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Fatigue strength of welded joints is typically independent of the parent material static strength; however, there
are two exceptions from this rule—post-weld treated joints and high-quality joints. The reason for both is the
absence of sharp weld transitions. Thus, fatigue life is not fully governed by fatigue crack propagation but also by
fatigue crack initiation. This is intensified by the fact that crack initiation behaviour is proportional to static
strength properties. Commonly, this effect is not accounted for by design guidelines and typical fatigue assess-
ment methods for welded joints. This study hence investigates the applicability and accuracy of different local
fatigue assessment methods for high-quality welded joints made of high-strength steel. For this purpose, fatigue

test results of S500 structural steel joints with weld toe and weld root failure are assessed using a variety of local
approaches and then compared to the nominal stress approach. Finally, the transferability of results to large-scale
structures are discussed and recommendations are given for practical applications.

1. Introduction

High-strength steel (HSS), or high tensile and low-carbon content
steel, shows a better resistance to an applied load, i.e., in a quasistatic
tensile test, per unit of weight than mild strength steel. This allows for
the utilisation of less material, while reaching equal capacity. Further,
high-strength steel can be used, when milder steel grade would result in
unfavourable plate thicknesses and laborious welding to join thick
components with multiple passes; however, the weldability of HSS may
be a challenge. For cyclically loaded structures the fatigue strength be-
comes a design relevant issue, which must be addressed. Due to often
mild steel-like fatigue behaviour of notched HSS components under
cyclic loading, some kind of post-weld treatment becomes necessary in
highly stressed welds to enable the full use of the higher strength. As a
result, lightweight structures with a high stiffness can be design and
manufactured. Another advantage of high strength steel is the possible
increase in absorbed energy in a collision or crash scenario, see Ehlers
[1]. Comprehensive reviews of the potentials of high-strength fine--
grained steel for structural design were presented by Miki et al. [2] or
van Es et al. [3].
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In recent years, a number or studies assessed the applicability of HSS
for engineering structures [4,5]; yet, in order to exploit the benefit of
HSS excellent fabrication quality was determined to be the key element
[4,6]. This might be difficult for fatigue critical welds, since the fatigue
strength of welded HSS is often equal to the fatigue strength of mild steel
[71, which is related to the notch-sensitivity of HSS [8]. The fatigue
strength of sharply notched, e.g., welded structures is governed by
earlier crack initiation relative to the number of cycles to failure. This is
intensified by the fact that the fatigue crack propagation phase is, as a
first approximation and simplification, independent of material strength
[9]. Hence, no relation between static strength properties and fatigue
strength is observed in welded specimens with sharp notches, see
Maddox [7]; however, for mild notches fatigue strength increases with
material strength, since crack initiation is a process governed by cyclic
plasticity [10]. High yield strength consequently leads to a decreased
cyclic plasticity and thereby to an extended fatigue crack initiation
period, which in turn prolongs fatigue life.

The possible increase of fatigue strength for mild notches was pre-
sented in a comparison of as-welded, post-weld treated and notched base
material in Braun et al. [11]. They showed, that it is possible to achieve
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fatigue strength after post-weld grinding which is close to the base
material fatigue strength for comparable notch severity; yet, due to the
limitation to account for this positive effect of post-weld treatment in
fatigue design standards, the usage of such methods is currently limited.
Similarly, fatigue strength increase can not only be achieved by
post-weld treatment, but also in as-welded steel joints, if high-quality
welds can be fabricated. High-quality in terms of fatigue strength is
generally related to low notch acuity. For notches in general, the gov-
erning parameter of notch acuity are notch radius, notch opening angle,
and notch depth.

An interesting comparison between good manual arc welds and sub-
merged arc (SAW) welded joints can be found in Maddox [7] or da Silva
et al. [12] indicating that the welding process and thereby the weld
quality has a significant influence on the fatigue strength and on the
slope of the S-N curve. The presented difference in fatigue strength of
high-quality manual arc welded joints is almost two times compared to
SAW welded joints. This was simply achieved by choosing a welding
process that creates weld transition with large notch radii. Such in-
creases are, however, often limited to butt joints with mild notches (cf.
[13-21]), and only if production-related defects are omitted (see [22,
23]). This fact consequently hinders the beneficial usage of HSS in
large-scale engineering structures, due to the large number of
fillet-welded joints with high stress concentrations. Currently, a number
of questions remain regarding the transferability of results obtained
from high-quality small-scale test specimens to large-scale structures,
see [24]. As many studies typically present results for one or two
different cases (e.g. different welded joints, failure locations), questions
regarding mean stress effects [25] and comparability inevitably arise
[26,27].

A wide range of publications present the possible increase in fatigue
strength for HSS joints [13,15,28-31] in butt-welded joints. Some design
standards (e.g., DNVGL-RP-C203 [32]) permit the use of own fatigue
design curves higher than those typically recommended if this effect is
proven by fatigue testing; nevertheless, this effect also has to be
accounted for in numerical fatigue assessment methods. Conventional
stress-based fatigue assessment methods, namely the nominal or struc-
tural hot-spot stress methods are, however, not capable to do so [16,33].
On the other hand, the effective notch stress method seems to over-
estimate the fatigue strength of butt welded HSS in some cases [30].

In order to further exploit the full potential of high-quality welded
joints, this study investigates the fatigue strength of high-quality welded
joints by testing joints with different failure locations under the influ-
ence of different mean stresses. For this purpose, fatigue tests are per-
formed for S500 butt-welded joints produced by flux-cored arc welding
(FCAW). These results are then assessed by different fatigue assessment
methods to compare their prediction accuracy for high-quality HSS butt-
welded joints.

First, the test specimens are introduced and characterized in Section
2 before the results of the fatigue tests are presented and discussed in
Section 3. Next, an introduction to the applied fatigue assessment
methods is given in Section 4, then applied in Section 5 to assess the
fatigue test results. The main focus of this section is a comparison of
prediction accuracy. Finally, the results of this study are discussed with
respect to transferability of large-scale structures and then recommen-
dations are given for practical fatigue assessment of high-quality welded
joints in Section 5.

2. Test specimens and setup
2.1. Mechanical properties of the S500 base material and its welded joints

The S500G1+M steel is a fine-grained thermo-mechanically rolled
structural steel. The measured mechanical properties of the steel is listed
in Table 1 and the chemical composition can be found in Braun et al.
[34]. All specimens were saw-cut from 1 m x 0.5 m plates; welded by the
FCAW process using temporary root backing [35]. Tack welds were used
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Table 1
Mechanical properties of the S500 steels [34].

Ultimate tensile
strength oyrs [MPa]

Yield strength
oys [MPa]

Elongation at
fracture es [%]

S500G1+M 595 651 23

during welding to limit angular distortion and later removed. The plates
were joined using four weld layers of Stein Megafil 821R 1.2 mm wire.
The welding direction is normal to the rolling direction of the base
material.

The S500G1+M steel has a low equivalent carbon content
(Ceq = 0.42 according to EN 1011-2 [36]) and is thus not sensitive to
excessive increase in the hardness at the heat-affected zone due the
welding and subsequent rapid cooling; however, to confirm the re-
quirements of DNVGL-0S-C401 [37] (hardness is limited to 420 HV for
steels corresponding to DNVGL steel grades VL 460 to VL 690), hardness
measurements were conducted using the HV10 technique as per EN ISO
9015-1 [38], i.e. the paths were measured in the vicinity of the top and
bottom surfaces, and the intersection of weld root and weld face passes.
Fig. 1 presents the results of hardness measurements. As can be seen
from Fig. 1, negligibly small changes in hardness can be observed at the
heat-affected zone and weld metal, compared to the base metal, con-
firming a good weldability of the investigated steel grade with the
applied welding process.

2.2. Weld geometry properties

One half of the test specimens failed from weld toes at the top side
and the other half failed from the weld root (WR) on the side of the
temporary root backing. To understand the reason for this behaviour
better, first the test specimen geometry and data will be presented before
the actual test results in terms of stress-life (S-N) curves.

In total 83 specimens were fatigue tested. Before the fatigue tests the
geometry of all specimens were measured including angular and axial
misalignment as well as the local weld geometry. For the local weld
geometry measurements, laser triangulation was used and the point data
was analysed using the curvature method, see Schubnell et al. [39] and
Renken et al. [40]. The test specimen geometry and the local weld ge-
ometry parameters are schematically presented in Fig. 2.

For a statistical presentation of the geometrical data, each specimen
surface is cut into 200 slices, for which the local weld geometry is

x (mm)
15

Fig. 1. Results of hardness measurements of S500G1+M 10 mm thick butt-
weld joints.
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Fig. 2. Definition of test specimen geometry parameters [41].

measured. The distributions of geometrical parameters are given in
Fig. 3 separately for the two failure initiation sites to allow for an
assessment of results based on geometrical variations. The weld toe radii
were in almost all cases larger than 1 mm and sometimes as large as 4
mm. On the other hand, weld root radii were smaller on average.

The top side notch opening angles varied between 140° and 170° for
the joints failing from the WT, while the median opening angle on the
WR side, was around 165° for the specimens failing the from WR. The
large top side weld flank angle of the joints that failed at weld roots
seems to be related to the lower weld height. In contrast, top side weld
width and undercut depth are similar for both datasets. Similarly, the
measurement results for all five weld geometrical features are similar on
the bottom side. This is likely related to the usage of the temporary root
backing.

In addition to the geometrical parameters, axial and angular
misalignment of all joints was measured prior to testing. The ratio of
axial misalignment to plate thickness e/t smaller than 10% for all joints.
Whereas, higher variations were obtained for angular misalignment.

In summary, the S500 specimens of both series comply with class C
according to ISO5817 [42]. With respect to whether failure initiated at
weld toes or roots (WT or WR) on top or bottom side, the decisive factor
seems to be angular misalignment. This was shown by assessing the

results of a large number of fatigue tests of butt-welded joints by means
of explainable machine learning, see Braun et al. [41].

2.3. Residual stress measurements

Transverse residual stresses at the plate surface, parallel to the
loading direction, were measured in the selected specimen before fa-
tigue testing using X-ray diffractometer (Stresstech G3x3000 device)
with the collimator diameter of 1 mm. In the selected specimen, residual
stress distributions were obtained at the weld toes and weld roots, and
the results are presented in Fig. 4. The measured residual stresses were
negligibly small (close to zero) but, however, it is worth mentioning that
the residual stress measurements were conducted for the small-scale
specimens cut from the larger welded sheet and, consequently, the po-
tential global high tensile residual stresses have been relaxed during the
specimen fabrication, and the residual stresses expectedly only includes
the self-equilibrating (over the plate thickness) stress component. On the
other hand, negligibly small residual stresses implies that the applied
stress ratio might have a definite influence on the fatigue capacity in the
joints in the as-welded condition. The reason for the compressive re-
sidual stresses on all four sides is thought to be related to the clean
blasting of the plates before welding.

(a) (b) Axial and angular misalignment
Weld toe (WT) *q:: 1 =2
failure E g
Top side 5 = kS "qc:
GEOC 3E o
E o 5: 5
Bottom side E S
Weld root (WR) g 2,
< E-
failure WT WR WT WR
Distribution Distribution
(c) Weld geometry top side
4 2 170 £ 02 25 2
g 5 g £- 5%
o E < — 160 TE TE SE 5
8Eo2 sE S Eor 2 E2 2E
fere 2 ° 150 5 5 o= 2.z
g ke he! = =
= ) c =
0 = 140 ] 0 15 0.5
WT WR WT WR WT WR WT WR WT WR
Distribution Distribution Distribution Distribution Distribution
(d) Weld geometry bottom side
<@ 3
= 160 < 0.2
g_ o g g s_ " £
5 E §= °E 3E SE 2
°E1S 5 g 140 3 Eo1 £ £=
T - < g S 0z 3=
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= ) < 1
= 120 2 0 10
WT WR WT WR WT WR WT WR WT WR
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Fig. 3. Definition of weld toes and roots of one-sided but-welded joints (a), distribution of misalignment of joints (b), and of geometrical measurements results
separated for the joints failing at weld toe and root, and for (c) top side and (d) bottom side.
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Fig. 4. Residual stress distributions at the weld toe and weld root with loading direction indicated by arrows.

3. Fatigue test results and evaluation

For this study, fatigue tests performed from previous studies [43,44]
were extended and accompanied with additional investigations. For this
purpose, fatigue tests were carried out under axial loading on a hori-
zontal resonance testing machine at a frequency around 33 Hz and for
two stress ratios (R = 0 and R = 0.5). Failure is defined as full fracture of
a specimen. One-sided V-type butt welds may fail from two sides of the
joint. The first being the WT between the heat-affected zone and the
weld metal of the top weld layers and the other being the WR adjacent to
the root weld layer. According to the recommendations of the Interna-
tional Institute of Welding (IIW) [45] weld toe failure in butt joints
welded in flat shop position with a weld height below 0.1t is associated
with a fatigue design class (FAT) FAT90, while fatigue strength of weld
root failure in joints welded on temporary root backing is evaluated
using FAT8O0 class. Herein, the number behind the abbreviation refers to
the reference fatigue strength at 2 million cycles for a probability of

500
oo |- i
© 400 AN >0 o o
s 00 OC‘ o ° ﬁ
_'E 300 - ’ 0% . ° e
g v 8 [e] 0}
b v%vv
d ool Mty v —215.7
o W ‘V@’vw g4 Y,
o J 4
© S500 steel ~
» IIW misalignment corrected ~ 12??
@ withk, =115 :
= /" run-
% 100 - run-outs
= N ——FAT90
£ 0 S500WTR=0 FAT80
g v S500 WTR=0.5
= - S500 WRR =0
v S500 WRR = 0.5
50 : ‘ ‘
10 10° 10° 107

Cycles to failure N,

Fig. 5. S-N diagram of S500G1+M butt-weld specimens with corresponding
FAT90 and FAT80 weld detail classes for weld toe and weld root failure with
tabulated results and mean fatigue strength curves. Data partially taken from
[43,44].

survival of 97.5%. The nominal stress results are presented in Fig. 5.

As can be seen from Fig. 5, the fatigue strength of the S500 butt-
welded joints that failed from weld toes is generally higher than those
that failed at weld roots. This is not surprising, as the joints that failed at
WRs have a higher notch acuity (smaller notch radii and opening an-
gles). Furthermore, all test series significantly exceed the FAT classes
according to the IIW recommendations [45]. This is thought to be
related to the generally large weld toe radii produced by the FCAW
process.

All run-outs of S500 specimens are associated with WT or WR fail-
ures based on the angular misalignment direction and thereby the ex-
pected failure location. In general, only three specimens failed beyond 2
million load cycles and in both cases the test frequency of the resonance
machine indicated a crack initiation by a reduction of test frequency in
the range of 0.05 Hz. Some tests are terminated if no change of test
frequency was detected at 2 million cycles or correspondingly at higher
numbers of load cycles. The tests that failed after 2 million load cycles
were removed from the S-N curve calculation due to the fact that they lie
beyond the knee-point usually associated with S-N curves of welded
joints and that one point per test series is thought to be not enough data
for a test evaluation based on a maximum-likelihood algorithm. More-
over, it increases the conservatism close to the knee-point, since the
slope would be shallower if they are included. In addition, base mate-
rials and specimens with low stress concentrations are usually associated
with a knee point at 1 million cycles already, see Dowling [9]. The test
specimens in this case are welded; however, they clearly exceed the
fatigue strength usually expected for welded joints, leading to the
conclusion, that the knee point might be below 2 million cycles. Defining
a knee point for these specimens according to common practice for
welded joints, seems uncertain based on the available data.

In Fig. 6, fracture surfaces are presented for one specimen with WT
and one with WR failure. From the fracture surface, it can be seen that
several fatigue cracks initiated at both failure initiation sites, which then
quickly coalesced to long cracks.

Due to the high-quality of the S500 HSS joints, the reference fatigue
strength Aog o779, Of all test series lies well above the corresponding
fatigue design class. This is also related to shallower S-N curve slopes,
which is an indication of a significant fatigue crack initiation phase and
typical for specimens with low stress concentrations. It is typically
assumed that the slope of S-N curves of welded joints is equal to the
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(b) Weld root failure
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Fig. 6. Fracture surface of S500G1+M butt-weld specimens with (a) weld toe and (b) weld root failure, and scale in millimetres.

slope of fatigue crack growth curves of approximately k = 3 [7]. There
are two test series (WT failure and R = 0, and WR failure and R = 0.5)
with slopes close to this typically assumed value; however, the high
standard deviation of the slope exponent SD(k) for these two test series
and the large deviation between the mean strength Acg sy and the
run-outs indicates that the actual slope is more shallow. In average, a
slope exponent of k = 4 seems to be more suitable for the analysed
welded joints. This also agrees with findings from other studies, cf. [6,
12,18,20,29,30,46]. For comparison, results obtained for free and fixed
slope exponents are summarized in Table 2.

Based on the difference between the test results for stress ratios R = 0
and R = 0.5, and the residual stress measurements, which showed low
negligible residual stresses, the recommended reduction factor f(R) =
1.2 to transfer results from R = 0 to R = 0.5 [45], seems reasonable.

4. Fatigue assessment methods considered to determine fatigue
strength of high-quality HSS joints

Eight different stress-based fatigue assessment methods are applied
to assess the fatigue strength of the high-quality HSS joints in this study.
The aim of this study is to determine, which methods are suitable to
accurately predict fatigue strength of high-quality joints in the high-
cycle fatigue regime without major defects. For such joints, applicable
methods are limited to stress- and strain-based methods. Fracture me-
chanics methods typical assume initial defects. This approach is inac-
curate for defect-free high-quality joints.

To reach the aforementioned goal, first a short explanation is given
on how misalignment effects were considered in the assessment, before
the different methods are briefly summarized and applied to assess the
test data in Section 5.

4.1. Consideration of misalignment effects during fatigue assessment

Relevant for welded joints are two different types of misalignment, i.

Table 2

e., axial and angular. Both types cause secondary bending stresses,
which affect local stress states at welds. The stress concentration factor
km. based on the ratio of axial misalignment e to plate thickness t can
easily be calculated according to Niemi et al. [47] with Eq. (1).

km,e =1+ 3; (1)

Contrary to the secondary bending effect due to axial misalignment,
the effect due to angular misalignment is dependent on the applied
external loading, see Eqgs. (2) and (3). Under tensile loading the spec-
imen is straightened, which is included in the misalignment calculation
of different standards by a tanh(f)/f term, with the dimensionless vari-
able $ being a function of the specimen slenderness ratio (length [ over
thickness t), the applied nominal stress 6,,, and the Young’s modulus E.
This effect is particularly pronounced for thin (¢t < 10 mm) butt-welded
joints [48,49].

3¢ I tanh(5/2)

kna =1+ 2] W (2
I [36uom
P=\"E ®

Misalignment effects are known to affect fatigue life assessment and
are thus considered in this study. To this end, secondary bending stresses
caused due to axial and angular misalignment are superimposed on the
applied membrane loading during finite element (FE)-based fatigue
assessment. This will subsequently be presented for the structural hot-
spot stress extrapolation method.

4.2. Structural hot-spot stress extrapolation method

The calculation of different stress components allows a superposition
of the different stress components in a half model of the butt welded
joints (see Fig. 7), which significantly reduces the computational effort
[50]. Here the components are applied 3t away from the weld toe. In

Fatigue stress results for a stress ratio R = 0 with calculated fatigue strength Acs, at N = 2:10° for 50% and 97.7% survival probability, evaluated using a free and a

fixed slope exponent k = 4.

Failure location Stress ratio Free slope k

Fixed slope k

k SD(k) 1:T; AoR 50% AoR 97.7% k 1:7; AoR 50% Aor,97.7%
WT 0 3.0 0.92 1.51 184.1 133.4 4 1.38 218.3 169.7
0.5 3.6 0.43 1.21 140.8 121.0 4 1.20 148.0 128.7
WR 0 4.8 0.70 1.19 215.7 188.0 4 1.25 198.5 167.2
0.5 2.8 0.94 1.39 141.7 109.4 4 1.27 160.9 133.3
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Fig. 7. Structural hot-spot stress model presenting the bending stress distribution in lateral direction x (here o,, = 0 for visualisation purposes of the bending stress

distribution) on the left and stress component superposition on the right.

order to create the presented though-thickness bending stress profile,
two contrary forces are applied at the upper and lower half of the free
edge to the right. Those forces are calculated from beam theory and
cause only a localised stress concentration at the free edge, see Fig. 7.

The effect of the applied forces decays around 0.5t from the free end
of the model. Moreover, by applying only a bending stress it is confirmed
that the bending stress is almost constant between 0.4t and 1t on upper
side with a deviation less than 0.5%. The deviation on the lower side is
slightly larger, but this is related to the change in cross-sectional area
close to the weld root.

In order to simulate the large amount of test specimens, an auto-
mated analysis procedure was created by coupling Matlab and ANSYS.
Here, the specimens of one test series are modelled with the median
geometrical dimensions and plane strain quadratic elements. A similar
approach was chosen by Gaspar et al. [51], who analysed the effect of
weld imperfections on structural hot-spot stress assessment by assuming
anormal distribution of geometry parameters, or by Lillemae et al. [33],
who investigated the effect of weld quality on fatigue strength of
butt-welded joints. The here presented approach to consider misalign-
ment effects was then adopted for the other fatigue assessment methods
in the current study.

For weld toe failure assessment of butt-welded joints, FAT100 class is
recommended. According to the [IW recommendations [45], the term
weld root is used for weld transitions at single-sided butt-welded joints
on root backing. Typically, fatigue assessment theories use this term
only for notches created at non-fused parts of welded joints, e.g., roots of
non-penetrating cruciform or butt-welded joints with opening angles
a— 0°. In this study, weld root is used to distinguish the top and bottom
side of the single-sided butt joints.

4.3. Xiao and Yamada’s 1 mm stress approach

Another structural stress approach is Xiao and Yamada’s 1 mm stress
approach [52]. The underlying idea is that the non-linear stress increase
decays 1 mm from a local stress raiser, i.e., weld toe or weld root. For
weld toe failure, it is recommended to use the stress component parallel
to the direction of applied loading and elements with quadratic shape
function as large as 0.5 mm [53].

The 1 mm stress approach was found to be non-conservative for thin
welded joints due to the steep gradient in through thickness direction
[27]; however, it is well suited for moderate to thick plates (t > 8 mm)
[54]. For weld toe failure assessment of such joints, the FAT100 class is
recommended.

4.4. Effective notch stress method and theory of critical distances

The structural stress concepts often prove to be conservative for butt
joints of higher-strength materials, since this concept, like the nominal

stress concept, has been calibrated for the most part on the basis of test
specimens which have a predominant crack growth phase. As can be
seen from strain gauge measurements, significant crack initiation phases
can occur in high-strength notched specimens or mildly notched welded
joints with large weld transition radii [55,56], which is why both the
nominal and the structural stress concepts underestimate their fatigue
strength. Another concept included in fatigue design rules is the effec-
tive notch stress approach.

In general, notch stress concepts are potentially better suited to
assess local notch effect, because the local weld geometry is taken into
account and the failure relevant stress is evaluated directly at the highest
loaded point. In welded structures, sharp notch radii often occur at weld
toes or roots. Thus, the effective notch stress (ENS) concept according to
Radaj et al. [10] is based on the assumption of negligible notch radii
I'eq— 0 mm, see Eq. (4). Thereby a fictitious enlargement of the notch
radius tor,, = 1 mm was proposed for a micro-structural support length
of p* = 0.4 mm (assuming a cast iron-like structure in the heat affected
zone) and a factor s = 2.5 for the multiaxial stress state at the notch.

Fref = Treal + SP* 4)

The replacement of the weld radii with a fictitious reference radii
Tree = 1 mm is usually not recommended for weld details having small
stress concentration (K, < 1.6), see Fricke [57]; nevertheless, Pedersen
et al. [58], and Rother and Fricke [59] showed that the effective notch
stress approach can be applied to welds having low stress concentra-
tions. For such welds, an additional check of the fatigue strength of the
base material is required. For example, the results of Collmann and
Schaumann [60] for 30 mm SAW butt welded joints are clearly above
the corresponding nominal stress FAT curve, but fall below the FAT225
curve of the effective notch stress approach due to the low stress con-
centration of the test specimens.

For mild notches with real radii r,.y > 1 mm, the application is
difficult or may even lead to non-conservative results. An application of
actual radii would be conceivable for this application, but seems
impracticable due to the large range of possible notch radii. It will thus
be tested if the application of r,s = 1 mm is suitable for HSS butt joints
with low stress concentrations.

Alternatively, effective notch stress concepts can be applied as these
are able to directly account for support effects at notches. Examples of
such methods include Neuber’s stress averaging approach [61], Peter-
son’s critical distance approach [62], or Taylor’s Theory of Critical Dis-
tances (TCD) [63], who harmonized different effective stress methods
such as the two aforementioned. The basis of such methods is the
determination of an effective stress, which takes into account the notch
geometry, as well as the micro-structural support effect of the sur-
rounding material. This is achieved by averaging the stress gradients
along the anticipated crack path (or notch bisector) or at a certain depth
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(critical distance). For simplicity, the stress gradient is often evaluated
perpendicular to the surface from the point of the maximum principal
stress, as can be seen from Fig. 8.

The averaged stress is then obtained by averaging over the length of
p*, see Eq. (5). Alternatively, the effective stress is determined as the
stress in a distance a from the notch tip. It is often assumed that both
yield similar results for p* = 4a [64,65]. As mentioned earlier, p* = 0.4
mm for welds is based on the assumption that the microstructure of
welds resembles cast iron. Recent studies, however, show that the
micro-structural support length p* depends not only on the static
strength of the material, but also on the notch acuity [66-68], because in
the case of welds with sharp notches the value of 0.4 mm has been
confirmed for a large number of materials, while Baumgartner et al. [69]
and Braun et al. [70] showed a clear material strength dependence for
post-weld treated joints with smooth weld transitions.

p*
=1 / o(x)dx ®)
P

0

By considering the weld geometry in the microscale Liinalampi et al.
[71] found a very small micro-structural support length p* = 0.05 mm
for laser-hybrid welds made from thin plates. The consideration the
geometrical variation in the micro-scale allows high accuracy modelling
of the measured weld toe radii; however, the definition of radii and weld
flank angle for fatigue assessment is an on-going debate and currently
the topic of on-going research, see Schubnell et al. [39]. For this study it
is therefore decided to use a constant fictious reference radius of r =
0.05 mm, as well as p* = 0.4 mm and a = 0.1 mm, which also allows use
of recommended FAT160 design curve, see Baumgartner [72].

The weld toe and root radii have been modelled with a constant
number of 5 elements along the radius, which was found to yield an
effective stress for an averaging length p* = 0.4 mm which is only 1%
smaller than the converged effective stress [67].

4.5. Peak stress method

Neuber’s idea of a micro-structural support effect at notches led to
the development of various fatigue assessment methods. One of those is
the peak stress method. The peak stress method is further based on the
notch stress intensity factor (NSIF) concept and the averaged strain energy
density (ASED) method.

Again, assuming a vanishing weld toe radius it can be shown that the

Base material

Fig. 8. Schematic illustration of the application of the stress averaging and
critical distance approach at weld toes of butt joints.
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asymptotic stress field can be described based on Williams’ stress field
solution [73]. In order to quantify the size of this zone for fatigue
assessment, the NSIF concept was introduced [74]; however, the NSIF is
computationally cumbersome and not applicable for 3D structures.
Thus, the ASED method was introduced to simplify fatigue assessment
[75]. Similar to the stress averaging approach, a fatigue-effective
quantity is derived by averaging the strain energy density in an area
around weld toes or roots; nevertheless, a particular mesh refinement
and the definition of a control area is required. Hence, Meneghetti and
Lazzarin [76] proposed a coarse mesh refinement with 1 mm elements in
order to obtain peak stresses at fatigue relevant locations. Using the
relation between the peak stress at sharp V-type notches and the mode I
NSIF, they provided a fast and easy to apply method to determine the
averaged strain energy density for a given control radius and notch
opening angle. Alternatively, the obtained peak stress range can directly
be applied for fatigue assessment. For this purpose, a design curve
FAT156 was proposed for fatigue failure of welded structural steel joints
in recent years [77,78]. Clearly, there are certain limitations with
respect to the definition of sharp V-type notches at weld transitions.
According to Meneghetti et al. [77], weld transition radii should be
smaller than 2 mm. As the median radii of the joints of this study are
smaller than 2 mm (the critical radii are even smaller) at the failure
initiation locations (WT or WR), this condition is fulfilled and the
method should be applicable.

4.6. 4R method

In the above-described local approaches, the main concern is to
consider mean stress corrections in the fatigue assessments in the joints
with the low or compressive residual stresses, for instance due to the
post-weld treatments, and different applied stress ratios of external
loading. To address this aspect, Nykdnen and Bjork [46] developed an
approach in which the ENS concept is associated with the
Smith-Watson-Topper mean stress-correction, employing butt weld fa-
tigue test data. At that time, the approach was called the 3R method as
per the three parameters—the residual stress (oy.s), applied stress ratio
(R) and material ultimate tensile strength (R;,;), included in the analysis.
Further research extended its use for the geometrically improved joints,
such as TIG-dressed [79] and ground [80] joints, and consequently,
actual notch radius (ryeq) was implemented in the model, and the
approach was named as the 4R method with the additional parameter. In
the 4R method, the ENS is calculated on the basis of req + 1 mm
concept, and utilizing the computed linear-elastic ENS, the
elastic-plastic stress-strain behaviour at the notch root is analytically
simulated employing Neuber’s concept for correcting elastic stresses for
the plasticity. As a result from the stress-strain behaviour, the local
maximum and minimum stresses are obtained, and the mean stress
correction is conducted for the ENS using the local stress ratio, Ripcqt =
Omin/Omax as follows:

Aogns

Vv - Rlucu[

where Aoy4p is the mean stress-corrected ENS range, Aogys is the (linear-
elastic) ENS range. The concept of the 4R method is described more
comprehensively in Ahola et al. [81]. In the current study, the design
curve derived in Ahola et al. [80] (FAT288 with k = 4.86) is adopted, as
it also considers actual weld transition radii.

(6)

Aoy =

5. Comparison of different fatigue assessment concepts

By applying a unit membrane and bending stress to the FE models,
stress concentration factors are calculated for each fatigue assessment
concept. The calculated stress concentration factors and corresponding
fatigue design curves (given by the characteristic fatigue strength FAT)
are listed in Table 3. The stress result of each specimen is thus obtained
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Table 3
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Summary of calculated stress concentration factors for tension and bending loading (K., K, ;) separated by failure location (WT, WR), and corresponding fatigue design

curves (Ps ~ 97.5%, N = 2-10°) and slope exponent k.

Assessment method Fatigue design curves Slope exponent k Weld toe Weld root
Kiwr Kipwr K, wr Kib,wr

Nominal FAT90/FAT80 3 1.00 1.00 1.00 1.00
Hot-spot stress extrapolation FAT100 3 1.00 1.22 1.21 0.80
1 mm concept FAT100 3 0.99 0.79 1.11 0.65
Peak stress FAT156 3 1.01 1.06 1.63 1.15
ENS FAT225 3 1.77 1.78 2.32 1.72
4R FAT288 4.86 1.57 1.55 2.06 1.53

by multiplying the acting stress with the corresponding stress concen-
tration factor for each method and the ratio between membrane loading
and secondary bending stress. Only for the stress averaging and critical
distance approach, effective stress ranges were directly obtained from
the FE models to ensure accurate determination of stress gradients under
combined membrane and secondary bending loading. The obtained S-N
results for all eight methods are presented in Fig. 9 together with the
corresponding fatigue design curves.

Differences in prediction accuracy of the different methods are
clearly visible from Fig. 9, i.e., difference between the accuracy for the
two failure initiation locations (WT and WR). To further assess the ac-
curacy of the fatigue assessment methods, the deviation between the
experimental and the predicted number of cycles to failure for a prob-
ability of survival of approximately 97.5%, according to Eq. (7), are
presented in Fig. 10. It is expected that some design curves were derived
based on the mean S-N curves minus two standard deviations (corre-
sponding to a survival probability of 97.7%) [26]; nevertheless, it is
typically assumed that the difference between both approaches is
negligible, see Hobbacher [45].

(7)

Besides the deviation between experimental and predicted number
of cycles to failure for each test, Fig. 10 displays a histogram of all de-
viations and separate markers for the average deviation for both failure
locations to highlight the difference in prediction accuracy. Interest-
ingly, some methods lead to similar mean deviations for both failure
locations (e.g., the hot-spot stress extrapolation method or Xiao and
Yamada’s 1 mm concept), while others lead to large differences such as
the peak stress method. In order to quantify the mean deviation and the
corresponding quantiles for both failure locations and a combined
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assessment, the results are displayed next in terms of box plots in Fig. 11.
Here, the box corresponds to the first and third quantile (25% to 75% of
sample data) and the whisker to the Oth and 100th percentile excluding
assumed outliers. To determine possible outliers, the actual data is
plotted besides the boxplots. As can be seen from Fig. 11, there are
typically only one or two results considered to be outliers. This is
thought to be related to the change of slope exponent around the knee-
point of the S-N curves. Thus, results that fail in this region lead to large
deviation between experimental and predicted number of cycles to
failure, cf. Fig. 9 and Fig. 10. As these do not influence the median de-
viation much (they are not considered outliers in all comparisons), they
were not excluded from the presentation.

In summary, the median deviation is typically higher for the joints
that failed at weld roots. This is thought to be related to the change in
cross-sectional area of the single-sided weld. Furthermore, the lowest
median deviation is obtained for the effective notch stress method for
both failure initiation locations and the combined assessment. Inter-
estingly, the hot-spot stress approach leads to the highest combined
deviation of all methods followed by the nominal stress approach. Dif-
ficulties in assessing mild notches by the hot-spot stress extrapolation
approach are already known [69]. The other methods lead to compa-
rable results.

In the following section, the results are first discussed with respect to
transferability to large-scale structures and then recommendations are
given for local fatigue assessment of high-quality welded joints.
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Fig. 9. Fatigue assessment results SS00G1+M butt-weld specimens with corresponding design curves. All results are corrected to a stress ratio R = 0.5 with f(R) =
1.2 except those for the peak stress method (the design scatter band of this method is defined for R = 0).
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Fig. 10. Comparison of experimental and predicted number of cycles to failure based on corresponding fatigue design curves for the different fatigue assessment
methods with marker for the average deviation for both failure locations and the distribution of logarithmic deviation of all test specimens. All results are corrected to
a stress ratio R = 0.5 with f(R) = 1.2 except those for the 4R method (includes mean stress correction as per Eq. (6)), and for the peak stress method (the design

scatter band of this method is defined for R = 0).

6. Discussion
6.1. Transferability of small-scale test results to large-scale structures

In recent years, several studies have been performed on fatigue
strength of thin (t < 10 mm) high-strength steels joints, which often
reported a shallower slope and high fatigue strength at 2 million cycles
[13-17]. Herein, both quantities are often associated with high-quality
welds. Remes et al. [16] for example predicted the slope of
butt-welded thin steel joints for different qualities levels in terms of
undercut depth and weld flank angle. Nykéanen et al. [29] and
Ottersbock et al. [18] tested S1100 ultra high-strength steel made by
different welding techniques and related the higher fatigue strength and
slope to different weld qualities and lower levels of axial misalignment,
respectively; however, Nykanen et al. [29] point out, that any fatigue
strength benefit compared to mild steel can only be achieved, if
crack-like defects can be omitted. This leads to the conclusion, that the
global and local weld geometry in terms of misalignment and notch
severity is the main factor governing fatigue strength in any high-quality
weld.

It is important to keep in mind that the transferability of results
achieved with small scale and thin specimens to thick plates is some-
times difficult, due to scale effects that have to be considered [24].
Interestingly, Remes et al. [16] found no difference between thin small-
and full-scale test specimens, leading to the conclusion, that not the
width of the specimen is governing the slope, but rather the thickness of
the welded steel plates. Giving explanations for the often shallower slope
found in S-N tests of thin plated structures is outside the scope of this
article, but shallower slopes were also for thicker SAW butt-welded
joints, see Schaumann and Collmann [19] for example, finding slopes
close to k = 5; however, in another study on 80 mm thick SAW welded
HT40 butt joint specimens a slope around k =3 was found [5].
Comparing the local weld geometry, it seems that the test specimens of

von Selle et al. [5] had sharper notches than those of Schaumann and
Collmann [19].

Another important factor which has to be taken into account for
fatigue assessment of small-scale specimens is the residual stress releave
due to cutting of the specimens. Since fatigue design curves are derived
for thick-walled components with high tensile residual stresses. It is
often assumed that, the production of small-scale specimens relieves
residual stresses to some extent. Fatigue design standards therefore
recommend a reduction factor f(R) = 1.2 to yield comparable results to
the fatigue design curves based on R = 0.5, see Hobbacher [45]. Ac-
cording to Sonsino [25], this often leads to conservative results for
design; nevertheless, generalisation is difficult and design standards
have to ensure high reliability. Deviation from this correction factor are
possible, if the presence of tensile residual stresses can be proven [45].
In the current study, negligible residual stresses were measured after
specimen cutting. The IIW recommendation [45] with a reduction factor
f(R) = 1.2 was thus adopted.

6.2. Recommendations for local fatigue assessment of high-quality welded
joints in practise

In order to give recommendations for local fatigue assessment
methods of high-quality welded joints in practise, the results of the
comparison of the applied methods are subsequently discussed and some
general remarks are given.

As expected based on previous work by Remes and co-workers [16,
33], the nominal and structural hot-spot stress extrapolation methods
significantly underestimate the fatigue strength of the S500 high-quality
butt joints tested for the current study. The reason for this is that these
two methods are not sensitive to variations of local weld geometry.
Similarly, the peak stress method only accounts for variations of opening
angles at weld transitions. Due to the underlying assumption of pointed
V-type notches, variations of weld toe radii cannot be accounted for by
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Fig. 11. Assessment of logarithmic deviation between experimental and pre-
dicted number of cycles to failure based on corresponding fatigue design curves
with determined median deviation (m) for WT, WR, and combined failure. All
results are corrected to a stress ratio R = 0.5 with f(R) = 1.2 except those for
the 4R method, and the peak stress method (the design scatter band of this
method is defined for R = 0).

this method. In addition, more research is required on the applicability
of the peak stress method for high-quality welded joints. It is currently
unclear why the method is accurate for the joints that failed at weld toes
and less accurate for the joints that failed at weld roots. This could be
related to the change in cross-sectional area of the single-sided weld or
the aforementioned difference in weld transition radii (about 1.7 mm
and 1.2 mm at WT and WR, respectively). Interestingly, the structural
hot-spot stress extrapolation method seems to be less sensitive to this
effect.

The majority of the other methods lead to similar prediction accu-
racy with the exception of the effective notch stress method, which
yields the best results of all methods. Better results might be achieved for
the stress averaging and critical distance approach if the actual weld
geometry is considered instead of a constant fictious reference radius of r
= 0.05 mm; yet, for this study the recommendation by Baumgartner
et al. [65] was applied to be able to compare the results with their fa-
tigue design curve FAT160. Using actual weld transition radii would
require to determine a new design curve first. In addition, previous
studies investigated the possibility to include material strength correc-
tions for the stress averaging approach, see Baumgartner et al. [69] and
Braun et al. [70]. This could lead to even better results for TCD methods.

In summary, the direct application of the effective notch stress
method can be recommended for high-quality joints made of HSS.
Typically, for such joints a check of the base material is required due to
low stress concentration factors (K; < 1.6), see Fricke [57], Pedersen
etal. [58], and Rother and Fricke [59]. For high strength material, it can
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generally be assumed that the fatigue strength of base material exceeds
the corresponding design curve FAT160. This, nevertheless, requires a
sufficient surface quality without marks or scratches.

Some design standards (e.g., DNVGL-RP-C203 [32]) permit the use
of own fatigue design curves higher than those typically recommended.
This, however, requires a verification by experiments with test speci-
mens, which are representative for the actual fabrication and con-
struction [32]. The reason for this is that the possibility of
production-related defects as well as fabrication tolerances have to be
accounted for. High-strength butt-welded joints are for example prone to
defects such as undercuts, see [22,23]. To be able to exploit the benefits
of high-quality joints made of high-strength steel, a strict quality control
is inevitable. Otherwise, there is a high risk of low fatigue life due to
overestimated fatigue strength.

7. Conclusions

This study investigated the fatigue strength of high-quality welded
joints made of high-strength steel. In addition, the prediction accuracy
of different fatigue assessment methods for such joints was determined.
For this purpose, fatigue tests on S500G1+M steel joints with weld toe
and root failure at different stress ratios (R =0 and R = 0.5) were
performed. From the investigation, the following conclusions are drawn:

Due to the high-quality of the S500 HSS joints, the fatigue strength of
all test series (both failure initiation locations and stress ratios) lies
well above the corresponding fatigue design classes. This is also
related to shallower S-N curve slopes, which is an indication of a
significant fatigue crack initiation phase and typical for specimens
with low stress concentrations.

Large differences in prediction accuracy are found for all local fa-
tigue assessment concepts and the nominal stress approach. All
concepts are leading to conservative assessment results; however, for
some methods the results are overly conservative.

In general, the higher deviation between experimental and predicted
fatigue strength for weld root failure is thought to be related to the
change in cross-sectional area of the single-sided weld.

e The nominal and structural hot-spot stress extrapolation methods
significantly underestimate the fatigue strength of the S500 high-
quality butt joints. This agrees well with previous studies by Remes
and co-workers [16,33].

In general, local fatigue assessment methods perform better than the
two aforementioned methods. The highest prediction accuracy was
observed for the effective notch stress method. The other local
methods (Xiao and Yamada’s 1 mm concept, 4R method, peak stress
method, stress averaging and critical distance approaches) led to
similar prediction accuracies.

Future work could focus on the consideration of actual weld geom-
etries and material strength in assessment procedures. For the cur-
rent study, median geometry measurement results were used to build
FE models; however, fatigue cracks typically initiate at the location
of highest stress concentration. Further improvements could be
related to the consideration of material strength correction as pre-
sented in Baumgartner et al. [69] and Braun et al. [70].
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