 F, / / 0 0 F,+F, CA 6; 0; 11
[91] Maddox 0 F, / / 0 0 F, CA 6; 0; 12
[92] Kim 0 F, / / 0 0 F, CA 13; 0; 27

established for CA data [94] and shows an excellent performance as
reflected in the lifetime standard deviation: o5 = 0.21. The intercept
and slope values are: log(C;) ~ 13.28 and slope m; ~ 3.12. Note that
the slope is close to the typical design value m = 3 [67,73]. Assuming
p =0, a most likely pj ~ 1.34 has been obtained, suggesting the major
part of the fatigue lifetime is spent in the notch affected region indeed.
The response ratio coefficient y; ., ~ 0.90 implies a predominant
contribution of stress range over mean stress as a consequence of the
typically high-tensile welding induced residual stress. Since the data
size of the considered (predominant) tubular and (some) planar mode-
I data (Tables 1 and 2) is ~140, relatively small in comparison to the
~2500 assessed before [94], enforcing log(C;) ~ 13.28, m; ~ 3.12,
p; ~ 134 and y; 4y ~ 090 seems straightforward from parameter
confidence perspective. For the stress-relieved joints, y; 45, ~ 0.90 is
initially still adopted in case R > 0, although expected to be too large
because of eliminated residual stress. Assuming only the tensile part
of the cycle contributes to fatigue damage accumulation, y; gz = 0 has
been used for R < 0, based on a crack opening mode-I requirement [7].
The parameter vector becomes: @ = {o }.

Regression analysis of all data shows that intercept log(C) and slope
m, hardly changed in comparison to the reference data values [94],
since the amount of added data (Fig. 9 and Tables 1 and 2) is relatively
small. The AW data fits the reference data scatter band reasonably well

log(Cca) = 11.30, mgy = 2.26, oy.cx = 0.43, Tygcp = 3.07

4 log(Cva) = 13.81, mys = 2.68, oy ya = 0.33, Tpsya = 2.08
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Fig. 10. Structural stress based fatigue resistance.

(Fig. 11). However, the fatigue strength and mechanism of SR data
seems different, as reflected in the scatter and non-fitting behaviour,
explaining the increased oy. Introducing for the SR data a residual
stress .S, and response ratio coefficient y; ¢, covering the full R range
like for AW data (Section 3.1), extends the parameter vector to: @ =
{log(C;). S,.vr.sr-my-on ). The SR data fit in the reference AW data
scatter band improved indeed with respect to strength and mechanism:
log(C) and m (Fig. 12). The most likely residual stress S, proved to be
compressive (Section 3.1), confirming the (average) residual stress for
the AW data is highly tensile indeed. Mean residual stress coefficient
Y1.sr ~ 0.6 reflects an almost balanced contribution from stress range
and mean residual stress, like for y = 0.5 [7]. Since y; g # 0 in
case R < 0 for the SR joints and y; g applies for the full R range,
suggests some residual stress is still present. However, the residual
stress consists of an equilibrium equivalent and self-equilibrium part
as well [61]. A stress-relieving heat treatment could very well elim-
inate the equilibrium equivalent part, but the self-equilibrium part
— highly tensile in the notch affected region, — may still exist. The
lifetime standard deviation ¢, has reduced, but is still larger than the
original reference data value as the data scatter indicates, suggesting
another modelling step is required. Because of the differences in ma-
terial crystallography for AW and SR data (Section 3.1), a dedicated
material characteristic strength parameter can be introduced, meaning:
@ = {log(Cp), Sy, 71 sr: M1 0] gp-0n ). The pj op ~ 3.86 estimate turns
out to be larger than the AW value: p*;' aw ~ 134 (Fig. 13). Since
a stress relieving heat treatment in general decreases the hardness,
the initiation resistance decreases and the growth resistance increases
(Section 3.1), suggesting a decreased fatigue resistance. However, the
positive effect of eliminated residual mean stress consequences exceeds
the negative influence of the p* decrease, still providing an increased
fatigue resistance when a stress relieving heat treatment is applied.
The most likely residual stress estimate S, changed somewhat, but
surprisingly the residual mean stress coefficient y; ¢ has become about
equal to the AW value y, 4, , meaning the stress range contribution
dominates anyway. Yet, the most important result seems the reduced
lifetime data scatter o, principally the same value as obtained for just
the reference data. At the same time, oy ~ 0.27 for the considered
data (Fig. 9 and Tables 1 and 2) only; at least a matter of data size
as reflected in the parameter confidence (Table 3). The corresponding
strength scatter band index T,5, =1 : 1.67 and turns out to be larger
than a typical value of 1 : 1.50 [10]. At first glance, the VA data fits
the CA data scatter band for D = 1, supporting the hypothesis that
advanced fatigue damage criteria — including the mean stress as an
important sequence parameter in terms of R and y — contributes to the
(linear) damage accumulation model performance (Section 2.5).

The S, based mode-IIl mid-cycle fatigue resistance parameter esti-
mates and confidence (Fig. 14,Table 3) for tubular structures in steel

10
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log(Cy) = 13.28, yaw = 0.90, my = 3.12, p*; = 1.34, o = 0.23
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Fig. 11. Mode-I data effective notch stress based fatigue resistance, including mean

stress correction.
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Fig. 12. Mode-I data effective notch stress based fatigue resistance, including mean
and residual stress correction.

(maritime) structures, principally involving hot spots type C and a DS
welded T-joint geometry only (Fig. 9 and Tables 1 and 2), have already
been established for CA data [20]. The data size is ~50. Excellent
performance has been obtained, as reflected in the lifetime standard
deviation: oy ;;; ~ 0.21; basically the same value as obtained for
the mode-I reference data, but way smaller than the value for the
considered data: o ; ~ 0.27. The difference in lifetime scatter between
mode-I and mode-III could partially be related to the type of loading
and the geometry, reflecting a volume (i.e. weld seam length) effect.
For the mode-I data on the one hand, most specimens are subjected
to a bending moment M, and have a tubular, circular hollow cross-
section (Fig. 9). The governing hot spot and most likely fatigue failure
position is observed at one location along the weld seam, principally in-
dependent of the fabrication aspects induced weakest link; a matter of
production tolerances and welding induced defects. On the other hand,
for the mode-III data a torsion moment M, is typically applied and for
tubular, circular hollow cross-sections all locations along the weld seam
are identified as hot spot. Fatigue failure develops at the position of
the fabrication defined weakest link, like the location of the welding
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Fig. 13. Mode-I data effective notch stress based fatigue resistance, including mean
and residual stress correction with dedicated pj ,,, and pj ,-

log(Crmr) = 18.91, yur = 1.00, myy = 5.12, p*r = 0.12, oy, = 0.21
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Fig. 14. Mode-III data effective notch stress based fatigue resistance, including mean
stress correction.

Table 3
Effective notch stress based parameter estimates and 75[%] lower and upper confidence
bounds for mode-I and mode-III.

parameter mode-I mode-III

log(C) 13.28 [13.20, 13.36] 18.91 [18.17, 19.64]
m 3.12 [3.08, 3.15] 5.12 [4.85, 5.37]
p* / / 0.12 [0.07, 0.21]
Paw 1.34 [1.22, 1.45] / /

Psr 3.85 [3.56 4.16] / /

Y / / 1.00 [0.98, 1.00]
Yaw 0.90 [0.88, 0.91] / /

Ysr 0.89 [0.87, 0.91] / /

S, —144 [-144, —143] / /

oy 0.27 [0.25, 0.29] 0.21 [0.18, 0.24]
oy incl. [94] 0.21 [0.19, 0.23] / /

induced extreme defect. The mode-III fatigue strength scatter band
index TaSE =1 : 1.27 is smaller than a typical value of 1 : 1.50 [10].
Intercept log(C;;;) ~ 18.91 and slope m;;; ~ 5.12 have been obtained
as most likely values. Note that the slope is close to the typical design
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Fig. 15. Uniaxial mode-I and mode-IIl data effective notch stress based fatigue
resistance.
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10* & : ‘
S ® CA+VA mode-I
N { @ CA+VA mode-TIT
N ¢ CA+VA mode-{LIII} P
T~ A CA+VA mode-{I,IIT} NP
N N — — — R50 mean curve
10° £ 1
e
S
oy
10% F 1
101 3 4 5 6 7 8 9
10 10 10 10 10 10 10
N

Fig. 16. Effective notch stress based fatigue resistance for uniaxial and multiaxial data;
o # oy and f=1/3.

value m = 5 [67,73]. The real weld notch radius has been required
to be included in order to obtain pj,, ~ 0.12. Since m;;; > m; and
P < p}, the mode-III damage process seems in comparison to mode-I
even more an initiation related near-(notch) surface phenomenon [20].
The response ratio coefficient y;;; ~ 1, meaning (residual) stress hardly
affects the mode-III fatigue resistance and distinguishing different ther-
mal conditions seems not relevant (Fig. 14). Like for the uniaxial
mode-I assessment, the linear damage accumulation up to D = 1 shows
VA data fitting the CA data scatter band.

A comparison of mode-I and -III data and mean (i.e. 50 [%] reli-
ability) S, — N curves clearly shows differences in both strength and
mechanism (Fig. 15), i.e. in {log(C),7} and {m, p*}, implying a lifetime
dependent shear strength coefficient §(N) rather than a constant one is
required for multiaxial fatigue assessment (Section 3.1).

3.3.2. Multiaxial fatigue resistance
Involving the multiaxial fatigue data (Fig. 9 and Tables 1 and 2), the
normal stress equivalent von Mises type of failure criterion is adopted
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Fig. 17. Effective notch stress based fatigue resistance for uniaxial and multiaxial data;
= sy, and f=1/3.

log(C) = 13.26, S, = -144, y1aw = 0.90, y1sr = 0.89, ym = 1.00
m = 3.12, p*1aw = 1.34, p*1sr = 3.85, p*i1 = 0.12, oy = 0.28, T, = 1: 1.70
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Fig. 18. Effective notch stress based fatigue resistance for uniaxial and multiaxial data;
P # py and f = f(N).

(Eq. 12): S, = \/[Sev,veff(yl,p’;)2+ﬂ(N)-S&,,,Yeff(]/”,,p*;”)z]. Note
that for the single sided (SS) welded butt joints the S,;;; related
C,, estimate (Eq. 6) is obtained using the formulation as principally
established for DS welded T-joints, assuming 7, = 0 [20]. For CA mixed
mode-{I, III} data involving asynchronous behaviour and/or different
frequencies, as well as for VA multiaxial data, cycle counting in the
von Mises plane is initially adopted without any material characteristic
non-proportionality effects: ¢,, = C,, = 0 (Eq. 13). In order to illustrate
the importance of strength and mechanism contributions, reflected in
the B(N) related {log(C), m} and the S, based mode-I and material crys-
tallography dependent {y, p*} parameters, regression analysis results
for p = /3 as well as for y; = y;;; and p’I‘ = p’;” are provided
for reference purposes (Figs. 16 and 17). The parameter vectors have
been @ = {10g(C), S, vy awV1.sR V111 M P} 4y Py 5o Prpp-On ) and
@ = {log(C), S,y m, p*, o } Tespectively.

In comparison to the structural stress based results (Fig. 10), it
is clear that adopting the effective notch stress as strength criterion
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Fig. 21. Effective notch stress based fatigue resistance for uniaxial and multiaxial data;
P} # Py B(N), 1st order path dependent non-proportionality with c,, = 0.65.

and cycle counting allows to enclose in the same scatter band CA and
VA data. At the same time, the overall lifetime standard deviation is
significantly reduced.

The different strength and mechanism for the uniaxial mode-I and
mode-III as well as the multiaxial mode-{I, III} P and NP data can
clearly be observed in the separate data scatter bands for g = \/3,
reflected in the imaginary intercept and slope for each data group
(Fig. 16). The lifetime scatter parameter o) ~ 0.46 and corresponding
strength index 7,5 =1 : 4.24 illustrate in comparison to the uniaxial
values: oy ; ~ 027, oy yp ~ 021, Tyg ;=1 1 1.67 and T,g ;py =
1 1.27 (Section 3.3.1) a much worse fit. Eliminating in addition
the S, related mode and material sensitive strength and mechanism
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Fig. 22. Lifetime ratio plot of effective notch stress based fatigue resistance for uniaxial
and multiaxial data; p; # py;, A(N), 1st order path dependent non-proportionality with
¢, = 0.65.

contributions changes the imaginary intercept and slope for each data
group (Fig. 17), but improves the overall performance: 6 ~ 0.40 and
Ty, 1 : 2.77. However, the data scatter of the individual data
groups even increased, suggesting the equivalent shear strength and
effective notch stress based strength and mechanism contributions are
important. Overall, the uniaxial mode-I and multiaxial mode-{I, III} P
data shows a reasonable fit, but the uniaxial mode-III and mode-{I,
III} NP data are way out of range (Figs. 16 and 17), illustrating at the
same time the consequences of data imbalance (Section 3.2). Without
affecting the global performance lifetime and strength parameters oy
and T, , the relative position of groups of data can change significantly
and may cause wrong conclusions regarding the importance of strength
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Table 4
Lifetime standard deviation oy and strength scatter band index T, for different multiaxial fatigue assessment concepts.
source developer failure criterion damage cycle non-proportionality damage oNn T,s
plane counting measure accumulation
Eq. (12) Bufalari et al. @ non-linear eq. stress: critical multiaxial: path: 1% order linear 0.26 1:1.65
von Mises type with f(N) von Mises plane (cycle-by-cycle)

[21] mw b non-linear eq. stress: critical uniaxial damage linear 0.46 1:2.69
(guidelines) von Mises type with A(S|N =2-10°) down grade

[95] mw b non-linear eq. stress: critical uniaxial damage linear 0.42 1:2.28
(guidelines) von Mises type with A(S|N =2 - 10°) down grade

[21] CEN b non-linear eq. stress: critical uniaxial / linear 0.40 1:2.65
(Eurocode) damage mode superposition based

[95] CEN b non-linear eq. stress: critical uniaxial / linear 0.49 1:2.62
(Eurocode) damage mode superposition based

[21] / > max principal stress critical uniaxial / linear 0.51 1:3.45

[21] / b von Mises stress with g = \/i critical uniaxial / linear 0.44 1:2.41

[21] Sonsino b non-linear eq. stress: integral uniaxial in failure criterion linear 0.58 1:6.04

von Mises type with §(S) (cycle-by-cycle)

[21] Carpinteri ® non-linear eq. stress: critical multiaxial: in failure criterion non-linear 0.47 1:2.81
et al. von Mises type with (N) main+aux. channel (cycle-by-cycle)

[21] Findley b linear eq. stress critical uniaxial / linear 0.46 1:2.40

[21] Susmel b shear stress invariant uniaxial in resistance curve linear 0.48 /

(time series VAR)
[95] Dong et al. ¢ non-linear eq. stress: critical multiaxial: path: 1% order linear 0.36 1:2.03

von Mises type with g = \/5

von Mises plane

(cycle-by-cycle)

Fatigue strength parameter:

a effective notch stress using material characteristic length
b effective notch stress using fictitious notch radius

¢ traction equivalent structural stress

and mechanism contributions as observed before [34,35,95]. Adopting
the mode specific and material characteristic strength and mechanism
contributions; {log(C), m} in terms of B(N) — for an iteratively obtained
N value (Section 3.1) - and {y, p*}, significantly improves the model
performance (Fig. 18). The lifetime scatter and strength scatter band
index reduced to a value about equal to that of the uniaxial mode-I
data: oy ~ 0.28 (Section 3.3.1) and T,,Se =1 1.70. However, the
multiaxial NP data group still shows room for improvement.

Adopting a 0, 1% or 2" order moment approach (Section 3.1),
differences between the actual response path and the (straight) range
have been used to incorporate non-proportionality cycle-by-cycle in
terms of Cpp (Eq. 14), including a material characteristic contribution
¢, (Eq. 13). The ¢, — oy sensitivity has been investigated for the
C,, defined 0", 1* and 2™ order moment approaches to evaluate the
model performance. At the same time, the influence of p* has been
explored up to some extent, running the sensitivity analysis for the most
likely mode-I and mode-III p* estimate, as well as a smaller and larger
value (Figs. 19 and 20). Since data is unbalanced, i.e. the multiaxial
NP data size is relatively small, the performance for the multiaxial
NP data only as well as all data has been considered. Looking at the
¢y — oy sensitivity for varying pj,, (Fig. 20), the trendlines do not
change much. However, in contrast to the results for varying pj, the
sensitivity is approximately pj,, independent considering all data, since
the governing scatter contribution is mode-I related (Figs. 12 and 13).
An optimum c,, still exists for the 0, 1% and 2™ order approach.
Again, the best performance is obtained for a 1% order approach and a
coinciding optimum for both the multiaxial NP data only and all data
is observed. However, for a smaller p},, an even better performance -
still for ¢,, ~ 0.65 — is obtained, basically confirming that ¢, corrects
in addition for any cycle counting and/or non-proportionality related
model deficiency indeed. Assessing all data (Fig. 9 and Tables 1 and 2)
using the most likely mode and material specific strength contributions,
{log(C), m} and {y, p*} respectively represented in f(N) and .S,, as well

14

as the 1*' order approach to obtain C,, cycle by cycle for ¢, ~ 0.65
in case of non-proportionality, an even better performance is obtained.
The lifetime scatter has reduced to oy ~ 0.26 and the strength scatter
band to 7,5 =1 : 1.65. (Figs. 18 and 21). Principally all data fits the
mode-I reference data scatter band, i.e. the interval in between 5 and
95 [%] reliability for 75 [%] confidence (Figs. 21 and 22). Note that
an increased data size: currently ~500 for the assessed data (Fig. 9 and
Tables 1 and 2) and ~2500 for the mode-I reference data, can contribute
to another oy reduction.

The multiaxial mode-{I, III} P data appears to show the largest scat-
ter. However, the uniaxial mode-I and mode-III resistance (material)
characteristics have been explicitly incorporated, as well as multiax-
ial mode-{I, III} non-proportionality measures, meaning that only for
the multiaxia mode-{I, III} P data no specific resistance aspects have
been considered; an obvious requirement to continue the improvement
of the fatigue resistance formulation. Aside from improved damage
plane selections, cycle counting algorithms and/or non-proportionality
measures, failure criterion aspects could be reconsidered as well. One
possible research direction could be to incorporate a shear strength
coefficient based on times series rather than a peak-valley sequence
analysis, i.e. instantaneous rather than cycle-by-cycle; f(r) rather than
B(N), implying even the multiaxial P data would show NP behaviour
in the von Mises stress plane. However, a redefinition of the failure
criterion may be required as well, since the .S, formulation is currently
based on a cycle characteristic parameter: the (effective) stress range.
Another direction might be the introduction of coupling terms, for ex-
ample like S, = 1/Cy - S2, + C, - S, - S, 11 + C3 - 82, ;. To illustrate:
mean (residual) stress effects for uniaxial mode-III Yfatigue might be
negligible, but may be relevant if a mode-I contribution is involved
as well [e.g. 96]. Mode and material specific uniaxial {log(C),y,m, p*}
parameters have been established to assess multiaxial data, but missing
mode-{I, IIT} interaction could explain the multiaxial proportional data
scatter. The variable amplitude data fits the constant amplitude data
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Fig. 23. Effective notch stress based fatigue resistance for uniaxial and multiaxial,
constant and variable amplitude data.

scatter band for D = 1 (Fig. 23), supporting the hypothesis that an
advanced fatigue failure criterion like .S, contributes to the (linear)
damage accumulation model performance. However, most variable
amplitude data involves a random sequence reflected in a Normal
distributed narrow-band spectrum (Fig. 24), meaning the data contains
at maximum an averaged sequence effect. A response based non-linear
damage model (Section 2.5) may still be required if data for different
types of random sequence (e.g. broad-band spectra) or even for a
determined sequence will be incorporated.

In comparison to the assessment for other combinations of failure
criterion, damage plane, cycle counting algorithm, non-proportionality
measure and damage accumulation model in terms of lifetime and
strength scatter; i.e. o and T, , the outperformance is impressive
(Table 4). In principle only the effective notch stress is considered for
the sake of fair judgement, although one mode and material invariant
fictitious notch radius is adopted to obtain an .S, estimate at once,
rather than averaging the stress distribution over a material charac-
teristic length to obtain the actual S, [43,66-69,97,98]. One exception
is the equivalent traction based structural stress; a cracked rather than
intact geometry based parameter, considered because a similar cycle
counting algorithm is involved.

Results from other sources (Table 4) do not consider all the data
available (Fig. 9 and Tables 1 and 2), meaning in general a better fit
than when all data is involved and emphasizing at the same time the
quality of the obtained performance criteria: oy ~ 0.26 and T, =
1.65. Using not the same data sets partially explains the differences for
the multiple IIW and Eurocode results as well. Note that the lifetime
scatter parameter o is not proportional to the corresponding strength
scatter band index (Table 4), since T, is slope dependent: 7,5 =
I (Seio/Seon) With S, = {N - (107" 0mpon ) DY and
®~!(1 - p,) the inverse of the adopted Normal distributed probability
density function for probability of survival p;, meaning (S, /S, o) =
{10°~ (“’71“‘0'1‘»“"71(1‘0'90))}'/ ™. Anyway, both the lifetime scatter and
strength scatter band index are not yet similar to the reference mode-I
data values [94]: oy = 0.21 and T,,5, = 1 : 1.49, suggesting room for
improvement of effective notch stress assessment is still left.

4. Conclusions and outlook

The fatigue lifetime of arc-welded joints is predominantly spent in
the notch affected region, explaining why the effective notch stress S,
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has been adopted as intact geometry fatigue strength parameter. A for-
mulation has been established taking advantage of semi-analytical weld
notch stress distribution expressions. Uniaxial mode-I and mode-III
investigations [7,8,20] already revealed distinguished material depen-
dent strength and mechanism contributions in terms of {log(C), y} and
{m, p*}, i.e. respectively the resistance curve intercept and mean stress
induced response ratio coefficient, resistance curve slope and material
characteristic length. Since for mixed mode-{I, III} multiaxial response
conditions of planar and tubular maritime structures the mode-I con-
tribution is governing and at the same time the fatigue lifetime of
arc-welded joints is growth defined rather than initiation controlled
(i.e. a shear induced process) because of the welding induced defects,
an equivalent normal stress based von Mises type of failure criterion
at the critical fracture plane has been selected for fatigue assessment
purposes. Cycles are counted in the von Mises plane, incorporating non-
proportionality cycle-by-cycle and accumulating damage using a linear
model.

In comparison to the assessment for other combinations of failure
criterion, damage plane, cycle counting algorithm, non-proportionality
measure and damage accumulation model in terms of lifetime and
strength scatter; i.e. o and 7T, , the outperformance is impressive.
Rather than a constant, a lifetime dependent shear strength coefficient
B(N) has been introduced to cover the mode specific and material
characteristic {log(C), m}, whereas .S, explicitly contains {y, p*}. The
cycle-by-cycle non-proportionality measure includes a response path
and material contribution. A 1% order response approach shows the
best performance. Judgement is based on the affected data rather than
all data, since balance between the non-proportional and other data
does not exist. If non-proportionality involves a material aspect indeed
seems impossible to prove, as the material fitting coefficient c,, behaves
at the same time as a cycle counting and non-proportionality modelling
deficiency correction factor. The multiaxial proportional data appears
to show the largest scatter. However, the uniaxial mode-I and mode-III
resistance (material) characteristics have been explicitly incorporated,
as well as multiaxial mode-{I, III} non-proportionality measures, mean-
ing that only for the multiaxial proportional data no specific resistance
aspects have been considered; an obvious requirement to continue
the improvement of the fatigue resistance formulation, for example
incorporating a shear strength coefficient based on times series rather
than a peak-valley sequence analysis — implying even the multiax-
ial proportional data would show non-proportional behaviour in the
von Mises stress plane — or introducing coupling terms to the failure
criterion.

CA - 1:5 freq. ratio [84]
— — VA - triangular path [81]

VA - Normal distributed
narrow band spectrum [38]

BWN)S e.ur

Fig. 24. Different stress histories in the von Mises stress plane.
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The VA data fits the CA data scatter band for D = 1, support-
ing the hypothesis that an advanced fatigue strength parameter like
S, contributes to the (linear) damage accumulation model perfor-
mance. However, most VA data involves a random sequence reflected
in a Normal distributed narrow-band spectrum, meaning the data con-
tains at maximum an averaged sequence effect. A response based
non-linear damage model may still be required if data for different
types of random sequence (e.g. broad-band spectra) or even for a
determined sequence will be incorporated. A resistance induced non-
linearity becomes relevant if both mid- and high-cycle fatigue become
involved.

Although the obtained lifetime scatter parameter oy is still rela-
tively large, the assessed uniaxial and multiaxial mode-{I, III} data fits
the uniaxial mode-I reference data scatter band and a single S, - N
resistance curve can be used for fatigue assessment in engineering
applications. However, the aim for high accuracy may impose high
engineer qualifications in order to satisfy the balance with model
complexity and computational (programming) efforts.
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Appendix. Effective notch stress formulations for symmetry with
respect to (z, /2)

Taking advantage of the stress distribution formulations for mode-
I [61], the effective notch stress criterion S, ; = 40, (Eq. 1) becomes in
case of symmetry with respect to (z,/2) for p = 0:

) { o (o= )
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The mode-III effective notch stress criterion S, ;;;, = 4z, (Eq. 4) becomes in

(A.3)

case of symmetry with respect to (,/2) and p = 0 [20]:
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