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Abstract

From the manufacturing viewpoint, overlapping thin sheets can provide a substantial geometrical improvement in welded
hollow sections compared to butt-welded cross-sectional details. However, the plate eccentricity and non-penetrating fillet
welds make the joints susceptible to fatigue failures under transversal cyclic loads. This work experimentally investigates the
fatigue strength of overlap joints prepared with gas metal arc welding in the single-sided fillet weld configuration. Fatigue
tests were carried out on the lap joints made of S960 ultra-high-strength steel (UHSS) grade under uniaxial constant ampli-
tude axial loading employing both pulsating tension (applied stress ratio of R ~ 0) and pulsating compression (R =& -0). In
addition, the lap joints were prepared with both straight welds (the welds transverse to the loading direction) and inclined
welds (the welds with a 30° inclement angle from the transversal direction) to investigate the shear stress effects on the joints’
fatigue performance. Plasma butt-welded samples were tested as a reference join type. For the plasma butt-welded joints,
the recommended detail category of FAT71 in the nominal stress system for weld root failures in single-sided butt welds
was observed clearly conservative—a mean fatigue strength of Ao, 50, =130 MPa with a fixed slope parameter of m =3 was
obtained. Compared to the butt-welded joints, a significant decrease in fatigue strength capacity was found in the lap joint
specimens with misalignment factors of &, > 3.0. The failure locations were also different in joints subjected to the tension
and compression loads. The shear load did not majorly contribute to the changes in the fatigue strength capacity compared
to the joints subjected to the transversal normal stress.

Keywords Fatigue - Welded joint - Overlap joint - Fillet weld - Plate eccentricity

1 Introduction

Use of overlapping sheets with single-sided (or double-
sided, if accessible) provides a great improvement in reduc-
ing requirements for the manufacturing accuracy and toler-
ances in welded hollow sections compared to butt-welded
details. Overlapping joints can be applied in many different
structural applications—however, this work was initiated
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from the telescopic boom profiles that are usually prepared
with butt-welded joints in one or two roll-formed or bent
sheets, as demonstrated in Fig. 1b. Such hollow section
profiles are usually loaded by global bending moment and
shear forces (Fig. 1a) but local contact forces in sliding pads
induce locally normal stresses in the transversal direction
of welds. In the case of two butt welds at both sides of the
hollow section, normally positioned at the lowly stressed
area of the major neutral axis of a beam, a high accuracy in
the flatness of side planes, profile width, and height should
be reached to enable sufficient conditions for the welding
preparation. In the case of overlapping sheets, manufactur-
ing tolerances are still important but, e.g., the profile height
can be slightly adjusted based on the overlapping length and,
on the other hand, the welding jig technologies can be eas-
ily adopted to press the overlapping area together to enable
geometrical soundness. Particularly in telescopic booms,
due to the contact forces of the inner and outer profiles,
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Fig.1 a Moment (M) and shear
force (Q) distributions in a
telescopic boom, and b welded
cross-sectional profile with dif-
ferent butt weld and fillet weld
configurations
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the requirements and tolerances for geometrical shapes and
dimensions are important to fulfil functionalities.

In aerial platforms, as in many other high-performing
steel structures, the minimization of self-weight in struc-
tural elements is one of the key aspects in structural design
to increase performance via a reduction in the self-weight
to load capacity ratio, as well as an increased reachabil-
ity. Due to these reasons, the usage of high-strength and
ultra-high-strength steels (HSS/UHSS) is a highly attrac-
tive solution to reduce weight and has been an industrial
standard solution in cranes and lifting equipment. Via the
use of HSS and UHSS materials, plate thicknesses can be
reduced. This, on the other, creates some challenges from
the structural viewpoint. In these investigated hollow sec-
tions, the stability of thin sheets against local buckling,
global structural stiffness, and fatigue strength of welded
connections must be carefully checked [1]. The concerns
related to the fatigue of welded connections are involved
in reduced stiffness causing higher welding angular defor-
mations and resulting secondary bending stresses under
primary membrane stress, in addition to increased cyclic
stresses in UHSS constructions.

In thin-walled overlapping sheets, additional concerns
are related to the secondary bending stresses induced by
the plate eccentricity under axial loading. Under transver-
sal axial tension loading, many studies have shown fatigue
failures originating from the weld root to the weld metal
in fillet-welded overlapping thin sheets [2—4], mainly due
to the root opening moment (Fig. 1b). As a result, low
fatigue strength capacities have been obtained, usually cor-
responding to the detail category of FAT36 in the nominal
stress system. Under bending loads, significantly higher
fatigue strengths have been found [5, 6], and usually, fail-
ures occur at the weld toes. Due to such fatigue failure
mode, bending loads also thus benefit from post-weld
treatments conducted at weld toes [6] or special weaving
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techniques [7]. Regarding the geometrical configuration,
the overlap length has not been found as a key factor
but the gap size might potentially have an effect on the
fatigue strength capacity of these joints [8]. Compared to
the transversal axial loads, the fatigue performance of lap
joints is also higher for longitudinal normal stresses and
shear loads [3, 9]. While some research has been carried
out on the fatigue strength capacity of welded overlap-
ping sheets, there is very little scientific knowledge on the
effects of different load configurations, i.e., axial tension
and compression as well as a combination of normal and
shear stresses on the fatigue behavior of these joints. As
demonstrated in Fig. 1, both axial tension and compression
normal stresses occur in the outer and inner hollow section
profiles with the presence of the highest shear loads in the
region of the contact area.

The main objective of this work is to develop an under-
standing on the load and plate eccentricity effects on the
fatigue performance of fillet-welded overlapping sheets
made of UHSS grades. To meet this objective, an experi-
mental fatigue test campaign was carried out on fillet-
welded overlapping joints manufactured from two S960
UHSS grades using gas metal arc welding (GMAW). As
a reference joint type for the overlapping sheets, plasma
butt-welded joints were manufactured and tested. The
fatigue tests were conducted under both axial pulsating
tension and compression loads and for joints with both
transversal straight welds and inclined welds. The out-
line of the paper is the following: Section 2 introduces the
studied materials, preparation of welded samples, and con-
ducted fatigue tests, Section 3 presents the experimental
results in terms of the fatigue test data and failure observa-
tions, Section 4 discusses about the main findings of the
study and reflects the results on the current knowledge.
Finally, Section 5 summarizes the main conclusions drawn
from the study.
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Fig.2 Studied materials in the different specimen types: a plasma
butt-welded and b overlap joints. Section 2.2 presents a detailed
description of the joint shape and dimensions

2 Materials and methods
2.1 Studied materials

The experimental study included a S650 HSS grade and two
types of S960 UHSS grades. The studied S650 grade, Strenx
650 MC D, was only used in the plasma butt-welded refer-
ence specimens (an HSS grade frequently used in such boom

profiles). To match with actual applications, two different
plate thicknesses were chosen for the study; i.e., usually,
thinner plates are used in the top flanges experiencing ten-
sion under a global bending moment. The plate thicknesses
of t=3 mm and =4 mm were selected for the study. Fur-
thermore, due to the variation in the availability of different
types of UHSS grades, two different S960 were included
in the study—the plate thickness of =3 mm was a Strenx
960 MC grade, and the plate thickness of =4 mm was an
Alform 960 X-treme grade (see Fig. 2). In the Plasma butt
welding, Normag 2 (ER70S-6, 1.2 mm) wire, which is a
strength-matching filler wire for mild steels (Table 1), was
used. The lap joint specimens (see details in Section 2.2)
were prepared with a strength-undermatching filler wire for
UHSSs, OK Aristorod 69 (ER110S-G, g1 mm), which is
a non-copper low-alloyed wire for 700-MPa grade steels.
Table 1 and Table 2, respectively, present the mechani-
cal properties and chemical composition of the studied
materials.

The experimental work deals with two different types of
S960 UHSS grades (Table 1). Of the studied S960 materi-
als, the Strenx 960 MC grade is a low-alloyed UHSS grade
manufactured via the direct quenching (DQ) manufacturing
route. The Alform 960 x-treme is a quenched and tempered

Table 1 Mechanical properties of the studied materials. # is the plate thickness; f, and £, are the yield/proof strength and ultimate tensile strength

of the material, respectively; and A is the elongation

Material designation Delivery cond.? ID t (mm) Type Jy (MPa) |, MPa) A (%)
Strenx 650 MC D [10] MC S650 4 Nominal 650 700-850 12
Mat. cert 706 792 21
Strenx 960 MC [11] DQ S960DQ 3 Nominal 960 980-1250 7
Mat. cert 1016 1088 8
Alform 960 X-treme [12] QT S960QT 4 Nominal 960 980-1150 10
Mat. cert 1004 1026 14
OK Aristorod 69 (ER110S-G) [13] n/a ER110 ol Typical 730 800 19
DZW Normag 2 (ER70S-6) [14] n/a ER70 ol.2 Typical 450 550 30
*MC thermo-mechanically rolled, DQ direct-quenched, QT quenched and tempered, n/a not applicable
Table 2 Cbemical cpmposition D Type C Si Mn p S Al Cr Ni Mo
of the studied materials (wt-%)
S650 [10] Nominal* 0.12 0.21 2.00 0.025 0.010 0.015
Mat. cert  0.054 0.16 1.64 0.007 0.003 0.035 0.04 0.03 0.005
S960DQ [11] Nominal* 0.12 0.25 1.30 0.020 0.010 0.015
Mat. cert  0.080 0.18 1.09 0.009 0.002 0.035 1.12 0.07 0.125
S960QT [12] Nominal* 0.12 0.50 1.70 0.015 0.020 0.020 1.50 2.00 0.70
Mat. cert  0.087 0.115 1.68 0.006 0.005 0.059 0.970 0.460 0.231
ER110[13]  Typical  0.089 1.54 0.53 0.01 0.01 026 123 0.24
ER70 [14] Typical  0.06-0.15 0.80-1.15 1.40-1.85 0.025 0.035 0.15 0.15 0.15

“Maximum values, except for aluminum (minimum content)
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UHSS grade. The mechanical properties of these two steels
are rather similar but behave differently under deposited heat
input due to the welding. In general, direct-quenched UHSS
grades usually suffer from the strength reduction (material
softening) at the heat-affected zone (HAZ) due to the loss of
bainitic-martensitic microstructure produced via the quench-
ing process. Meanwhile, QT steels, due to their higher share
of alloying elements, usually experience an increase in hard-
ness at the HAZ, particularly in weldments with higher cool-
ing rates, i.e., low heat inputs [15]. Due to these reasons,
the minimum allowable cooling rate (and maximum allow-
able heat input) is more critical in DQ steels than in QT
steels, while requirements for maximum allowable cooling
rate must be particularly satisfied in QT steels. The hardness
profiles of the butt-welded and lap-welded specimens have
been shown in Section 2.2.

2.2 Preparation of the test specimens

Two different joint types were investigated: plasma butt-
welded specimens (the reference case) and overlap joints
prepared with single-sided fillet welding. The plasma butt-
welded specimens were prepared by welding two 800-
mm X 400-mm sheets with thicknesses of 3 mm (S960DQ)
and 4 mm (S650) in the flat (PA) position (Table 4) using a
mechanized welding unit. Before welding, the plates were
clean-blasted. From the butt-welded sheets, the specimens
were extracted by laser cutting coupon shape specimens
(Fig. 3a). The fillet-welded lap joint specimens were manu-
factured as individual sheets with welding run-on and run-
off parts outside the investigated joint area (Fig. 3d). The
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lap joint specimens had both 90° angle (weld transverse to
the loading direction, hereafter referred as specimens with
“straight welds”) and 60° angle to the uniaxial loading direc-
tion (hereafter referred as specimens with “inclined welds”),
as shown in Fig. 3b and c. The test matrix has been presented
in Table 3. For the lap joints tested under compression, a
smaller specimen length, compared to the tensile-tested
specimens, was applied to avoid unfavorable flexural buck-
ling of the specimens under compressive loading.

The fillet welding was conducted using the GMAW pro-
cess. To demonstrate similar welding conditions usually
applied in actual beam profiles (Fig. 1), a horizontal-vertical
(PB) welding position, with the specimens aligned in the
vertical position, was chosen for the small-scale specimens
as shown in Fig. 4. The specimens with inclined welds were
also prepared at the same welding position; i.e., the speci-
men was rotated (in-plane) to receive horizontal welding
direction. The joints were clamped to the welding jig with
four spring clamps—two located at the joint area and two
located at both ends of the specimens. The main welding
parameters (as per the welding procedure specification,
WPS) have been presented in Table 4.

2.3 Hardness measurements

Hardness measurements were conducted on both plasma
butt-welded joint and fillet-welded lap joint using a 1-kg
Vickers testing (HV1), together with scanning electron
microscopy (SEM) on the local geometry at the fatigue-
critical locations of the joints. The measured hardness
distributions are presented in Figs. 5 and 6 for the plasma

Machined and
ground to flush
after welding

Plate rolling

© (d)

Fig.3 Shape and dimensions (in millimeters) of the studied joint types: a plasma butt-welded specimens, lap joint specimens with the straight
and inclined welds tested b in tension and ¢ in compression, and d laser cut shape for the lap joint specimens in welding
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Table 3 Test matrix of the

. . . Joint type Specimen  Welding Load type?® n  Specimen IDs®
fatlg}le test campaign. R is the (Fig.) process
applied stress ratio of external
loadi.ng and 7 is the number of Butt joint 3a Plasma Tension (R~0) 8 S96_S65_PBWIJ_1-8
specimens Lap joint—straight weld ~ 3b GMAW Tension (R~0) 7 S96_SLJ_1-7
Lap joint—straight weld 3c GMAW Compression (R~-c0) 7 S96_SLJ_11-17
Lap joint—inclined weld 3b GMAW Tension (R~0) 6 S96_SLJ_21-26
Lap joint—inclined weld 3c GMAW Compression (R~-0c0) 5 S96_SLJ_32-36

4See further details from Section 2.4

PFatigue test results and details of each specimen have been presented in Appendix 1

Fig.4 Lap joint specimen with the inclined weld in the welding jig

butt-welded and fillet-welded specimens, respectively. In the
plasma butt-welded joints, the S650 base metal reached a
hardness of 280 HV, while the base metal hardness of the

Table 4 Welding parameters of the test specimens. U is the welding
voltage, [ is the welding current, v, is the wire feed rate, v, i the
torch travel speed, CTWD is the contact tip to work distance, Q is the

S960QC was around 350 HV. In the plasma butt-welded
specimens, the strength-undermatching filler wire for HSSs
and UHSSs was used (equivalent to S355 steel grades). Due
to these reasons, a lower hardness can be observed for the
weld metal than both base metals. Both materials suffered
from hardness reduction at the fine-grained HAZ, with the
values being rather similar in both S650 and S960DQ sides,
but obviously, the hardness drop and corresponding strength
reduction are more severe in the studied UHSS grade com-
pared to the base metal strength.

2.4 Fatigue testing and instrumentation

The fatigue tests were carried out using a servohydraulic
150-kN force-controlled fatigue testing machine under uni-
axial loading with constant amplitude sinusoidal waveforms
(Fig. 7). The test frequency was adjusted as per the expected
number of cycles to failure and it was between f=1.0 and
2.0 Hz. Both uniaxial tension and compression loads were
applied in the tests with the aim of having minimum load
(in the tension tests) and maximum load (in the compression
tests) equal to zero, corresponding to the load conditions in
the outer and inner profile, respectively. However, due to the
practical reasons, a cylinder preload of F,;,=1 kN (tension
tests) and F,, = — 1 kN (compression tests) was applied to
avoid peak values equal to zero. The resulting R values have
been reported in Appendix 1 for each tested specimen.

welding heat input, and fg5 is the cooling time from 800 to 500° as
per the EN 1011-1 and EN 1011-2 standards [16, 17]

Joint Welding Process U
type position V)

(A) (m/min)

CTWD [ tys*
(mm) (kJ/mm) (s)

Vwire Viravel

(mm/s)

[N

w

Lap joint

valelizl PA éj Plasma 25.5-30 160-190 0.5-1.5 6.2-72 10-15 0.39-048 18-26
PB

ﬂ GMAW 245 230-240 10.5 15.5 16 0.3 10

“For the t=3-mm plate with the thermal efficiency factors of k=0.6 (plasma) and k=0.8 (GMAW) and shape factors of F,=0.9 (for both joint

types)
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Hardness (HV)

S960QC

Fig. 6b

Hardness (HV)

Fig. 6 a Hardness distribution for a fillet-welded lap joint, and b SEM image on the weld fusion line at the weld toe position

Fig.7 a Applied load types in T
the fatigue tests and b position- i
ing of the strain gages.

Tension tests (R ~ 0)

Plasma butt welds

Applied force F (kN)

J [ 3
4 -
+—t+— 4
3
- Compression tests (R ~ -e) Overlapping sheets
(a) (b)

The fatigue tests were carried out using three different
load levels. These load levels were adjusted to have a tar-
geted number of cycles to failure between N;=5000 and
100,000, corresponding to the reasonably low number of
fatigue load cycles in typical lifting boom structures. How-
ever, in all tests, these values could not be reached due to
the material and geometrical limitations. In the plasma
butt-welded specimens, the allowable load level was limited

@ Springer

by the material strength of the S650 grade, and the maxi-
mum load peak value was limited to up to 90% of the yield
strength of the material. On the other hand, in the com-
pressed lap joints, the flexural buckling capacity of the spec-
imens limited the allowable compressive load to F;, = —45
kN. Due to these limitations, the lowest number of targeted
cycles was not completely reached in these specimens. Dur-
ing the fatigue testing, the minimum and maximum values
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of the applied force (force transducer), strains, and displace-
ments were monitored at 1-min intervals. The fatigue tests
were stopped if a certain displacement limit (due to the crack
growth and increased flexibility/instability) was reached. In
the tensile-tested specimens, this signified a total rupture of
the specimens, but the compression tests stopped before total
rupture. However, substantial fatigue cracks were observed
in these specimens (see also Fig. 8 in Section 3.1).

Each specimen was equipped with two strain gages—one
located in the =3-mm plate, and one located in the r=4-mm
plate, as shown in Fig. 7b. In the plasma butt-welded speci-
mens, the strain gages were positioned at the root side of
the plates which was the expected failure location. In the
lap joint specimens, due to the inaccessibility to the weld
root, the strain gages were positioned close to the weld in the
t=4-mm plate, as well as next to the weld at the top of the
t=3-mm plate. Following the IIW Recommendations, strain

gages with a measuring grid length of 0.6 mm were used
(given limitation < 0.2¢) [18]. By means of the strain gages,
the structural strains (and eventually structural stresses) were
measured by applying Young’s modulus of £E=210 GPa.
These values were used in the evaluation of the fatigue test
data (see detailed description on the stress evaluation in
Section 3.2).

3 Results

3.1 Observations on fatigue failure locations

The failure locations in each joint type are presented in
Fig. 8 with the photographs of the failed specimens and

fracture surfaces. The cross-sectional fracture paths in
the lap joints are presented in Fig. 9. As expected, in the

Crack initiation

(b) ' Crack initiation
Crack initiation
i t =3 mm
| J rack initiation
()

Crack initiation

Fig.8 Fracture images on failed specimens: a a plasma butt-welded joint, b lap joints tested under tensile load, and ¢ lap joints tested under

compressive load
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Fig.9 Cross-sectional images
on the fracture paths in the lap
joint specimens: a, b specimens
tested in tension and ¢, d speci-
mens tested in compression

plasma butt-welded joints, the failures occurred in the
weld root at the S960 side in the #=3-mm plate (Fig. 8a).
In the lap joint specimens, the fatigue failure location
depended on the load conditions. The tensile-loaded spec-
imens with the straight welds failed from the weld root
(Figs. 8b and 9a) and cracks grew through the weld and/or
t=4-mm plate. In these specimens, high secondary bend-
ing stresses occurred with opening bending stress at the
root side of the r=4-mm plate (see also Section 3.2 for
the stress analysis and fatigue test results). In those with
the inclined welds and tested under tensile loading, com-
binations of the toe (=3 mm) and root (=4 mm) crack-
ing were found (Fig. 8b). Based on the observed crack
sizes in the failed specimens, the failures first originated
at the weld toe of the r=3-mm plate and subsequently
cracks grew at the weld root.

The lap joints, fatigue tested in compression, failed
from the weld toe position. As confirmed by the strain
gage measurements, bending moment, causing compres-
sive stresses at the weld toe of the t=3-mm plate and
at the weld root, was present in these specimens. How-
ever, the fatigue crack also grew to approximately half
of the plate thickness (see Fig. 9¢) after which fatigue
cracks initiated from the base metal of the bottom of the
plate. In some tests, the failure criterion was reached and
tests were stopped before observing the cracks originat-
ing from the bottom of the plate. Similar behavior was
observed in the specimens subjected to combined axial
and shear load (Fig. 9c and d). Using the SEM, it was
identified that the failures at the bottom of the #=3-mm

@ Springer

plate (Fig. 9c, d) originated from individual surface
defects associated with the blast cleaning process prior
to the welding preparation.

3.2 Fatigue test results

The fatigue test results (Sections 3.2.1-3.2.3) were evalu-
ated as per the nominal and structural stress system.
For the overlap joints, similar to other joint types pre-
pared with fillet welding, the FAT classes for the nomi-
nal stresses cover misalignment factors up to k, =1.25.
Additional macrogeometric stresses should be considered
by applying effective misalignment factors (see Eq. (2))
[18]. For lap joints, however, this is only recommended for
plate stresses excluding its consideration for the weld root
failures and corresponding stresses at the weld root in lap
joints [18]. Since the objective of the study is to compare
different joint configurations (butt welds and fillet-welded
overlap joints), macrogeometric stresses were excluded in
the evaluation. Nevertheless, for the overlap joints with the
straight welds, the structural stresses were also obtained to
consider the macrogeometric stresses caused by the joint
eccentricity and welding-induced angular distortions. In
this way, macrogeometric stresses and joint eccentrici-
ties were evaluated with respect to the FAT classes in the
nominal stress system [18]

The nominal (membrane) stresses were obtained based on
the applied axial load and cross-sectional area in both speci-
mens with the straight and inclined welds. In this context,
the cross-sectional area refers to the plate in which failures
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occurred. In the tensile-tested lap joint specimens with
the straight welds and failing from weld root, the nominal
stresses were calculated at the r=4-mm plates. In all other
specimens, fatigue failures were observed at the r=3-mm
plate and, consequently, the stresses were obtained in this
plate. In butt-welded details, the S—N curves for nominal
stresses cover a misalignment factor of k,,=1.3 (due to
angular misalignment/distortion and plate offset) [18]. The
misalignment factor can be obtained as follows:

Ao,
= (1)

where Ao, is the structural stress range comprised of the
membrane (due to the axial forces) and bending stresses (due
to the misalignments) and Ao, is the nominal stress. If the
misalignment value is exceeded, misalignments should be
considered in the determination of nominal stresses with an
effective misalignment factor as follows:

k

m

k

meff = —
km, already covered —

13 @)

and (effective) nominal stress range (macrogeometric stress)
is determined as follows:

AGnom,eff = km,effAGnom' (3)

The structural stresses were obtained for the specimens
with the perpendicular welds, i.e., the plasma butt-welded
joints and overlap joints with the straight welds. The
obtained structural stresses were obtained at the location of
the failure (see Section 3.1):

e Plasma butt-welded specimens: structural stress at the
weld root at the #=3-mm plate

e Lap joint specimens under tension: structural stress at the
weld root at the r=4-mm plate

e Lap joint specimens under compression: structural stress
at the weld toe at the r=3-mm plate

The structural stresses were obtained based on the strain
gage measurements, determined as follows:

Ao, = Ao, + Aoy, 4)

where Ao, and Agy, are the membrane and bending stress
ranges, respectively. For the different joint types and fatigue
test series, the S—N curves were obtained using the standard
procedure for the regression analyses, i.e., the number of
cycles N; as a dependent (unknown) variable and applied
stress range Ao as an independent variable (known vari-
able). Both natural slope parameters (my,.) and fixed slope
parameters (m =3) were applied in the evaluation.

3.2.1 Plasma butt-welded joints

Fatigue test results of the plasma butt-welded specimens are
presented in Fig. 10 and Table 5 in terms of the nominal and
structural hot-spot stress systems using the natural slope param-
eter fitted to the test data. For the nominal stresses, a detail cate-
gory of FAT71 was selected as the standardized reference curve
[18]. FAT71 is intended for the butt weld details welded from
one side and failing from the weld root but inspected by appro-
priate NDT testing including visual inspection (no defects/ini-
tial cracks at the weld root). For the structural hot-spot stress

Fig. 10 Fatigue test results of IR ' 1 !
the plasma butt-welded joints 1000 4
(reference series) in a the nomi- 800 1
nal stress and b structural stress 600 1
systems = |
Ay
S 400 |
-
<
i
IA—>
Ao eir %
100 1 1 IIIIIII 1 1 IIIIIII 1 1 100 1 1 IIIIIII 1 1 Loy 1 1
103 104 105 103 104 10°

Cycles to failure Ny

@

Cycles to failure N;
(b)

Table 5 S-N curve parameters
for the plasma butt-welded

Stress criterion  F

g Fixed, m=3 (Appendix 2)

Natural slope, mg.,

joints using fixed (m=3) and Ao, 500 MPa) Ao, o774 (MPa) Ao sy, (MPa)  Ac,g779 (MPa)  myg, (-)
natural slope parameters
Nominal 10a 130 91 230 216 4.78
Structural 10b 170 119 299 281 4.78
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method, the design curve is FAT100 (for as-welded condition
proved to be free from significant flaws by NDT). It is worth
noting that FAT100 is only applicable for the toe failures in butt-
welded joints (usually in a case of welding from both sides), but
here, it is selected to be presented as a reference curve for the
studied plasma butt-welded joints, since the secondary bending
stresses at the root side were measured. In addition, currently,
there is not a recommended design curve for the root failures in
butt joints in the structural stress system. The notation applied
in Fig. 10a for the different survival probabilities of P,=10%,
50%, 90%, and 97.7% is applied hereafter in the S—N data plots
for the lap joints (Figs. 11 and 12 in Sections 3.2.2 and 3.2.3,
as well as Figs. 13 and 14 in Appendix 2). As can be seen
from Fig. 10 and Table 5, the obtained fatigue strengths clearly
exceed the recommended design values (FAT71 and FAT100).

Appendix 2 provides the S—N curve plots applying the fixed
slope parameters.

3.2.2 Lap joints under tension load

The fatigue test results of the lap joint specimens under tension
are presented in Fig. 11 (with natural slope parameters) and
Table 6. The fatigue test data of the plasma butt weld joints
are presented as a comparison. Due to the unclear definition of
structural stresses for the joints subjected to combined normal
and shear stresses, the inclined welds are only presented in
terms of the nominal stresses in Fig. 11a, referring to the prin-
cipal (normal) stress at the plate. The fatigue strength capacity
of the lap joints is much lower than that of the reference butt
weld specimens—and the fatigue strength of the lap joints does

Fig. 11 Fatigue test results . I R R T R T T L T
of the overlap joints with the 1000 ¢ /T Builweld data E
N L. 1 (Fig. 10a) b 1000 - - .
straight (¢ =0) and inclined 600 . 1 300 S [ vl da ]
(a=30°) welds under tensile 400 1 ] IS :::\(F'g' 100) E
load in a the nominal stress = 2001 = 600 1 X
system and b the joints with the E E 400 |
straight welds in the structural ‘“E 100 + 4 =
stress system & 601 1 S ] L 1
< 1 ]
“1 i Y N
50 | DStraight welds (a=0) | Nao,
AlInclined welds (o = 30°) O Straight welds (o = 0)
10 1 1 IIIIIII 1 1 IIIIIIi 1 1 100 1 1 IIIIIII 1 1 IIIIIIi 1 1
10° 104 . 105 10° 104 103
Cycles to failure N Cycles to failure N;
(a) (b)
Fig. 12 Fatigue test results 1000 i BT Wl data | ] © T Lapjoint daain - R
of the overlap joints with the ] i (Fig. 10a) ] 1000 L / Ssion (Fig. 11b) ]
straight (¢ =0) and inclined 600 1 e ] 200 1 N S Buttweld data ¥ ]
(a=30°) welds under compres- = 4004 0 T~ == 1 i S “I:::C (Fig. 10b) i
sive load in a the nominal stress & 600 1 ]
o . & 200 1 1= 1 i
system and b the joints with the ~ Lap joint datain 63 E 400
straight welds in the structural E100 4 tomsion (Fie- 1) =~ 1< 1 |
stress system ] 36 15 1
60 - AN 17 A
401 ﬂ@ 1 200 2 SO 1
20 {8 Straigth welds (o= 0) ; N
Alnclined welds (a = 30°) O Straight welds (o= 0)
10 1 1 1 IIIIII 1 1 1 IIIIII 100 1 1 1 IIIIII 1 1 1 Illlli 1 1 1
103 104 103 103 10* 10°
Cycles to failure N; Cycles to failure Ny
(a) (b)
Table 6 S_.N curve p arametgrs Stress criterion  Joint Fig  Fixed, m=3 (Appendix 2) Natural slope,
for the lap joints under tensile type, @
loading using fixed (m=3) and ©) ’ Ao, soq, (MP2)  AG. 9779, Al 509, (MPa)  Ac, 7794 (MPa)  my, (-)
natural slope parameters (MPa)
Nominal 0 1la 33 27 42 39 3.51
30 11a 39 31 55 52 3.98
Structural 0 11b 108 87 142 134 3.60
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not reach the lowest detail category (FAT36) for welded steel
components when the macrogeometric stresses are not consid-
ered. The misalignment factors, due to the plate eccentricity
and angular distortion (accounts for both factors in lap joints),
were k,, =3.16-3.35 (see Appendix 1). By evaluating the test
results by using the structural stresses, the fatigue test data is
closer to the reference (butt-welded) specimens. For the struc-
tural weld stress system, FAT80 has been proposed by Fricke
[19], although this recommendation has not reached official
standards and design codes. However, the fatigue test data is
above the FATS80 curve with a reasonable margin for conserva-
tive fatigue assessments. FAT100 seems to be conservative at
the intermediate life regime but shows unconservative results
at the low-cycle regime.

3.2.3 Lap joints under compression load

The fatigue test results of the lap joints under compressive
load are presented in Fig. 12 (with natural slope parameter)
and Table 7. The fatigue test data of these specimens were
evaluated based on the nominal stresses at the #=3-mm
plate. This also applies to the inclined welds for which
nominal stress refers to the principal (normal) stress in the
plate. For the lap joint with the straight welds, misalign-
ment factors of k,, =3.96-4.65 were measured, resulting
in a high fatigue strength in the structural stress system
(Fig. 12b). The fatigue testing and S—N curves are limited
by the critical stress, o,,, limiting the compressive loading by
the flexural buckling of the test specimen. This can be seen
by the knee-point at the stress level of Ac,,,, =280-300 MPa
(at around 50,000 cycles, Fig. 12a). In terms of the nomi-
nal stresses, both specimens with the straight (¢ =0) and
inclined (@ =30°) welds had similar fatigue strength capacity
in the intermediate life (at 1-4 x 10° cycles) and fit into the
same scatter band. Nevertheless, Table 7 and Fig. 12 show
fatigue strengths obtained individually for both data sets.
Applying the nominal stress criterion, it can be observed that
under compressive loading, the lap joints under compressive
loading had higher fatigue strength capacity than the lap
joints under tensile loading but still lower than in the plasma
butt-welded reference specimens. However, considering the
misalignments by structural stresses, the fatigue strength of
the lap joints under compression was much higher than that
of reference specimens and lap joints under tension.

4 Discussion

In this study, the fatigue strength capacity of overlapping
UHSS sheets welded with single-sided fillet welds was experi-
mentally determined with the aim of studying the load condi-
tion effects on the fatigue and failure behavior of these joints.
The plasma butt-welded joints were regarded as a reference
joint type, for which high fatigue strength capacity, up to a
mean fatigue strength of 130 MPa (Table 5), was obtained in
the nominal stress system. Such high fatigue strength capacity
could be expected since the applied plasma welding procedure
provided flawless root geometry (Fig. 5) with a reasonably
good transition from the r=3-mm plate to the weld metal.

Compared to the plasma butt-welded joints, the fatigue
strength capacities of lap joints under both axial tension
and compression were obviously much lower. This was par-
ticularly the case for the tension-loaded joints for which the
plate eccentricity of overlapping sheets caused secondary
bending stresses (opening weld root) and failures originated
from the weld root through the welds. When using nominal
stresses, the mean fatigue strength (m =3) of the lap joints
was 33 MPa, and thus, even the lowest detail category of
FAT36 does not necessarily provide conservative assess-
ments when the misalignments are not considered. The
observed failure locations (Figs. 8, 9) and obtained fatigue
capacities (Fig. 11) were in line with those found in the
prior investigations [2-9]. However, due to the high magni-
tude of secondary bending stresses with misalignment fac-
tors equal to k,,=3.16-3.35, which are also highly depend-
ent on the plate thicknesses, fatigue assessments using the
nominal stress system are not necessarily well-suited for
such joint types without experimental verifications.

To evaluate the fatigue strength capacity of lap joints failing
from the weld root under tensile loading, the structural weld
stresses were obtained, and fatigue test data was evaluated
using this data (Fig. 11b). The results with the structural weld
stresses showed consistency with the FAT80 design curve ear-
lier suggested for structural weld stress system in fillet weld
joints failing from weld root [19]. This finding has important
implications for developing fatigue assessment methodology for
considering different magnitudes of secondary bending stresses
in such overlapping joints. If the results evaluated by the struc-
tural stresses are converted to the nominal stress system via the

Table7 S-N curve parameters Stress criterion Joint Fig

Fixed, m=3 (Appendix 2)

Natural slope, mg,

for the lap joints under tensile type, @
loading using fixed (m=3) and ©) ’

Ao, sgq, (MPa) Ao g7 79, (MPa) Ao, 5o (MPa) Ao 9774 (MPa) mye (-)

natural slope parameters

Nominal 0 12a 105
30 12a 103
Structural 0 12b 446

64 195 192 9.74
78 170 162 6.50
313 691 664 5.90
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effective misalignment factor (ky, iready coverea = 1.25 for fillet
weld joints), the results suggest characteristic fatigue strength of
A6, 9779 corm. =87 MPa/1.25=70 MPa (Table 6). Thus, fatigue
class FAT63 could be applicable to the root failures in over-
lapping sheets with single-sided fillet welds. For joints with
double-sided fillet welds in overlapping sheets, FAT36 has
been proposed in the IIW Recommendations [18]. However,
a consideration of the misalignment effects is not addressed.
Further validations should be conducted on different magni-
tudes of eccentricity, e.g., by increasing and/or decreasing the
eccentricity by forming the sheets or varying the plate thick-
nesses. Furthermore, the thickness and resulting stress gradient
effects should also be further evaluated.

By reviewing experimental data from the literature, the vast
majority of fatigue testing has been carried out using either
axial tension or bending loading. This work also contributed to
understanding the effects of compressive loads on the fatigue
behavior of lap joints. Under axial compression, plate bend-
ing resulting from the plate eccentricity causes compression
stresses at both weld root and weld toe with the superposi-
tion from the compressive axial stress. In the studied joints,
the primary failures occurred at the weld toe position (at the
t=3-mm plates, Figs. 8, 9). Compared to the axial tension
tests, clearly higher fatigue strength capacity was obtained for
the lap joints tested under compression, with the mean fatigue
strength of 105 MPa and 103 MPa (m=3) for the specimens
with the straight and inclined welds, respectively. In addition,
the results indicated shallower slopes when the natural slope
parameters were fit to the data (Table 7). It was also found that
the flexural buckling capacity of thin-walled specimens limited
the load-carrying capacity, which could be identified by the
knee-point at the low-cycle fatigue regime at the stress range
level of 280-300 MPa (Fig. 12). It is also worth mentioning
that the specimens were welded in the vertical position (Fig. 4
and Table 4), corresponding a normal welding procedure in
hollow sections. With such welding position, smooth transi-
tion was obtained for the fatigue-critical weld toe favoring high
fatigue performance in the case of toe failure under compres-
sion loads. The results of this study did show neither any sig-
nificant decrease nor increase in the fatigue strength capacity
of the overlap joints under combined axial and shear loading
(Figs. 11, 12). This finding is in line with those observations
found in pure axial and shear load conditions [3]. Conse-
quently, these results suggest that the location experiencing the
highest normal axial stresses is the most fatigue-critical region
in hollow section profiles with overlapping sheets subjected to
transversal loads in addition to global bending moment.

Compared to the plasma butt-welded joints, the lap joint
specimens obviously show lower fatigue strength capacity. How-
ever, this observation is limited to the plasma butt-welded joints
studied in this work. For the studied samples, sufficient weld
penetration was obtained providing a reasonably good transi-
tion over the plate eccentricity at the weld root (Fig. 5a). For gas
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metal arc-welded longitudinal seams, weld quality particularly at
the weld root is potentially different affecting the fatigue strength
in the studied butt weld configuration. In boom structures, how-
ever, primary cyclic stresses are induced by the global bending
moment, and usually, these welds are positioned close to the
neutral axis of the profile. If transversal normal stresses can be
kept at a reasonable limit, lap joints are viable options for such
boom structures. Based on the results of this study, particular
attention should be paid to the axial tension load conditions,
causing an opening bending moment at the weld root of the
lap joint. Depending on the applied web shape and plate thick-
nesses in such hollow sections, the magnitude of secondary
bending stresses might highly vary. Due to this reason, fatigue
assessment should be preferably conducted using structural weld
stresses, considering the secondary bending stresses.

5 Conclusions

The present investigation experimentally studied the fatigue
strength of welded thin-walled connections in the plasma
butt-welded and fillet-welded lap joint configurations in the
context of hollow sections experiencing various load condi-
tions in telescopic boom profiles. Based on the experimental
findings, the following conclusions can be drawn.

e The plasma butt-welded reference specimens showed the high-
est fatigue strength capacity amongst the tested series of butt
welds and lap joints. The applied plasma welding procedure
successfully resulted in fully penetrating welds in the I groove
with two different plate thicknesses (/=3 mm and =4 mm).
The weld root geometry was reasonably smooth without any
root defects and fatigue test results were clearly above the
recommended fatigue classes—FAT71 and FAT100 for the
nominal and structural stress systems, respectively.

e The lap joint specimens under tension loading showed low
fatigue strength capacity due to the plate eccentricity with
the characteristic fatigue strength in the nominal stress sys-
tem being Ao, g7 70, =27 MPa (m=3, without considering
the macrogeometric stresses due to the plate eccentricity).
To account for the high axial misalignment, this joint type
favors the use of the structural stress system—by consid-
ering the joint eccentricity in the evaluation of structural
stresses (k,, =3.16-3.35), the study showed that FAT80
could be conservatively applied for assessing the fatigue
strength of overlapping joints under tension loading. For
the lap joint specimens under tension, the effective mis-
alignment factors thus were k, .;=2.5-2.7 for the speci-
mens with the straight welds and, based on the results,
FAT63 could be suggested if the plate misalignments are
considered in the macrogeometric stresses.

e Compressive loading causes bending moment at lap joints
inducing compressive normal stresses at the weld toe and
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weld root, causing failures originating from the weld toe
under compressive stress at the plate surface. Without
considering the misalignments, the characteristic fatigue
strength was Ao, g7 7¢, =64 MPa (m=3) for the specimens
with the straight transversal welds in the nominal stress sys-
tem. Meanwhile, the misalignment factors were higher for
these compressive load conditions, i.e., k,, =3.96-4.62, due
to the lower plate thickness at the failure location (=3 mm).

The fatigue test results of the specimens with the inclined
welds suggested that the consideration of shear load
in a combination of normal stresses is not necessarily
important in the lap joint specimen since equal or higher
fatigue strength capacity was obtained for the specimens
with the inclined welds compared to the specimens with
the welds perpendicular to the loading direction.

Appendix 1. Fatigue test data

Table 8 Fatigue test data points

Specimen ID Joint type Load R Frax  Fain &KN)  AF (KN) Aoy, t=4mm Aoy, t=3mm k,"(-) N;(cycles)
type (kN) (MPa) (MPa)
S96_65_PBWJ_1 Plasma butt weld Tens 001 685 1 67.5 337.5 450 1.70 21,840
S96_65_PBWJ_2 Plasma butt weld Tens 001 835 1 82.5 412.5 550 1.46 21,342
S96_65_PBWJ_3 Plasma butt weld Tens 002 565 1 55.5 277.5 370 1.25 225,188
S96_65_PBWIJ_4 Plasma butt weld Tens 0.01 101 1 100 500 667 1.35 11,911
S96_65_PBWIJ_5 Plasma butt weld Tens 0.01 111 1 110 550 733.3 1.43 5000
S96_65_PBWIJ_6 Plasma butt weld Tens 0.01 101 1 100 500 666.7 1.48 5106
S96_65_PBWJ_7 Plasma butt weld Tens 001 685 1 67.5 337.5 450 1.71 21,873
S96_65_PBWJ_8 Plasma butt weld Tens 0.02 565 1 55.5 277.5 370 1.76 41,550
S96_SLJ_1 Lap joint (a=0)  Tens 0.02 61 1 60 300 400 3.17 2057
S96_SLJ_2 Lap joint (a=0)  Tens 0.05 21 1 20 100 133.3 3.37 81,463
S96_SLJ_3 Lap joint (a=0)  Tens 0.02 41 1 40 200 266.7 3.35 8311
S96_SLJ_4 Lap joint (@a=0) Tens  0.02 41 1 40 200 266.7 3.29 9333
S96_SLIJ_5 Lap joint (a=0)  Tens 0.05 21 1 20 100 133.3 3.33 96,320
S96_SLJ_6 Lap joint (¢a=0)  Tens 0.03 31 1 30 150 200 3.16 26,096
S96_SLJI_7 Lap joint (a=0)  Tens 0.02 61 1 60 300 400 3.29 1717
S96_SLJ_11 Lap joint (¢a=0) Comp —-41 -1 —41 40 266.7 200 4.21 102,684
S96_SLJ_12 Lap joint (¢a=0) Comp —-41 -1 —41 40 266.7 200 4.35 97,719
S96_SLJ_13 Lap joint (a=0) Comp —-48 -1 —48 47 3133 235 n/a 917b¢
S96_SLJ_14 Lap joint (¢=0) Comp -36 -1 -36 35 2333 175 4.05 356,517
S96_SLJ_15 Lap joint (a=0) Comp -36 -1 -36 35 2333 175 3.96 326,296
S96_SLIJ_16 Lap joint (a=0) Comp —-44 -1 —-44 43 286.7 215 4.62 43,581
S96_SLJ_17 Lap joint (a=0) Comp —-44 -1 —-44 43 286.7 215 n/a 17,489¢
S96_SLJ_21 Lap joint (a=30°) Comp 0.02 -1 —44 43 286.7 215 64,990
S96_SLJ_22 Lap joint (a=30°) Comp 0.02 -1 —44 43 286.7 215 60,864
S96_SLJ_23 Lap joint (a=30°) Comp 0.02 -1 —41 40 266.7 200 109,716
S96_SLJ_24 Lap joint (a=30°) Comp 0.02 -1 —41 40 266.7 200 124,620
S96_SLJ_25 Lap joint (a=30°) Comp 0.03 -1 =36 35 2333 175 293,841
S96_SLJ_26 Lap joint (a=30°) Comp 0.03 -1 =36 35 2333 175 206,033
S96_SLJ_32 Lap joint (¢ =30°) Tens -21 21 1 20 133.3 100 196,617
S96_SLJ_33 Lap joint (¢ =30°) Tens —41 41 1 40 266.7 200 13,917
S96_SLJ_34 Lap joint (a=30°) Tens —41 41 1 40 266.7 200 10,941
S96_SLJ_35 Lap joint (a=30°) Tens -31 31 1 30 200 150 36,318
S96_SLJ_36 Lap joint (¢ =30°) Tens -31 31 1 30 200 150 35,320

*kn=A0/Ac,, referring to the failure location. For the plasma butt welds and lap joints under compression, k, refers to As,, , (#=3-mm plate).

For the lap joints under tension, &, refers to Ag,

bTest interrupted, compressive maximum load close to the flexural buckling capacity of the specimen

1 (t=4-mm plate)

Fatigue strength limited by the flexural capacity of the specimen, not considered in the statistical analyses (see Section 3.2.3)

@ Springer



1238

Welding in the World (2024) 68:1225-1239

Appendix 2. Fatigue test data presented
with the fixed slope parameter (m=3)
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Fig. 13 Fatigue test data and S—N curves applying the fixed slope parameter of m =3 in the nominal stress system: a the plasma butt welds under
tension, b lap joints under tension, and ¢ lap joints under compression (details provided in Table 5, 6, and 7)
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Fig. 14 Fatigue test data and S—N curves applying the fixed slope parameter of m=3 in the structural stress system: a the plasma butt welds under ten-
sion, b lap joints with the straight welds under tension, and ¢ lap joints with the straight welds under compression (details provided in Table 5, 6, and 7)
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