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Abstract

The effect of High-Frequency Mechanical Impact (HFMI) treatment on the fatigue resistance of structural steel S355 butt
welds with macro geometric imperfections outside of the usual fatigue design limits was investigated. Thin-walled specimens
(t = 8 mm) were manufactured with different degrees of angular and linear misalignment and fatigue tested in the as welded
and HFMI treated condition. The fatigue test results show that HFMI treatment can compensate the fatigue strength-reducing
effects of macro geometric imperfections (Ao ypyy = 127 N/mm?, m = 5), but also that linear and angular misalignment
does not reduce the fatigue strength of butt welds as severely as rules and guidelines suggest (Ao sy = 107 N/mm?, m = 3).
Underestimating the fatigue strength determined by testing by more than 40%, numerical analysis and strain gauge measure-
ments show that the application of the effective notch stress approach and the structural hot-spot stress approach delivers
conservative assessment results, which might not always be representative for the actual fatigue strength benefit that can be

gained by HFMI treatment.
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1 Introduction

For cyclically loaded steel structures, design is often deter-
mined by the fatigue resistance of their weakest components.
In particular, welding reduces the fatigue resistance of the
welded base material considerably. The fatigue resistance of
welded components depends on the kind of welded construc-
tional detail present as well as on the quality of execution of
the welds. The weld quality determines the degree of macro
geometric and local imperfections, which in turn affect the level
of local stresses at the weld and thereby influence the fatigue
resistance of the welded component significantly [1]. Thus,
fatigue design standards and guidelines impose high quality
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standards for welds subject to fatigue and offer various ways
to account for geometric imperfections regarding the fatigue
resistance of welded components. Generally, normative detail
categories (Eurocode 3 [2]) and FAT classes (IIW [3]), both of
which representing the characteristic reference value of fatigue
resistance in terms of a stress range for an endurance of two
million stress cycles (also referred to as “fatigue strength”), are
referring to welds with a defined minimum quality of execution,
in case of EN 1993-1-9 [2] quality level B acc. to ISO 5817 [4].
For some constructional details, fatigue design standards [2, 3]
set even more stringent requirements than those imposed by
standards that explicitly concern the execution of welds, such
as EN 1090-2 [5] and ISO 5817 [4].

To improve the fatigue strength of welded components,
different kinds of post weld treatment (PWT) methods can
be applied, aiming either at an improvement of the local
weld geometry or at a reduction of tensile residual stresses
in and around the welds [6]. High-Frequency Metal Impact
(HFMI) treatment is one of these PWT methods, improving
the local weld geometry as well as inducing high compres-
sive residual stresses [7]. As the effects of HFMI treatment
are well studied for welded constructional details within
fatigue design limitations regarding weld quality, different
standards and guidelines cover the application and benefits
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of HFMI treatment for fatigue strength improvement, already
[2, 8, 9]. However, the application of HFMI treatment on
welded constructional details with geometric imperfections
outside of usual fatigue design limits is not covered by these
guidelines and only a limit amount of research is available
in this regard. Available research on this topic is focused on
high strength and ultra-high strength steels [10, 11] or on
the local weld geometry only, such as weld toe angle and
weld convexity [12]. Nevertheless, using HFMI treatment on
constructional details with severe geometric imperfections
might be particularly interesting, as this PWT method could
present an alternative to common repair measures, such as
removing the weld and re-welding the according component,
especially for widely used mild steels such as S355 acc. to
EN 10025-2 [13]. Therefore, experimental and numerical
investigations were conducted regarding the effect of HFMI
treatment on the fatigue resistance of EN 10025-2 S355
butt welds with linear and angular misalignment outside of
fatigue design limitations acc. to ISO 5817 [4], EN 1090-2
[5], and EN 1993-1-9 [2], focusing on European steel con-
struction standards.

2 Experimental methodology
2.1 Experimental design and materials

Butt joint fatigue test specimens with varying degrees of
angular and linear misalignment (also referred to as axial
misalignment acc. to [2]) were manufactured from plates of
structural steel S355J2+N acc. to EN 10025-2 [13] (thick-
ness ¢ = 8 mm). Depending on the Execution Class EXC,
ISO 1090-2 [5] specifies fatigue requirements that demand
different levels of weld quality acc. to ISO 5817 [4]. There-
fore, angular and linear misalignment of the specimens
(global specimen geometry) was adjusted to match speci-
men series defined in conformity to quality levels according
to ISO 5817 [4]; see Fig. 1.

Additional requirements for welds subject to fatigue are
given in Annex C of ISO 5817 [4], implementing the appli-
cable ITW FAT class into the quality level designation, e.g.,
C63 for FAT 63, which specifies stricter requirements for
selected imperfections than the regular quality level C. How-
ever, the minimum weld quality to be implemented for the
application of EN 1993-1-9 detail categories [2] is quality
level B [4]. Thus, to investigate the effect of HFMI treatment
on specimens with geometric imperfections outside usual
fatigue design requirements, angular and linear misalign-
ment was explicitly chosen to be worse than quality level
B acc. to ISO 5817 [4]. A comprehensive overview of the
limits of selected imperfections acc. to ISO 5817 [4] qual-
ity levels and acc. to EN 1993-1-9 [2] is given in Table 1 in
relation to the specimen dimensions. The specimens of each
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Fig. 1 Specimen series acc. to ISO 5817 quality levels (top left) and
specimen geometry (top right and bottom)

series were manufactured tested in the as welded (AW) and
HEMI treated state.

To verify the base metal properties, tensile tests acc. to
ISO 6892-1 [14] were conducted at four base metal sam-
ples. Yield strength R,;; was determined to be 440 N/mm?
(s = 5 N/mm?); tensile strength R, was determined to be
545 N/mm? (s = 2 N/mm?); see Fig. 2.

Also, arc/spark optical emission spectrometry (OES)
was performed to analyze the chemical composition of
the base metal. Results of the OES analysis and content
limits according to EN 10025-2 [13] are shown in Table 2.

2.2 Specimen manufacturing and weld quality

Weld seam preparation was carried out as Y-groove acc.
to ISO 9692-1 [15]. Leveling plates were used to adjust
linear and angular misalignment of the base metal plates
before and during welding. The plates were fixed to the
welding table and leveling plates by clamps, so residual
stresses were expected to arise from the external restric-
tion of welding related distortion. Excess weld metal [4]
(weld convexity acc. to [2]) and weld toe angle (local weld
seam geometry) were not deliberately adjusted. The base
metal plates were gas metal arc welded (GMAW) using
a S5 SpeedPulse XT welding unit (Lorch Schweil3tech-
nik GmbH). A welding tractor was used for guiding the
welding torch and to ensure reproducible welding results,
constant heat input, and constant quality of the individ-
ual welds. Welding parameters were kept constant for all
specimen series. Welding parameters as well as welding
consumables used are summarized in Table 3. After weld-
ing, the plates were sawn into individual specimens and
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Table 1 Limits of selected imperfections acc. to ISO 5817 [4] and acc. to
relation to the specimen dimensions (f = 8 mm; b = 8.8 mm)

the recent draft of EN 1993-1-9 [2] for fully penetrated butt welds in

Quality level acc. to [4] D? ct C63°¢ B¢ B90°¢ B125"¢
Linear misalignment <2.0mm <12mm <1.2mm <0.8 mm < 0.8 mm < 0.4 mm
Angular misalignment N/A N/A <2° N/A <l1° <1°
Excess weld metal 3.2 mm 2.3 mm 2.3 mm 1.8 mm 1.8 mm 1.1 mm
Weld toe angle > 90° >110° >110° > 150° > 150° r>4 mm

Detail category acc. to [2] 80 90 112
Axial misalignment < 0.4 mm < 0.4 mm < 0.4 mm
Angular misalignment N/A N/A N/A
Weld convexity N/A N/A N/A
Weld toe angle > 110° > 150° (180°)

#Not to be used for cyclically loaded joints; EXC1 acc. to [5]
YEXC2 acc. to [5]

°<FAT 63

4EXC3 acc. to [5]

°<FAT 90

f< FAT 125; not generally achieved in the as welded condition
£0ptional acceptance criteria that can be applied acc. to [5]

tapered by CNC milling. No adjustment of misalignments
was done after welding.

The tapered specimens were photographed and angular
misalignment, linear misalignment, weld convexity, and weld
toe angle were measured at each specimen photography indi-
vidually; see Fig. 3. The scale of the photos was calibrated
using the specimen width, which in turn was determined using
a digital measuring stick. Measurement uncertainty for linear
misalignment was determined to be %, = 0.05 mm; for angular
misalignment, it was determined to be u, = 0.05°. Based on
the measurements angular and linear misalignment, the speci-
mens were grouped according to the specimen series outlined
in Fig. 1. Half of the specimens of each specimen series were
selected to be post weld treated.
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Fig.2 Base metal tensile test stress-strain curves

For HFMI treatment, a Weld Line 10-05 (PITEC
Deutschland GmbH) and a HFM 21R1-S (HiFIT Vertriebs
GmbH) HFMI tool were used. Post weld treatment was done
acc. to ITW guidelines [8] by the manufacturers of the two
different HMFI tools, each of the manufacturers treating half
of the specimens of each series. The specimens were HFMI
treated individually. For all specimens, sharp edges occur-
ring from cutting or the individual HMFI treatment were
removed by manually breaking them with a file to avoid
base metal failure during fatigue testing. HFMI parameters
are summarized in Table 4.

The values of the imperfections documented for the indi-
vidual specimens of each series are shown in Fig. 3. A clear
distinction of the series by angular and linear misalignment
was possible, while the series cannot clearly be grouped by
the degree of weld convexity or weld toe angle of the speci-
mens. Regarding the weld toe angle, only about one-third of
the specimens match quality level B90 acc. to ISO 5817 (see
Fig. 4). Detailed measurements of the specimen geometry
are given in the Online Resource for this publication.

2.3 Fatigue testing

Fatigue tests were performed under axial loading and accord-
ing to ISO/TR 14345 [18]. A Power Swing 100 kN (SincoTec
Test Systems GmbH) resonance testing machine was used
for testing. The testing frequency was f = 60 Hz. Runouts
were defined for 5 x 10° cycles. A homogenous distribution
of specimen failures over the target live range of 5 x 10* <
N < 5 x 10° cycles was aimed for. A complete crack of the
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Table 2 Chemical base metal composition determined by OES analysis and content limits acc. to EN 10025-2 [13]

Material Content in % C Si Mn P S N Cu Ni Cr Mo
S355]24+N [13] X (n=)5) 0.097 0286  1.47 0.014  0.0040 0.018 0.017  0.033  0.041  0.0048
Sy 0.0038 0.0043 0.0052 0.0003 0.0002 0.0010 0.0002 0.0012 0.0004 0.0001
Max. content acc. to [13]  0.20 0.55 1.60 0.025 0.025 N/A 0.55 0.42 0.29 0.11
Table 3 GMAW consumables and welding parameters
Welding wire Shielding gas Run Wirefeed  Current/ in A Voltage Uin V Welding Arc energy
rate in m/ speed v, in EinklJ/
min m/min mm
ISO 17632-A [16]: T46 6 MM 1 H5 1SO 14175 [17]: M21 1 6.1 210 21.2 0.35 0.76
8.8 265 27.1 0.65 0.67
3 8.8 265 27.7 0.55 0.8

8.90 mm

159° 1.59mm 149°

Fig.3 Specimen documentation. a Measurement of specimen and weld seam geometry. b HFMI treated specimen (top view). ¢ Butt weld speci-

men with rounded specimen edges. d Tapering of the specimens

specimens or a visually detectable crack close to being a com-
plete crack was defined as failure criteria. As proposed in ISO/
TR 14345 [18], specimens were loaded by constant amplitude
loading with a stress ratio of R = 0.5 to reproduce the effect of
very high tensile residual stresses present in real welded struc-
tures in the small-scale specimens. The limit to the maximum
stress applied was the base material yield strength determined
via the tensile tests, which led to a maximum stress range
of A, = 218 N/mm? (o,,,, = 436 N/mm?). To minimize
bending stresses from straightening of the specimens due to
clamping, steel plates compensating angular and linear mis-
alignment of the specimens were attached between the grip
section of the specimens and the testing machine clamps; see
Fig. 5. As suggested in [19], a largely undistorted determina-
tion of the effects of misalignments was ensured this way and
the effect of secondary bending as described in [18] could be
determined without a substantial amount of additional static
stresses from clamping. Statistical evaluation of the fatigue
test results was carried out according to the background docu-
ment to EN 1993-1-9 [20]. Runouts as well as specimens with
cracks in the base metal area were excluded from statistical
evaluation.

@ Springer

The dimensions of the steel plates used for compensation
of misalignment during clamping for the different groups of
specimens are summarized in Table 5.

2.4 Numerical and analytical investigations

Finite element analysis Fatigue strength values were also
determined by the effective notch stress (ENS) and struc-
tural hot-spot stress (SHSS) approach using finite element
analysis (FEA) via Ansys Mechanical 2023R1 (Ansys,
Inc.). To determine the local stress distribution at each
specimen, a parametric, two-dimensional model was con-
structed and geometrically adjusted according to the indi-
vidual specimen measurements (plane stress/plain strain
element type PLANE183). As geometric input parameters,
linear and angular misalignment, weld width and convex-
ity (top and bottom), and all four weld toe transition angles
were defined. Input values were taken from the measure-
ments of the specimens in the as welded state. The weld
toe transition was rounded with a radius of 1 mm [2, 3,
21]. As suggested in [8], the same approach was chosen
for the HFMI treated specimens. Meshing was performed



Welding in the World

Table 4 HFMI parameters

PITEC HiFIT

6 bar at 90 Hz

Pin: r =2 mm

8 bar at 250 Hz; intensity 2.5

Pin: r = 1.5 mm

*quality levels acc. to ISO 5817
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onerous of the tolerances indicated in the EN 1993-1-9 [2]
detail category tables and EN 1090-2 [5] or ISO 5817 [4],
respectively, was considered (see Table 1). Therefore, linear
misalignment was reduced by 0.4 mm and angular misalign-
ment by 1° for all specimens for SCF calculation.
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Fig.4 Degree of the individual imperfections documented for the different specimen series in correlation to quality levels acc. to ISO 5817 [4]

and in relation to the specimen dimensions (f = 8 mm; b = 8.8 mm)

in accordance with Eurocode [2] and IIW guidelines [3,
21] and verified by mesh refinement analysis. Compared to
the experimental fatigue tests, the remaining misalignment
between the specimens and the plates used for misalign-
ment compensation during clamping was neglected in the
model and the simulation. Here, the left side was clamped
rigidly and straight. The right side was clamped rigidly
with the given angular misalignment and loaded linearly
with 1 N/mm? assuming linear-elastic material behavior
(fixed ends acc. to [18]; elastic modulus E = 210 MPa,
Poisson’s ratio v = 0.3). Model, mesh, and stress distribu-
tion of specimen 13-AW of series 4 are shown exemplarily
in Fig. 6.

ENS approach The maximum principal stress determined
at the rounded weld toe was divided by 1 N/mm? to obtain
the corresponding stress concentration factor (SCF) or notch
factor K, [21]. Referring to [10, 11], to investigate a possible
non-linear correlation between load and stress concentration
due to the misalignment of the specimens, SCF values were
also determined with an increased nominal load of 1000
N/mm? for the different specimen groups. Generally, effec-
tive notch stresses were determined acc. to EN 1993-1-9
[2], so only the extent of misalignment exceeding the more

™77 steel plates for compensation
i 1 of misalignment during clamping

60 60
B Wy ‘ w,
h
h
Wy
60 60
W, L2

Fig.5 Clamping of a series 4 specimen (left) and general geometry of steel
plates used for compensation of misalignment during clamping (right)
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To statistically evaluate the numerical analysis results and
to determine the characteristic fatigue strength for effective
notch stresses Aogys ¢, effective notch stress S-N diagrams
were derived from the experimental test results by multiply-
ing the individual nominal stress ranges of the test specimens
with the SCF values determined for each specimen. Also, a
sensitivity analysis was conducted to determine the influence
of the individual imperfections on the numerically determined
fatigue strength in relation to the specimen geometry. This was
done by varying the extent of individual imperfections stepwise
up to the experimental setup limits and by keeping the rest of
the imperfection parameters at quality level B90 [4] limits for
effective notch stress calculation. For the sensitivity analysis,
effective notch stresses were determined using the actual values
of imperfections without exclusion of tolerances as indicated in
EN 1090-2 [5], ISO 5817 [4], or in the EN 1993-1-9 [2] detail
category tables.

SHSS approach The structural hot-spot stress approach was
primarily used to validate the numerically obtained results
by comparing them with values determined based on strain
gauge measurements (see Section 2.5). To numerically eval-
uate the hot-spot stress range at the weld toe, stress ranges
Aoy 4, and Ao, located a distance of 0.4 ¢ and 1.0 f relative
to the weld toe, were extracted from the finite element analy-
ses corresponding to three specimens that were equipped
with strain gauges before fatigue testing (Section 2.5). The
structural hot-spot stress range Ao, was extrapolated lin-
early from Ao 4, and Ao , acc. to IIW recommendations
[22]; see Eq. (1):

Aoy, = 1.67 ¢ Aoy, — 0.67+ Ac, g, )

The stress concentration factor Kg was then determined
using modified nominal stress range Ao, [22]; see Eq. (2):

K Aoy
ST Am @
Aanom
As angular and linear misalignment was taken into
account in the finite element model, stress magnification
factor k,, accounting for misalignments was not considered
[22]. Thus, Ao, can be considered equal to nominal stress

nom
range Ao. Finally, the characteristic fatigue strength Ao was

Table 5 Dimensions of the steel plates used for compensation of mis-
alignment during clamping

Series 1 2 3 4
Linear misalignment / 0 mm 1.5mm 1mm 1.5 mm
Angular misalignment #  3° 0° 2° 3°

wy 99mm 15mm 62mm 4.2mm
Wy 7.9mm - 42mm 6.4 mm

@ Springer

derived from the structural hot-spot S-N curve as proposed in
the ITW guideline [22]; see Eq. (3). The reference S-N curve
for as-welded butt welds is FAT 100 [22]. For HFMI treated
post-treated details, IIW recommendations only cover load
carrying fillet welds (FAT 160 for steel with a yield strength
Jy of 355 N/mm? < fy < 550 N/mm?) and non-load carrying
fillet welds (FAT 180 for 355 N/mm? < fy < 550 N/mm?)
[8]. Corresponding to the use of FAT 100 for butt joints and
non-load carrying fillet welds in the as welded condition [22],
FAT 180 was chosen for the calculation of HFMI treated butt
welds as well. However, as the fatigue tests were performed
with a stress ratio of R = 0.5, the reference FAT classes were
reduced acc. to IIW guidelines by 3 FAT classes, resulting
in FAT 71 for the as welded specimen [22] and FAT 125 for
the HFMI treated specimens [8]. As an additional bonus,
the stress concentration factor Kg was reduced by 5%, as
all misalignments were considered in the geometric model.
Otherwise, misalignment effects would have been considered
twice, as the reference FAT class covers misalignment effects
of up to 5% already [22]:

125 N/mm?

Ao~ =
Oc KS

1.05 3)
Analytical nominal stress approach For comparison of
characteristic fatigue strength values determined by differ-
ent approaches, Ao was also determined analytically acc.
to IIW recommendations [2]. To do so, the allowable stress
range for butt welds was divided by the effective stress mag-
nification factor k, .¢; see Eq. (4):
90N 2
Aoc = — /mm

m,eff

“

Effective stress magnification factor k, . was determined
by division of the calculated stress magnification factor by the
stress magnification factor already covered in the FAT class
(ky efr = 1.15 for FAT90) [2]. As the specimens contained both
linear (axial) and angular misalignment, the calculated stress
magnification factor was obtained acc. to Eq. (5) [2]:

km =1+ (km,axial - 1) + (km,angular - 1) (5)

For calculation of ki, ;. acc. to [2], clamping lengths /,
and /, were assumed to be 100 mm, the same as in the actual
fatigue tests and FE model. As the clamping does not allow
any rotation, 4 was defined to be 6.75 in accordance with [11].
The individual sample geometries measured were used for
axial misalignment e and sheet thickness ¢. For calculation of
K angutar aCC. 0 [2], Young’s modulus E was assumed with
210,000 N/mm?, offset y was determined from the angular
misalignment a measured at the corresponding samples and
clamping lengths [, and /,, and as maximum stress applied the
nominal material yield strength f, = 355 N/mm? was used.
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Fig.6 Numerical analysis shell model and principal stress distribution for specimen 13-AW of series 4

2.5 Strain gauge measurements

To validate the numerical calculations, structural hot-spot
stress ranges [22] were determined experimentally at three ran-
domly selected specimens (as welded and HFMI treated). To
experimentally determine the structural hot-spot stress range at
the weld toe, the specimens were fitted with the strain gauges
(Type K-CLY-0006-1-120-3-030, Hottinger Briiel & Kjaer
GmbH) at a distance of 0.4 7 and 1.0 ¢ relative to the weld acc.
to ITW guidelines (type “a” hot-spot) [22]; see Fig. 7.
Corresponding to the numerical analysis, the structural
hot-spot stress range Ao, was obtained by linear extrapola-
tion of Aoy 4, and Ao, ,, acc. to Eq. (1). The stress concentra-
tion factor Kq was determined acc. to Eq. (2). Finally, the
characteristic fatigue strength Ao, was calculated acc. to Eq.
(3) under the same considerations as assumed for numeri-
cal fatigue strength determination (reference FAT class 180;
fatigue class reduction due to stress ratio; reduction of Kg by
5% due to use of specimens with severe misalignment) [22].

DMS: —

[ 1

left
plate

[v]

24.0

1229 mm

Fig.7 Strain gauge positioning (sample 3 of series 2 AW). a Sche-
matic drawing, side view. b Top view. ¢ Bottom view

3 Results and discussion
3.1 Fatigue test results—nominal stress approach

The typical fracture surface of one of the fatigue test speci-
mens is shown in Fig. 8a. Fatigue fracture zone and fast
fracture zone can be distinguished clearly. Due to continu-
ous testing at constant load levels, progression marks (beach
marks) did not occur. As stated above, only specimens with
fatigue cracks initiating at the weld toe were considered for
statistical evaluation. Although all edges of the specimens
were ground, crack initiation was located at the specimen
edge with some of the tested specimens; see Fig. 8b. As
test results with fractures initiating from the specimen edge
can be considered to be more conservative than those with
cracks initiating away from the edge, those were included in
the statistical evaluation of the test series.

The fatigue test results and their statistical evaluation
based on nominal stresses and a fixed slope according to
[20] are shown in Fig. 9. Due to setting the upper limit
of the stress range according to the base material yield
strength and the high stress ratio of R = 0.5, which in
combination reduced the maximum applicable stress
range to 218 N/mm?, only few specimen failures could be

fast fracture zone
— — = fatigue fracture zone

Fig.8 Fractured specimens of series 3 (AW) after fatigue testing; a
fracture surface of a completely fractured specimen; arrows indicat-
ing the direction of fatigue crack propagation; b fatigue crack which
initiated from the edge of a specimen
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generated below a couple hundred thousand load cycles.
The therefore narrow range of load cycles till failure
available for statistical evaluation, combined with a low
amount of evaluable specimen failures in some of the test
series, led to a high vertical scatter Tg acc. to [23], which
caused a conservative determination of the characteristic
value of fatigue resistance and made statistical evalua-
tion with variable slope not appropriate for some of the
series. Thus, the test results of series 1, 2, and 3 (AW)
were evaluated collectively, as they are in a comparable
range. Collective statistical evaluation of series 1, 2, and
3 (AW) led to a characteristic value of fatigue resistance
(fatigue strength) of Ao = 107 N/mm? with a fixed slope
of m = 3. The high degree of both types of misalignment
(angular and linear) in series 4 led to a distinct decrease
in fatigue strength (Ao = 86 N/mm?; m = 3) compared
to the collectively evaluated series. For the HFMI treated
specimens, an improvement in fatigue strength could be
determined for both specimen groups (18% for series 1, 2,
and 3 with Ao = 127 N/mm? at m = 5; 13% for series 4
with Ao =97 N/mm? at m = 5). Despite the high level of
imperfections, almost all test series and evaluation groups
show a fatigue strength higher than the normative refer-
ence value applicable for corresponding constructional
details within fatigue design limits (Detail Category 100
acc. to [2]).

The complete statistical analysis of the individual and the
grouped specimen series is summarized in Table 6. Statisti-
cal analysis with fixed slope led to a less conservative char-
acteristic value of fatigue strength Ao compared to statisti-
cal evaluation with variable slope for almost all specimen
series and evaluation groups. The improvement in fatigue
strength varies between 9 and 35%, depending on series and
evaluation method. A complete summary of the fatigue test
results is given in the Online Resource for this publication.

3.2 Numerical analysis—effective notch stress approach

The fatigue test results and their statistical evaluation based on
effective notch stresses and a fixed slope according to [2, 20]
are shown in Fig. 10. As the individual specimen geometry is
already considered in the stress concentration factor applied,
all test series were evaluated collectively. Collective statisti-
cal evaluation of the as welded series led to a characteristic
value of fatigue resistance of Aopyg = 261 N/mm? with a
fixed slope of m = 3, which is considerably higher than the
reference value of 225 N/mm?, which can be applied inde-
pendently of the stress ratio for welded constructional details
acc. to Eurocode 3 [2]. ITW guidelines suggest a reduction of
the reference FAT class depending on stress ratio, which is a
more conservative approach and would lead to a reduction of
FAT 225 by three FAT class down to FAT 160 [3]. According
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to Eurocode 3 [2], the influence of stress ratio only exists for
non-welded constructional details and for welded details with
thermal stress relies or PWT, such as HFMI treatment [2].
However, Eurocode 3 [2] does not cover how to apply the
effective notch stress method for HFMI treated welds. Thus,
for evaluation of the HFMI treated specimens, a fixed slope
of m =5 and an improved master S-N curve for FAT 320 were
applied acc. to [TW guidelines [8]. As specified for the nomi-
nal stress method acc. to the IIW guideline, the stress ratio
influence was considered by reducing FAT 320 by three FAT
classes, resulting in FAT 225 for the HFMI treated specimens,
as well [8]. This way, no benefit could be gained from HFMI
treatment in terms of ENS fatigue assessment compared to
the Eurocode approach used for constructional details in the
as welded condition. However, collective statistical evaluation
of the HFMI treated specimens led to a fatigue strength of
Aopns carvr 313 N/mm?, which is clearly above the adjusted
IIW HFMI master S-N curve of FAT 225. The SCF values cal-
culated acc. to EN 1993-1-9 [2] for the individual specimens
are given in the Online Resource for this publication.

Furthermore, the deviation of the SCF values determined
with a nominal load of 1000 N/mm? compared to the SCF val-
ues determined with a nominal load of 1 N/mm? was less than
1% in all cases, so the correlation between load and stress con-
centration can be assumed linear. The results of the sensitiv-
ity analysis are shown in Fig. 11. A steady decline in fatigue
strength can be seen for linear and angular misalignment.
FAT 90 could not be numerically determined for an angular
misalignment of 1° nor could it for a linear misalignment of
1 mm (quality level B/B90 limits). However, FAT63 is met
for 2° of angular misalignment and for a linear misalignment
of 1.2 mm as well (quality level C63 limit for the individual
misalignment values only). With numerically determined
characteristic fatigue strength values above 70 N/mm? for
all variations examined, the variation of local weld geom-
etry parameters impacted the determined fatigue strength less
strongly. An increase of excess weld metal reduced the initial
fatigue strength but seemed to have a limit in fatigue strength
reduction of slightly less than one fatigue class for the speci-
men geometry given. For the weld toe transition, a decrease of
the weld toe angle below 135° barely led to a fatigue strength
reduction, while an increase in weld toe angle above 150° led
to a distinct fatigue strength improvement. For SCF calcula-
tion, the actual quality level limits were used for modeling.
Misalignments already covered in the FAT 225 master curve
for effective notch stresses were considered for calculation of
Ao by increasing the numerically determined characteristic
fatigue strength values by 5% [3]. Generally, at quality level
B/B90 [4] limits detail category 80 or FAT 80, respectively,
could be roughly confirmed by the numerical analysis. SCF
values determined for the individual data points are given in
the Online Resource for this publication.
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3.3 Comparison of mechanical stress concepts
and validation of numerical analysis

Table 7 shows the characteristic fatigue strength values
determined based on experimental testing as well as on ana-
lytical and numerical approaches using different mechanical
stress concepts. Consistent with a conservative assessment
approach, the fatigue strength values determined by SHSS
and ENS approaches are distinctly lower than the experi-
mentally determined fatigue strength values. However, the
analytically determined nominal stress fatigue strength val-
ues deviate from the numerically determined fatigue strength
values by about 10% (ITW approach). With a deviation of less
than 5%, the fatigue strength values determined numerically
by ENS and SHSS approaches are approximately equivalent.
Also, the experimentally determined SHSS fatigue strength
values diverge from the numerically determined SHSS fatigue
strength values by no more than 15%.

3.4 Discussion

The high fatigue strength exhibited by the specimens despite
severe misalignments is in line with test results in similar
investigations [10, 11]. The comparatively high scatter in the
fatigue test results might be explained by the large degree
and scatter of misalignments and the high variance in local
weld toe geometry. Furthermore, the leveling plates used for
clamping do not fit each specimen perfectly, but are a general
fit for each specimen group, so bending stresses from clamp-
ing/straightening of the specimens might have increased the
scatter as well. Still, the fatigue test results are better than
expected. Also, butt welds are generally considered to be
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mild notches, exhibiting high fatigue strengths and shallow
S-N curves, especially with thin plates [24, 25]. Further-
more, according to IIW guidelines, a benign plate thickness
effect might be applied for specimens with a thickness below
the reference thickness of 7., = 25 mm (see Eq. (6)), with 7.4
being the actual specimen thickness and n being a thickness
correction exponent depending on joint category (n = 0.2
for transverse butt welds [3]).

tref "
f@ = <—> (6)

Lepr

Considering a benign plate thickness correction factor,
the nominal stress Detail Category (Eurocode) or fatigue
class FAT (ITW) might be lifted by a factor of f{r) = 1.256.
This results in FAT 100 for the as welded butt joints, assum-
ing Detail Category 80 for regular transversally loaded butt
joints welded from both sides acc. to EN 1993-1-9 [2] or
FAT 80 acc. to ITW guidelines [3], respectively. This way, the
fatigue strength of series 4 (AW) would be below the adjusted
normative reference value. However, the fatigue strength of
series 1, 2, and 3 in the as welded condition would still be
above expectations, even considering a benign thickness cor-
rection factor; see Fig. 9. The fatigue strength proposed by
ISO 5817 [4] in relation to quality levels of imperfections is
exceeded by far for all of the AW series. As welded speci-
mens of series 3 would be in Detail Category 63, which cor-
responds so FAT 78 considering a benign thickness effect.
Specimens of all other series could not even be considered
for cyclic loading acc. to EN 1090-2 [5], as they are worse
than quality level C/C63 in at least one aspect. EN 1090-2
[5] requires Execution Class 2 (EXC2) for welds subject to
fatigue design acc. to EN 1993-1-9 [2]. EXC2 requires at
least ISO 5817 quality level C [4, 5].
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Fig.9 S-N diagrams for the as welded and HFMI treated specimens; statistical evaluation acc. to Eurocode 3 [20] by nominal stress method

assuming fixed slope
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Taking into account the high fatigue strength of the as
welded specimens, the margin for fatigue improvement by
HFMI treatment was expected to be comparatively low.
Furthermore, the threshold for a beneficial effect of HFMI-
treatment for transverse butt welds depends on the HFMI
Detail Category Ao ypyy ace. to EN 1993-1-9 [2]. For
lower HMFI Detail Categories, the minimum number of
cycles Ny, grvy for HEMI treatment to be beneficial is
higher than for nominally higher Detail Categories. For
Acc yrvy = 100 N/mm?, this threshold value is 907,200
cycles [2]. However, HFMI treatment of the specimens
with severe imperfections led to a fatigue improvement
similar to what could be expected for specimens with
imperfections within fatigue design limits. Acc. to Euroc-
ode 3, for HFMI treated transverse butt welds subjected
to loads with a stress ratio of R = 0.5 (S355 < § < S650),
Detail Category 100 can be assumed [2], which is one
Detail Category above the regular Detail Category 90,
which is assumed for as welded transverse butt joints to be
used for HFMI treatment acc. to Eurocode 3 [2]. Regard-
ing the IIW guidelines, for steel with a yield strength f, of
355 N/mm? <fy <550 N/mm?, a fatigue improvement of 5
FAT classes can be assumed [8]. In case 0of 0.4 <R <0.52,
the fatigue improvement must be reduced by at least three

Table 6 Statistical analysis of the fatigue tests (nominal stress method)

FAT classes [8], resulting in a remaining improvement of
two FAT classes or FAT 100, respectively, the same as
allowed acc. to EN 1993-1-9 [2]. Depending on test series
and evaluation method (fixed slope or variable slope), the
relative fatigue improvement determined by testing varied
between one to two Detail Categories, with the difference
between two Detail Categories being about 12.5%. Con-
sidering a benign thickness correction factor acc. to IITW
guidelines as described above, FAT 125 could be expected
for HFMI treated specimens within fatigue design limits
and with a wall thickness of 8 mm. As with the AW series,
the collectively evaluated fatigue strength of the HFMI
treated specimens of series 1, 2, and 3 would in the as
welded condition (AGENS, (Ao = 127 N/mm?), and only
the fatigue strength of HFMI treated series 4 specimens
would fall below the adjusted normative reference value
(Ao =97 N/mm?).

Regarding the test setup it shall be noted that local plastic
deformation cannot be excluded during testing of specimens
with pronounced angular and linear misalignment. However,
the effect of this kind of local plastic deformation on the
fatigue test results might be neglected, as the same kind of
deformation would be present at real structural details with
comparable degrees of misalignment, too, making the test

Series Post weld treatment Numbfr of  Slopeb Ao in N/mm? Scatter 1: Tg"™ Improvement by
tests n- Upper: fixed HFMI treatment
Lower: variable
1 As welded 6 3 104 1.49 -
N/A N/A N/A -
HFMI 14 5 133 1.31 28%
59 128 1.47 N/A
2 As welded 11 3 104 1.56 -
N/A N/A N/A -
HFMI 11 5 118 1.36 13%
6.1 109 1.69 N/A
3 As welded 5 3 96 2.01 -
11.5 170 1.15 -
HFMI 6 5 126 1.41 31%
N/A N/A N/A N/A
1, 2, 3 (collective) As welded 22 3 107 1.54 -
3.1 100 1.75 -
HFMI 31 5 127 1.34 19%
44 109 1.63 9%
4 As welded 12 3 86 1.43 -
2.1 62 1.84 -
HFMI 12 5 97 1.40 13%
44 84 1.67 35%

*Runouts not considered

**Vertical scatter acc. to [23]; Ty = Ao ggg,:Adc 199
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Fig. 10 Effective notch stress S-N diagrams for the as welded and HFMI treated specimens

results representative for this kind of application. Further-
more, local plastic deformation under load would also be
expected in specimens with less pronounced misalignments,
even if to a lesser extent. To generate fractures at the lower
end of the high cycle fatigue range, testing at lower stress
ratios (e.g., R = 0.1) could be considered for supplementary
fatigue tests. Besides, setting a fixed limit for angular mis-
alignment in terms of its effect on fatigue strength, as pro-
posed in ISO 5817 Annex C [4], seems debatable for welded
structures of varying dimensions, since the magnitude of
local stresses under load and the corresponding reduction
in fatigue strength from misalignment depend strongly on
the length of the welded members.

Evaluation of the as welded fatigue test results by indi-
vidual numerical analysis of the specimens using the effec-
tive notch stress method shows that the fatigue strength deter-
mined by testing is higher than numerical analysis only would
suggest; see Fig. 10. In terms of numerical fatigue assessment
by ENS, no benefit could be gained from HFMI treatment acc.

to IIW guidelines [8] compared to the Eurocode approach
for as welded constructional details [2]. The different ways
to deal with the influence of stress ratio on fatigue strength
make a considerable difference in the fatigue strength deter-
mined by the two approaches for the as welded specimens.
The less conservative Eurocode approach of not consider-
ing a stress ratio influence for fatigue strength determination
of specimens in the as welded condition was validated by
the fatigue test results [2]. However, comparing the experi-
mentally determined fatigue strength values against IITW
reference values only, the assessment of HFMI treated butt
welds (Aopns cprv = 313 N/mm?; + 39% compared to FAT
225) is slightly less conservative than the assessment of butt
welds in the as welded condition (Aogyg c aw = 261 N/mm?;
+ 63% compared to FAT 160). Also, it appears that the notch
factors determined for specimens with a high degree of lin-
ear misalignment and only minor angular misalignment lead
to lower notch stresses compared specimens witch a high
degree of angular misalignment, which implies that angular
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Fig. 11 Sensitivity analysis regarding the influence of individual misalignment parameters on the characteristic value of fatigue resistance for
effective notch stresses, keeping all other parameters at the limits of quality level B/B90 acc. to ISO 5817 in relation to the specimen dimensions
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misalignment is of greater impact than linear misalignment
regarding notch factor magnitude and fatigue strength reduc-
tion for this specific specimen geometry and testing setup.
This was confirmed by the sensitivity analysis, which also
revealed that the local weld geometry is of lesser impact than
the global specimen characteristics regarding fatigue strength.
The use of a thickness correction factor is not required for
fatigue assessment by effective notch stresses, as it is a highly
local method [3].

Overall, the analytically and numerically determined
fatigue strength values obtained for the individual specimen
geometries are in good agreement with each other. A slight
deviation of the analytically determined fatigue strength to
the fatigue strength determined by local approaches (SHSS
and ENS) was to be expected and found to be reasonably
low. The divergence of the experimentally determined
SHSS fatigue strength to the numerically determined SHSS
fatigue strength can be deemed acceptable. Therefore, the
numerical investigations are assumed to be validated by the
strain gauge measurements. The severe underestimation of
fatigue strength determined analytically, numerically, or
based on strain gauge measurements compared to fatigue
strength values determined by statistical evaluation of
actual fatigue tests is highlighted by the comparison of the
fatigue strength values obtained according to the different

Table 7 Comparison of characteristic fatigue strength values deter-
mined for different test series as well as for individual specimens
using different mechanical stress concepts (no thickness correction
factor applied)

Ao in N/mm? (nominal stress)
Series 2 AW, Series 1 HFMI, Series 3 HFMI,

Mechanical stress concept

sample 3 sample 16 sample 10

Nominal stress 104 133 126
(fatigue tests) °
Nominal stress 57 68 66
(analytical) 4
SHSS 44 66 61
(strain gauges)®
SHSS 39 58 70
(numerical) d,e
ENS 50 60 73
(numerical) c¢,d

Misalignments (as manufactured and used for FE models)
Linear misalignment 14 0.1 0.9
in mm
Angular misalignment 0.8 2.6 1.5

in °

*Eurocode approach [20]; m = 3 for AW; m = 5 for HFMI
Based on statistical evaluation of the test series

‘IIW approach [3]

4Based on individual specimen geometry

°IIW approach [8]
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approaches. Overall, the experimentally determined fatigue
strength was underestimated by about 42 to 62%, depend-
ing on the approach used and the condition of the specimen
(AW or HFMI treated). This shows that fatigue testing can
still provide substantial benefits for fatigue assessment of
welded components, especially when PWT methods such
as HFMI treatment are applied.

4 Summary and conclusions

The influence of angular and linear misalignment on the
fatigue strength of transversally loaded butt welds (# = 8 mm)
was examined at S355 [13] butt joint specimens, which were
purposely manufactured with different degrees of linear and
angular misalignment outside the limits of quality level B acc.
to ISO 5817 [4]. Also, the effect of HFMI post weld treatment
on the fatigue strength of such welded constructional details
was investigated. The results suggest that subsequent HFMI
treatment can compensate for the reduction in fatigue strength
due to macrogeometric imperfections (angular and linear mis-
alignment) from fabrication The following conclusions were
drawn from statistical evaluation of the fatigue test results
analyzed by nominal stress and effective notch stress method:

a) Thin-walled transversally loaded butt joints show a high level
of fatigue strength despite a high degree of angular and/or
linear misalignment (Ac¢ oy = 107 N/mm?, m = 3); the
applicability of a benign thickness correction factor accord-
ing to IIW guidelines [3] is supported by the fatigue tests
conducted.

b) In the as welded condition, the negative influence of
linear and angular misalignment on the fatigue strength
of transversally loaded butt welds is far less pronounced
than quality levels acc. to ISO 5817 Annex C [4] and
the limits of imperfections acc. to Eurocode 3 [2] would
suggest, indicating a very conservative design of this
constructional detail according to regulations.

c) The relative fatigue strength improvement by HFMI
treatment for transversally loaded butt weld speci-
mens with misalignments worse than quality level
B [4] is comparable to the relative fatigue strength
improvement to be considered acc. to Eurocode 3 [2]
and IIW guidelines [8] for HFMI treated transversally
loaded butt welds with imperfections of quality level
B [4] (Aoc ypvy = 127 N/mm?, m = 5; nominal stress
approach).

d) For transversally loaded butt weld specimens with mis-
alignments within quality level C63 [4], HFMI treatment
can raise the fatigue strength at least to the normative
reference value of according welded constructional
details without significant imperfections (Detail Cat-
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egory 80 [2]), even taking into account a benign plate
thickness correction factor acc. to [IW guidelines [3]
(Detail Category 100; nominal stress approach).

e) For transversally loaded butt weld specimens with mis-
alignments within quality level C63 [4], HFMI treatment
might even raise the fatigue strength to the nominal nor-
mative reference value of HFMI treated transversally
loaded butt welds without significant imperfections
(Detail Category 100 [2]), even taking into account a
benign plate thickness correction factor acc. to [IW guide-
lines [3] (Detail Category 125; nominal stress approach).

f) Evaluating the fatigue strength of transversally loaded
butt welds in the as welded condition by effective notch
stress method leads to conservative results and can be
applied to specimens with misalignments outside usual
fatigue design limits for imperfections. Consideration
of an influence of stress ratio on fatigue strength makes
the assessment of welded constructional details in the as
welded condition via ITW guidelines [3] even more con-
servative compared to the Eurocode [2] approach, which
denies an influence of stress ratio on fatigue strength for
as welded constructional details.

g) For HFMI treated welds, the effective notch stress
approach acc. to IIW guidelines [3, 8] can be safely used
for the fatigue assessment of transversally loaded butt
welds with misalignments outside usual fatigue design
limits for imperfections, but might lead to a severe
underestimation of the fatigue strength of correspond-
ing welds compared to the assessment of transversally
loaded butt welds in the as welded condition.

h) Compliance with fixed limit values for angular mis-
alignment acc. to ISO 5817 [4] Annex C may not guar-
antee achieving normative fatigue strength values for
transversally loaded butt joints, as local stresses and the
corresponding reduction in fatigue strength from mis-
alignment depend strongly on the length of the welded
members under load.
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