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ARTICLE INFO ABSTRACT

Keywords: This study investigates the fatigue behavior of butt-welded joints considering the effects of misalignments and

But.t-welded joint weld geometries. Fourteen specimens were fabricated with varied assembly root gaps and axial eccentricities,

FMa.“gI‘.le and they were subjected to cyclic tensile loading with constant amplitude. Misalignments (both axial and
isalignment

angular) and weld geometries (including weld toe radius, flank angle, weld reinforcement height, and width)
were measured using a 3D optical scanning system and subsequently used for fatigue evaluation in terms of
fatigue crack locations and fatigue strength. The fatigue test results indicate a noticeable decrease in nominal
stress fatigue strength as the assembled axial eccentricities increase, regardless of the assembled root gaps.
However, the correlation between assembled root gaps and fatigue strength is not clear, as a larger assembled
root gap corresponds to a flatter weld reinforcement on one hand and an increase in angular misalignment on the
other hand. Several stress magnification factor (SMF) and stress concentration factor (SCF) formulae available in
the literature are employed to characterize the combined effects of misalignment and weld geometries. The
investigation results indicate that misalignments and weld geometries both play critical roles in the fatigue
behavior of butt-welded joints. The combination of Remes and Varsta’s SCF formula with Luo et al.’s SMF
formula is the most recommended method due to its accuracy and robustness regarding the evaluation of both

Weld geometry
Stress concentration

the fatigue crack locations and fatigue life in the investigated butt-welded joints.

1. Introduction

Owing to its characteristics of simplicity, versatility, and cost-
effectiveness, the butt-welded joint is widely utilized in civil and in-
dustrial structures, encompassing applications in buildings, bridges,
ships, offshore installations, and so on [1-4]. However, the inherent
features of the welding process often result in welded joints exhibiting
reduced fatigue strength compared to the steel plates they connect.
Consequently, these welded joints are often the most vulnerable sites for
the initiation of fatigue cracks when the welded structures are subjected
to cyclic loadings. Evaluating the fatigue properties of welded joints can
be a complex, expensive, and time-consuming task. This complexity
arises from the interaction of numerous factors, including the welding
process-induced deformations and residual stresses [5], the weld defects
and geometries [6], the loading conditions [7], and the environmental
factors [8]. So far, extensive research has been conducted to understand
the fatigue behavior of butt-welded joints, with a particular focus on the
influences induced by the misalignments and weld geometries.

* Corresponding authors.

A certain degree of misalignment, both axial and angular, is typically
inevitable in butt-welded joints, even when great care is taken during
the fabrication process. Braun and Kellner [9] conducted a compre-
hensive investigation using machine learning techniques to identify
influential features and their interactions affecting fatigue failure loca-
tions and fatigue strength in 621 fatigue test data of butt-welded joints.
Their findings revealed that axial and angular misalignments emerged as
the primary parameters for classifying failure locations and also played a
significant role as the secondary factor in predicting fatigue life. The
presence of the misalignments would result in the stress increasing in a
welded joint, primarily due to the occurrence of secondary bending
when the joint is subjected to an axial load [10,11]. As a result, the
nominal stress-characterized fatigue strength of the butt-welded joints
significantly decreases as axial and angular misalignments increase
[12,13]. When applying the fatigue assessment approach recommended
in standards and design guidelines[14,15], while a certain degree of
misalignment influence is considered through the corresponding FAT
class S-N curves, it becomes necessary to factor in the secondary bending
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stress induced by axial or angular misalignment if the misalignment
exceeds the specified permissible level. This is typically accomplished by
multiplying the applied stress by an additional stress magnification
factor (SMF) [14,16,17], which is always greater than or equal to 1.0. By
doing so, the scatter of the fatigue test data is reduced, and the accuracy
of fatigue strength prediction is indeed improved to some degree under
the nominal stress evaluation system [12,16,18]. However, SMF
formulae specified in IIW recommendations are no longer accurate and
consistently conservative when employing local stress methods for fa-
tigue evaluation [19]. As clearly indicated by the test results of [18,20],
the fatigue cracks might originate at any of the four weld toes (or weld
root). This implies that, when superimposing the misalignment induced
secondary bending stress, the local stress at the potential fatigue crack
sites can either increase or decrease, rather than always increaseing.
Because of the fact that the secondary bending stress induced by the
straightening of the specimen under axial loading would be either pos-
itive or negative, depending on the concave and convex sides [19,21].
The conventional SMF formulae are no longer effective when consid-
ering the varying effects of misalignment on different weld toes (or weld
roots), posing a challenge in predicting the fatigue crack initiation sites.

Extensive investigations have clearly shown that the weld geometries
are directly related to the fatigue life of weld joints [22-27]. For a butt-
welded joint experiencing fatigue failure at the weld toe, the most
representative and critical weld geometry parameters include the weld
toe radius, weld flank angles, weld reinforcement height, weld rein-
forcement width, and undercut. One of the most widely used approaches
to consider the weld geometry effect on the fatigue behavior of butt-
welded joints is through the use of the stress concentration factor
(SCF), which is defined as the ratio of local stress to nominal stress
[27-31]. Teng et al. [32] reported that decreasing the flank angle is
more effective than increasing the weld toe radius in improving the fa-
tigue crack initiation life of butt-welded joints. However, Gao et al. [33]
emphasized the more pronounced effect of weld toe radius compared to
the flank angle on the fatigue reliability index of butt-welded joints.
According to Remes and Varsta [27], for laser-welded joints with
significantly smaller weld bead sizes compared to arc-welded joints, the
dominant geometrical parameters affecting local stresses are weld
reinforcement height, weld reinforcement width, and notch depth, while
the flank angle has a minor influence. Cerit et al. [34] reported that in
undercut-free butt-welded joints, larger flank angles and smaller weld
toe radii result in higher SCF values. In the case of butt-welded joints
with undercuts, the severity of SCF is primarily governed by the ratio of
depth to radius of the undercut and the width of the undercut. Niraula
et al. [35] observed that the primary fatigue cracks tended to initiate at
the deepest notches rather than at the sharpest radii, highlighting the
undercut depth as the most influential parameter in primary fatigue
crack initiation for the butt-welded joints containing undercut defects.
Bell et al. [36] found that undercuts deeper than 0.5 mm significantly
reduced fatigue life, while those under 0.25 mm had a negligible effect
on an arc-welded T-joint. In the fracture mechanics-based studies, Wang
et al. [37] reported that the stress intensity factor (SIF) of a center-
cracked butt-welded joint under tensile loading decreases with an in-
crease in weld reinforcement height and width, while the influence of
the weld toe radius can be disregarded. Laguna et al. [38] also indicated
that weld reinforcement height has a more significant influence on the
fatigue life of shielded metal arc welding (SMAW) butt joints compared
to the weld toe radius. Furthermore, the investigation conducted by
Schork et al. [39] revealed that the most influential parameter for the
fatigue life of butt-welded joints was the undercut, followed by weld
flank angle and weld toe radius. Most recently, Braun and Kellner [9]
conducted an investigation using machine learning techniques. Their
findings revealed that, among the previously mentioned weld geomet-
rical parameters, the depth of undercut exhibited the strongest corre-
lation to the fatigue crack location, followed by weld toe radius and weld
reinforcement height. As for fatigue life, the strongest correlating factor
was weld reinforcement height, followed by weld reinforcement width
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and weld toe radius.

Previous studies mentioned above present conflicting conclusions
regarding the effect of weld geometries on the fatigue properties of butt-
welded joints. Some works suggest that the dominant influential factors
are the weld reinforcement height and width, with the influence of weld
toe radius and/or weld flank angle considered negligible [9,27,37,38].
Conversely, other studies have stated that the influences of weld toe
radius and weld flank angle are also significant, potentially even serving
as dominant factors [32-34,39]. In addition, the investigation on the
combined effects of misalignment and weld geometries is limited. In the
current study, fourteen butt-welded joints are fabricated with varied
assembly root gaps and axial eccentricities and tested under constant
amplitude load condition. An optical 3D scanning system is employed to
acquire the 3D spatial point cloud data for the profile of each specimen,
based on which the misalignments (including both axial and angular)
and weld geometries (including weld toe radius, flank angle, weld
reinforcement height and width) are determined through the multi-
sectional shape analysis. The obtained misalignments and weld geom-
etries are then utilized to estimate the fatigue crack location and fatigue
strength of the tested butt-welded joints, based on several existing SMF
and SCF formulas that are well-documented in the literature. Based on
the investigation results, the combined effects of misalignment and weld
geometries are effectively characterized, and formulae that perform well
in predicting both fatigue crack location and fatigue strength are
proposed.

2. Fatigue experiments
2.1. Specimen preparation

In this study, a total of fourteen butt-welded joint specimens were
fabricated and tested. Fig. 1 illustrates the schematic configurations for
the preparation of butt-welded joint specimens. Two SS400 steel plates,
with nominal dimensions of 400 mm x 150 mm x 16 mm, were initially
preprocessed with a bevel angle of 35° and a zero-root face depth for
edge preparation. Subsequently, they were temporarily assembled using
three 40 mm long track welds, spaced at intervals of 140 mm. The
assembling root gap (RG) was varied between 0 mm, 1 mm, and 2 mm,
while three different assembling axial eccentricities (e,) of 0 mm, 1 mm,
and 3 mm were introduced between the two steel plates to be joined. To
achieve the one-side full penetration butt welds, four layers were
deposited in a flat position, utilizing the CO2 gas-shielded metal arc
welding (GMAW) process with the JIS Z3312 YGW18 electrode. Two
dog-bone-shaped specimens with identical assembly parameters were
obtained by extracting from the middle part between the two tack welds
of the butt-welded joint prototypes.

2.2. Weld geometry measurement

2.2.1. Measurement procedure

Before conducting fatigue tests, geometry measurements were taken
on each specimen using a commercial optical measurement system,
specifically the Keyence VL360 as shown in Fig. 2(a), which offers a
measurement accuracy of + 10 um with a measurement range of 300
mm x 200 mm. The butt-welded joints were cleaned and either powder-
coated (for specimens 1 to 6) or lacquer-sprayed (for specimens 7 to 14)
before scanning. This process was carried out to enhance reflectivity and
eliminate any excessively shining points on the surface. Then, 3D
scanning was conducted to acquire point cloud data of the specimen’s
surface, seeing Fig. 2(b) as an example. Subsequently, the point cloud
data in 3D space was transformed into individual 2D sections by slicing
along a single plane perpendicular to the welding length direction. Fig. 2
(c) shows an example of the 2D sectional profiles generated from the 3D-
scanned specimen using the splitting planes. Splitting was made with an
interval of 0.1 mm. The data within a distance of approximately 0.5 mm
near the ends of the weld was excluded from the data analysis, which
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Fig. 1. Schematic for the preparation of the butt-welded joint specimens (units in millimeters).
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Fig. 2. Illustration of weld geometry measurement flowchart.

was necessary to mitigate potential data deviations caused by the lower
accuracy of 3D scanning for the specimen edges. Therefore, a total of
311 cuts were made for each specimen currently investigated, and the
resulting 2D data sets would serve as the foundational database for
determining both the misalignments and the weld geometries.

As illustrated in Fig. 3, the axial misalignment (e) is quantified as the
eccentricity between two steel plates at the weld center, whereas the
angular misalignment (@) is assessed by measuring the acute angle
formed between the two steel plates. By utilizing data points outside the
weld area of each 2D sectional database, two straight lines representing
the surfaces of the left and right steel plates are obtained by curve fitting.
Subsequently, the offset value between these two straight lines at the
weld center position as well as the acute angle between them are

computed. The average of the offset values, both for the front and back
sides, was taken as the axial misalignment, while the average of the
acute angles represented the angular misalignment. The measured axial
misalignments range from —0.45 mm to 2.09 mm and generally increase
as the assembling axial eccentricities increase. Despite taking extreme
care to avoid any angular misalignments during assembly, the influence
of welding residual deformation still resulted in varying degrees of
angular misalignment observed in all specimens, ranging from 0.46° to
2.98°.

The measurements of weld geometry include the weld reinforcement
height (h), weld reinforcement width (w), weld toe radius (r), and weld
flank angle (0), with their definitions shown in Fig. 3. The weld rein-
forcement width (w) is calculated as the distance between two weld toes.
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Fig. 3. Definition of weld geometrical parameters for a butt-welded joint.

reinforcement height (h) is determined as the maximum distance from
the point on the weld reinforcement to the straight line formed by the
corresponding two weld toes. The local geometries included the weld toe

For the front side reinforcement, it is measured as the distance between
points (x1, y1) and (x2, y2), while for the back-side reinforcement, it is
measured as the distance between points (x3, y3) and (x4, y4). The weld
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radius () and weld flank angle (). The weld toe radius is determined
using the curvature method, as recommended in [40]. The location of
the weld toe is determined as the point where the maximum curvature
along the x-coordinate occurs, and the weld toe radius is calculated as
the reciprocal value of the corresponding curvature at this location. The
weld flank angle is measured as the acute angle between the steel plate
surface and the weld bead surface.

2.2.2. Geometry measurement results

Fig. 4 presents an example of weld geometry measurement results
taken along the weld length with an interval of 0.1 mm. It is noteworthy
that due to both the inherent non-stationarity of the welding process and
the potential measurement inaccuracies, all the weld geometrical pa-
rameters exhibit significant variations along the length of the weld
seam. As one-side full penetration V-type butt-welded joints may expe-
rience fatigue failure from both sides, weld geometrical parameters of
both the weld front side and weld back side are measured for all spec-
imens. The measured results, including average value (denoted as Avg.)
and standard deviations (denoted as Std.), are summarized in Table 1 for
the weld front side and in Table 2 for the weld back side. It is important
to mention that the outliers have been removed from the database for
statistical analysis by using the Inter Quartile Range (IQR) method [41]
with a threshold factor of 1.5. As shown in Table 1 and Table 2, the
reinforcement heights are comparable for both the weld front and back
sides. However, the reinforcement widths are over 30 mm for the weld
front side but below 10 mm for the weld back side, indicating the for-
mation of a smaller but steeper weld profile on the back side. Addi-
tionally, the average values of weld toe radius and flank angle exhibit
significant variations between specimens, as well as between the left and
right weld toes, and also between the weld front side and weld back side.
However, it is observed that, on average, the powder-coated specimens
(1 to 6) have smaller weld toe radii compared to the lacquer-sprayed
specimens (7 to 14). These variations might be the contributing fac-
tors to the significant differences in fatigue crack locations and fatigue
life of each specimen.

Fig. 5 shows the Pearson Correlation Coefficient matrix between the
investigated weld geometrical parameters and the two assembling pa-
rameters (i.e., RG and e,). It is worth noting that measured axial
misalignment (e) is used instead of the assembling one (e,;) due to their
strong positive correlation. The measured axial misalignment (e) and
angular misalignment (@) are detailed in Table 3 in the subsequent
Section 2.3. Additionally, ryand ry, in the plot denote the average radii of
the left and right weld toes for the weld front and back sides, respec-
tively; while 6y and 6 represent the average flank angle of the left and
right weld toes for the weld front and back sides. The results indicate a
strong negative correlation between the assembling root gap (RG) and

Table 1
Summary of geometrical results for weld front side.
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the ratio of weld reinforcement height to width (i.e., hs/ wyand hy, / wp),
with correlation coefficients of —0.883 and —0.877 for the weld front
side and back side, respectively. This suggests that a larger assembling
root gap would result in a flatter weld reinforcement. The possible
reason is that the larger assembling root gap resulted in a broader weld
pool, making the filler material more prone to flow during the welding
process. Additionally, the angular misalignment (@) demonstrates a
positive correlation with the axial misalignment (e), supported by a
correlation coefficient of 0.719. Furthermore, it is noteworthy that the
weld flank angle and the weld toe radius exhibit a relatively strong
negative correlation, with correlation coefficients of —0.841 for the
weld front side (between 6y and ry) and —0.853 for the weld back side
(between 6y, and 1), respectively.

2.3. Test conditions and results

Fatigue tests were conducted using a Servo Hydraulic Fatigue Testing
Machine with a maximum load capacity of 300 kN. The specimens were
subjected to axially tensile loading cycles with a constant amplitude
scenario. Across different specimens, the minimum load (P,;) was
consistently maintained at 5 kN, while the maximum load (Py;qy) varied
in the range of 100 kN to 120 kN. Consequently, the corresponding
nominal stress range (40) fell between 186 MPa and 225 MPa. Due to the
presence of angular misalignment, all specimens have a convex back
side and a concave front side. When a specimen is mounted and held by
the grip fixtures, the angular misalignment is partially straightened. As a
result, tensile stress is induced on the front side, while compression
stress is experienced on the back side, with the magnitudes depending
on the degree of angular misalignment. The tests were terminated either
when the specimen fractured completely or when the number of loading
cycles reached 4 million. With the exception of specimen 6, all the other
specimens fractured before reaching 4 million loading cycles. Addi-
tionally, despite the smaller weld toe radius and larger flank angle on the
weld back side for several specimens, as indicated in Table 1 and
Table 2, fatigue cracks are observed to originate at the weld front side
rather than the weld back side for all specimens. The test conditions and
results are summarized in Table 3. To facilitate the comparison of fa-
tigue strength among specimens that underwent cyclic loadings with
varying load ranges, an equivalent fatigue strength corresponding to 2
million loading cycles (Aceg) has also been calculated using Eq. (1) and is
included in Table 3.

Aoy, = [N/ (2% 10°) """ e Ao ¢3)

where Ny represents the number of loading cycles until the specimen
fractures, also referred to as total fatigue life, and m is set to 3 in
accordance with the IIW Recommendation [14].

D Height, hy (mm) Width, wy (mm) Radius, r (mm) Flank angle, 6 (°)
Avg. Std. Avg. Std. Left toe Right toe Left toe Right toe

Avg. Std. Avg. Std. Avg. Std. Avg. Std.
1 2.27 0.08 30.98 0.88 1.06 0.74 2.47 2.10 16.58 1.71 11.72 1.10
2 2.22 0.12 31.06 0.95 0.90 0.60 0.75 0.59 17.61 2.08 16.56 1.62
3 2.29 0.08 34.31 1.06 1.01 0.82 1.00 0.76 15.54 1.75 16.25 1.81
4 2.30 0.11 35.02 0.98 1.21 0.83 0.73 0.45 12.61 2.12 18.58 1.33
5 1.70 0.09 34.93 0.99 0.69 0.42 0.87 0.77 18.24 2.51 12.07 2.13
6 1.70 0.09 35.56 0.86 0.77 0.62 1.74 1.08 13.79 1.69 13.61 1.33
7 1.82 0.08 32.07 0.43 1.93 0.73 3.07 1.23 14.79 1.67 5.58 1.61
8 2.10 0.05 31.75 0.60 1.60 0.61 2.23 1.11 17.22 1.49 11.39 1.63
9 2.18 0.08 32.30 0.61 1.26 0.46 2.27 1.09 22.33 2.37 6.63 1.98
10 2.25 0.07 32.01 0.67 0.98 0.39 1.92 0.90 22.24 1.94 9.82 1.19
11 1.77 0.06 32.74 0.53 2.03 0.76 2.68 1.06 14.18 1.52 5.19 1.04
12 1.45 0.09 32.22 0.98 2.20 0.94 2.44 1.23 11.50 1.70 4.28 1.78
13 1.75 0.09 30.77 1.76 1.50 0.54 2.63 1.16 17.33 2.08 1.35 0.71
14 1.70 0.10 31.30 1.99 1.35 0.48 2.31 1.07 18.02 1.76 2.58 1.34
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Table 2
Summary of geometrical results for weld back side.
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D Height, hy (mm) Width, w, (mm) Radius, r (mm) Flank angle, g (°)
Avg. Std. Avg. Std. Left toe Right toe Left toe Right toe
Avg. Std. Avg. Std. Avg. Std. Avg. Std.
1 1.24 0.14 5.43 0.83 0.79 0.41 0.49 0.30 22.58 6.82 31.00 10.27
2 1.40 0.14 5.38 0.62 0.39 0.20 0.37 0.18 28.29 6.98 40.46 3.93
3 1.49 0.11 6.94 0.67 0.73 0.27 0.71 0.38 31.87 3.86 28.42 7.82
4 1.60 0.11 7.39 0.61 0.64 0.33 0.30 0.15 29.68 6.87 31.41 5.50
5 1.58 0.11 7.73 0.53 0.83 0.36 0.65 0.31 29.16 4.61 34.21 3.40
6 1.59 0.10 8.24 0.69 0.81 0.32 0.33 0.17 31.84 4.33 28.28 6.34
7 1.65 0.10 7.89 0.50 1.83 0.54 0.88 0.30 22.10 4.02 37.72 1.96
8 1.42 0.12 6.57 0.79 0.77 0.33 0.67 0.24 22.10 6.76 36.50 4.93
9 1.61 0.11 7.87 0.56 1.83 0.78 0.63 0.19 13.38 3.94 43.54 1.33
10 1.38 0.11 6.18 0.53 1.93 0.48 0.67 0.18 14.39 2.26 46.26 1.46
11 1.60 0.17 9.01 0.55 1.68 0.72 0.56 0.25 19.78 4.39 33.34 4.62
12 1.60 0.05 8.57 0.44 1.00 0.45 0.80 0.24 22.83 4.73 33.33 1.75
13 1.56 0.09 8.91 0.32 2.67 1.16 0.74 0.17 13.59 3.39 41.84 1.28
14 1.51 0.13 9.50 0.67 8.03 4.78 0.99 0.47 9.97 1.34 28.47 3.90
1.000
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Fig. 5. Pearson Correlation Coefficients matrix for the investigated parameters.

Fig. 6 illustrates the effects of the assembled root gap on the equiv-
alent fatigue strength with different assembled axial misalignment
conditions. For specimens with zero assembled axial misalignment (see
Fig. 6(a)), the average fatigue strength slightly decreases from 151.9
MPa to 141.5 MPa with an increase in the assembled root gap from 0 mm

to 1 mm. This decline may be attributed to the difference in angular
misalignment, as indicated in Table 3, with average values of 0.52° for
specimens with RG = 0 mm and 1.13° for those with RG = 1 mm,
respectively. Notably, when the assembled root gap increases to 2 mm,
the average fatigue strength significantly rises to about 214.7 MPa,
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Table 3
Fatigue loading conditions and test results. (* Fatigue crack location, FL denotes left weld toe of front side, FR denotes right weld toe of front side.)
ID Assemble parameter Load condition Misalignments Fatigue results
RG (mm) eq (mm) Prax (KN) Ppin (KN) Ao (MPa) e (mm) a(®) Ny (cycles) Aceq (MPa) Crack*
1 0 0 120 5 225 0.34 0.46 755,920 162 FL
2 0 0 120 5 225 —0.45 0.57 499,550 141 FL
3 1 0 120 5 225 —0.11 1.09 549,660 146 FR
4 1 0 110 5 205 0.24 1.16 596,830 137 FR
5 2 0 100 5 186 —0.28 1.47 2,342,450 196 FL
6 2 0 100 5 186 0.01 1.48 4,000,000 234 -
7 1 1 120 5 225 1.05 2.19 324,679 123 FL
8 1 1 120 5 225 0.74 2.02 194,394 103 FL
9 1 3 100 5 186 2.09 2.98 162,525 80 FL
10 1 3 120 5 225 1.84 2.90 80,678 77 FL
11 2 1 100 5 186 1.01 2.85 437,008 112 FL
12 2 1 120 5 225 0.69 2.76 270,665 115 FL
13 2 3 100 5 186 1.95 1.96 352,454 104 FL
14 2 3 120 5 225 1.75 1.83 170,660 99 FL
300 300 300
RG=2mm
—_ ____B = =200
=< 200 RGZ0mm = 200 <
% RG=1mm % g
. s RG=1mm RG=2mm S
S S & RG=2mm
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@ () ©

Fig. 6. Effect of assembled root gap on the equivalent fatigue strength: (a) e, = 0 mm; (b) e, = 1 mm; (c) e, = 3 mm.

despite an increase in average angular misalignment to 1.48°. Given that
numerous studies have reported a decrease in the weld toe SCF with a
reduction in weld reinforcement height [27,29,30], it is rational to
attribute the observed increase in fatigue strength to the decrease in
weld reinforcement height, from 2.3 mm to 1.7 mm, as indicated in
Table 1. For specimens with an assembled axial misalignment of 1 mm
(see Fig. 6(b)), no significant difference in fatigue strength was observed
when the assembled root gap increased from 1 mm to 2 mm. Conversely,
for specimens with an assembled axial misalignment of 3 mm (see Fig. 6
(c)), the fatigue strength increases from about 80 MPa to 100 MPa with
the same assembled root gap increment. The rationale becomes clear
when examining Table 1 and Table 3, where, in the former case, the
angular misalignment increases while the weld reinforcement height
decreases, whereas, in the latter case, both the angular misalignment
and weld reinforcement height decrease. As previously indicated in
Fig. 5, a larger assembling root gap correlates with a flatter weld rein-
forcement, supported by —0.826 correlation with hy. Moreover, a 0.499
correlation with a suggests a potential increase in angular misalignment
with a larger assembling root gap. The interaction between these two
competing factors complicates the evaluation of fatigue properties of

300

butt-welded joints. Fig. 7 illustrates the effects of assembled axial
misalignment on the nominal stress fatigue strength with different
assembled root gap conditions. As anticipated, primarily due to the
secondary bending stress effect, the nominal stress-characterized fatigue
strength of butt-welded joints noticeably decreases as the assembled
axial misalignments increase, regardless of the assembled root gap.

3. Fatigue evaluation
3.1. Definition of SMF and SCF

Fig. 8 shows a schematic diagram of transversely loaded butt-welded
joints under different misalignment conditions. For a butt-welded joint
with no misalignment, according to the elementary beam theory, the
nominal stress (op,) at the weld can be calculated using Eq. (2), in which F
represents the applied tensile load, and b and t denote the plate width
and thickness of the joint, respectively.

F

0, =——
bt

@

For a butt-welded joint with either axial or angular misalignment,

300

e, =0 mm

e,=1 mm
“ e,=3 mm

(®)

Fig. 7. Effect of assembled axial misalignment on the equivalent fatigue strength: (a) RG = 1 mm; (b) RG = 2 mm.



P. Luo et al.

International Journal of Fatigue 182 (2024) 108200

Butt-welded joint under transverse load (top view)
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Fig. 8. Illustration of transversely loaded butt-welded joints under various misalignment conditions.

the nominal stress at the weld consists of two parts: one induced directly
by the tensile load (6¢ensie)y Which is the same as that with no
misalignment, as indicated by Eq. (2); and the other induced by the
secondary bending (65second), Which accounts for the effect of the eccen-
tricity between the tensile load axis and the neutral axis of the joint. The
magnitude of secondary bending induced part is proportional to the
tensile load and the eccentricity. Therefore, the nominal stress at the
weld of a butt-welded joint with misalignment (6,,) can be calculated
using Eq. (3).
Osecond
O = Crensite + Osecond = (1 +—) Orensite = K00, 3

Orensile
where K, represents the SMF and is defined as Eq. (4).

Ky = 1 2econd g Guecond )
Otensile On
When apply the local stress method to account for the weld geometry
effect on the fatigue behavior of a weld joint, the local stress is typically
defined as the product of nominal stress and the SCF, as shown in Eq. (5)
for the case of a butt-welded joint with no misalignment.

Olocal = Ky @ 0, 5)

Here, K; represents the SCF. In the case of a butt-welded joint with
misalignment, as per Eq. (3), the nominal stress at the weld becomes oy,
due to the inclusion of secondary bending stress. Therefore, the local
stress, as defined in Eq. (5), can be expressed as follows:

Olocal = K, 06, =K, 0 K, 00, (6)
3.2. SMF formulae

To account for the impact of misalignments on the fatigue perfor-
mance of welded joints, the formulae of additional SMF have been
provided in the IIW Recommendation [14], as indicated by Egs. (7) and
(8) respectively for axial misalignment (K,.) and angular misalignment
(Kma)-

eel,;

Kne =1+ 80—l
e = L )

)

L
Km(,:l+/1aol<50052—tf ®

where /. and 1, are parameters that account for the boundary condition
effects and are respectively equal to 6 and 1 for conservative consider-
ation, in the case of the fixed boundary condition as indicated in Fig. 9.
In which, L; and L; represent the distances from the edge of the fixed and
movable clamping fixtures to the center of butt-welded joint specimen,
respectively; and Ly denotes the distance between the fixture edges.

Xing and Dong [16] proposed a comprehensive set of analytical SMF
formulae for various boundary conditions and structural element di-
mensions by applying Castigliano’s second theorem. Although they are
originally derived for the cruciform joints, the SMF formulae can be
converted into Egs. (9) and (10) respectively accounting for axial
misalignment and angular misalignment for a butt-welded joint under
the test conditions depicted in Fig. 9, and assuming the specimen is
symmetrically mounted between the fixtures.

L\’ L\’ L. e
— 121 — 18( — 1.8 — ) —0. -
(Lf) ’ S(Lf) i S(Lf> 09] * ©
L\* L\? L\* L
Koo =1+ 24(—‘) 748(4) +31.2<—‘> 77.2<f‘)+0.8
Ly Ly Ly Ly

in which L, represents the distance from the critical location under
investigation and the edge of the movable clamping fixture (see Fig. 9
for L¢; to L4 corresponding to toe #1 to toe #4).

It is worth noting that the two sets of formulae mentioned above do
not distinguish between the concave and convex sides of a distorted
butt-welded joint. For the majority of specimens in the present study, as
indicated in Table 1 and Table 2, the weld toe radii are smaller on the
convex side compared to the concave side, and the weld flank angles are

Kme:1+

L
. f.(l

(10)

_ L } I, - _

Fig. 9. The configuration of a butt-welded joint under clamping condition.



P. Luo et al.

larger. This means that the stress concentration induced by the weld
geometry would be more serious for the convex side. When axially
straightening a butt-welded joint with angular misalignment, the
concave and convex sides would experience positive and negative
bending stresses, respectively. If one directly applies the SMFs from Egs.
(7) to (10), which are always larger than 1.0, without distinguishing the
concave and convex sides, the local stress at the convex weld toes might
be significantly overestimated. Therefore, based on finite element
analysis results, Luo et al. [21] proposed Eq. (11) to increase the local
stress at the concave side weld toes, while utilizing ‘2 - Kp,,’ to decrease
the local stress at the convex side weld toes, in order to account for the
angular misalignment effect. Furthermore, according to the finite
element results presented in [19,21], the local stress induced by axially
straightening of a butt-welded joint with axial misalignment would be
tensile at weld toe #1 and #4, while it would be compressive at weld toe
#2 and #3 (refer to Fig. 9 for weld toe numbering). Consequently, Luo
etal. [21] proposed Eq. (12) to account for the axial misalignment effect.
The coefficients (C1, Co, and C3) for each weld toe, as listed in Table 4,
were obtained through regression analysis using a large amount of finite
element results.

Ko =1+5.5820ae (In(L;/2t) —1.2) an

Kpe=1+C o (?) o (in(y/20% + ) a2)

In the case of the butt-welded joints containing both angular and
axial misalignments, both Ky, and Kp, should be applied using the
following equation [14]:

Ky =1+ Kpe—1)+ (Kna—1) 13)

3.3. SCF formulae

As previously presented in Section 2.3, fatigue cracks in all the
fractured specimens were observed to originate at the weld toe. The
weld toe SCF can be determined either directly by using the finite
element method or using the approximate formulae available in the
literature. Some representative SCF formulae that would be used for the
following fatigue evaluation are briefly introduced here.

A simple and straightforward SCF formula for the butt-welded joint
under axial loading has been proposed depending on only the weld toe
radius (normalized by plate thickness) and flank angle by Lawrence and
Ho [28,42], as in the form of Eq. (14). It is important to note that the
weld reinforcement height (h) and width (w) have not been included in
the formulae, because they assumed a relationship of h/w = 0.5'tan
(0.5°0) for the weld reinforcement profile. Meanwhile, the investigated
parameters include flank angles ranging from 15° to 60° and weld toe
radii from approximately 0.5 mm to 3.8 mm.

—0.5
Kl_Lawrence =1+0.27e tan(g)OQS o (;) (14)

Pachoud et al. [29] proposed a SCF formula in a similar form but
included the effect of weld reinforcement height, as shown in Eq. (15).
The equation was derived through a parametric finite element analysis,
which covered a wide range of weld geometrical parameters. They
included flank angles ranging from 5° to 30°, weld toe radii from 0.4 mm
to 1.9 mm, relative weld reinforcement heights (h/t) from 0.04 to 0.1,
steel plate thicknesses from 20 mm to 50 mm, and relative

Table 4
Coefficients of Equation (12) [21].
Coefficients Front side Back side
Toe #1 Toe #2 Toe #3 Toe #4
Cy 24.407 1.152 1.345 21.720
Cy 0.030 —2.607 —1.646 0.027
C3 —0.923 —1.946 -1.772 —0.904
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reinforcement widths (w/t) ranging from approximately 0.73 to 1.38.

I\ 023 N9 o3
Ki_pachod = 1 +1.16 <;> o tan (E) . (;) (15)

Kiyak et al. [43] proposed an extended parametric SCF formula
covering the wider weld toe radius from 0.1 mm to 4 mm and flank angle
from 10° to 60°. However, it is important to note that the relative weld
reinforcement height (h/t) is limited to 0.075 and 0.25, and the relative
weld reinforcement width (w/t) is fixed at 1.46. Therefore, Luo et al.
[30] modified this SCF formula into the form of Eq. (16) by extending
the application ranges of the relative weld reinforcement height and
width to 0.05 to 0.4 and 1.0 to 2.0, respectively.

n\ 7\ —0.2880 P\ s
_ h . B r p
Kitwo = 1+p1<[> o0 e exp(—ps0) o ([) .(1 + t)

. (m (?)2 tpre (?) +pg> 16)

in which p; to pg are coefficients determined through regression analysis
based on a large dataset obtained from finite element analysis, as listed
in Table 5.

Notably, Egs. (15) and (16) do not include the relative weld rein-
forcement width (w/t) term. This omission is based on their finite
element results, which indicated a negligible effect for the investigated
range of 0.73 < w/t < 2.0 [29,30]. In the case of back side welds in the
current study, their relative reinforcement widths are as small as 0.34 to
0.6 (see Table 2). In [27], Remes and Varsta proposed the SCF formulae
as shown in Eq. (17), in which the term of w/t is included. This equation
is suitable for both arc and laser butt-welded joints, despite the latter
joint having much smaller and sharper weld beads compared to the
former. This suitability arises because their parametric study covered
flank angles ranging from 5° to 100°, weld toe radii from 0.04 mm to 1.6
mm, relative weld reinforcement heights up to 0.21, and relative rein-
forcement widths ranging from approximately 0.08 to 1.67.

=15 (1) () e () e ()

3.4. Fatigue crack location prediction

The initial step for fatigue evaluation of a weld joint is to identify the
location where a fatigue crack is most likely to originate. As indicated in
Table 1 and Table 2, there are notable differences in weld geometry,
especially in weld toe radius and weld flank angle, among the four weld
toes of the investigated butt-welded joints. In addition, the axially
straightening of a butt-welded joint with axial and angular mis-
alignments would introduce tensile or compressive local stress at
different weld toes [19,21]. In such cases, the combined effects of weld
geometry and misalignment make all four weld toes potential candidates
for fatigue crack initiation according to their competitive nature. With
the weld geometries and misalignments measured in Section 2.2, the
local stresses at the weld toes can be calculated by incorporating the
SMF and SCF formulae introduced in Sections 3.2 and 3.3, respectively,
with Eq. (6).

Figs. 10, 11, 12 present the results of the predicted fatigue crack
location of each specimen, assuming that the fatigue crack is most likely
to initiate at the weld toe where the highest local stress is observed.
These histogram figures display the highest K, values among all four
weld toes on the horizontal axis and the specimen IDs on the vertical
axis, while distinguishing fatigue crack locations with various filled
colors and patterns. Here, Ky, is the product of SMF and SCF, as indi-
cated in Eq. (6), which includes the combined effects of both mis-
alignments and weld geometries.

Fig. 10 shows the prediction results based on the SMF formulae of
IITW Recommendation [14] (i.e., Egs. (7) and (8)) combined with various
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Table 5
Coefficients of Eq. (16) [30].
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Coefficient

P1 P2 %] P4 bs Pe p7 Ps
Value 1.398 ~0.144 0.715 1.650 0.322 ~2.233 2.319 0.526
Kmt_Lawrence Kmt _Pachoud Kmt Luo Kmt_Remes Test crack
00 1.0 2.0 3.0 40 00 1.0 2.0 3.0 40 00 1.0 2.0 3.0 40 00 1.0 2.0 3.0 4.0 location

1 uewroadg

£

Front left toe Front right toe
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4 Back left toe Back right toe [_| Run-out

Fig. 10. Prediction for fatigue crack location using modified IIW SMF formulae in combination with various SCF formulae.

SCF formulae described in Section 3.3. It should be noted that the
original IIW SMF formulae, which do not differentiate between concave
and convex sides or account for secondary bending induced positive or
negative local stresses at different weld toes, have been modified
following the observations from [21]. In cases of positive axial
misalignment, Eq. (7) is applied to increase the local stress at weld toes
#1 and #4, while ‘2 - K, is utilized to decrease the local stress at weld
toes #2 and #3 (refer to Fig. 9 for weld toe numbering). For angular
misalignment, Eq. (8) is used to increase the local stress at the concave
side weld toes, while ‘2 - K;;,” is employed to decrease the local stress at
the convex side weld toes. As shown, all the SCF formulae give the same
prediction results for fatigue crack location, except for specimens 1 and
2. For these two specimens, the predicted fatigue crack locations ac-
cording to the SCF formulae of Lawrence and Ho, Pachoud et al., and
Luo et al., all fall into weld back side, inconsistent with the observations
from the tests. This is mainly because, on one hand, the angular mis-
alignments of these two specimens are relatively small compared to
others (see Table 3). On the other hand, as indicated in Tables 1 and 2,
the weld toes on the back side have smaller radii and larger flank angles
than those on the front side. The combined effects of above-mentioned
two factors make K; dominant over K. However, it is noteworthy that
for the SCF formula of Remes and Varsta, the predicted fatigue crack
locations are consistent with the experimental observations for all
specimens, revealing the necessity of considering the effect of weld

10

reinforcement width.

Fig. 11 shows the prediction results based on the SMF formulae
proposed by Xing and Dong [16] (i.e., Egs. (9) and (10)), which have
been modified in the same manner as applied to the IIW SMF formulae. It
is obvious that the predicted fatigue crack locations based on the
modified SMF formulae of Xing and Dong are almost the same as those
predicted by the modified IIW SMF formulae. The prediction results
according to the SMF formulae proposed by Luo et al. [21] (i.e., Egs. (11)
and (12)) are presented in Fig. 12. Notably, in contrast to the results that
obtained by incorporating with the SMF formulae of IIW (see Fig. 10)
and Xing and Dong (see Fig. 11), the predicted fatigue crack locations
based on the SCF formulae of Lawrence and Ho, Pachoud et al., and Luo
et al.,, mostly fall into weld back sides. The main reason for this
discrepancy is that, as shown in Fig. 13, the difference between the K,
values of the front left and back right weld toes is significantly smaller
when calculated using the SMF formulae of Luo et al., compared to those
obtained from the other two sets of SMF formulae. Under such circum-
stances, the higher K; values resulting from the smaller radii and larger
flank angles of back right weld toes (see Table 1 and Table 2) lead to the
highest K, values among four weld toes. Nevertheless, Remes and
Varsta’s SCF formulae still accurately predicts fatigue crack locations for
all specimens consistent with the experimental observations. This
further demonstrates the crucial role of weld reinforcement width in
predicting the fatigue crack location, particularly in the case of narrower
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Fig. 11. Prediction for fatigue crack location using modified Xing and Dong’s SMF formulae in combination with various SCF formulae.

welds with small relative reinforcement width (w/t). In this sense,
among the four SCF formulae introduced in Section 3.3, Remes and
Varsta’s SCF formula (i.e., Eq. (17)), which includes the weld rein-
forcement width term and covers a wide range of 0.08 < w/t < 1.67,
proves to be the most suitable for evaluating fatigue crack locations in
one-side full penetration butt-welded joints.

Fig. 14 displays the fracture surfaces of representative specimens
with easily identifiable crack initiation sites along the weld length, along
with the K, distribution computed using Luo et al.’s SMF formulae and
Remes and Varsta’s SCF formulae. It is not surprising that the K, values
vary significantly along the weld length due to the significant variations
in the measured weld geometrical parameters (see Fig. 4). Nevertheless,
the notably different Kmt between the left and right weld toes for
specimens 7 and 12, as shown in Fig. 14(c) and Fig. 14(d), is due to the
combined effect of axial misalignment and weld geometries. Firstly, the
secondary bending stress induced by axial misalignment would be ten-
sile and compressive on the left and right weld toes, respectively
[19,21], resulting in K;, > 1.0 and K, < 1.0 for the corresponding weld
toes. Secondly, as indicated in Table 1, the left weld toes have smaller
radii and larger flank angles than the right weld toes for both specimens
7 and 12, resulting in larger K; on the left weld toes. Obviously, all the
investigated specimens fractured due to fatigue cracks originating from
the weld toes that with a larger average Kp,.. However, it is worth noting
that the distribution of K;,; along the weld length does not appear to be
closely related to the crack initiation sites. This is most likely because the
effects of welding induced defects, such as undercut, which play an
important role in crack initiation sites [35], are not accounted for in the
current K.

11

3.5. Fatigue strength evaluation

The fatigue test data for all the studied butt-welded joints in Table 3
is assessed using S-N curves plotted in a log-log scale. Fig. 15 shows the
fatigue test data in both the nominal stress range (Ac) applied during
testing and the modified stress range (Aop), which incorporates
misalignment modifications through various SMF formulae. For com-
parison, the S-N curves specified in the JSSC specification and IIW rec-
ommendations are plotted alongside the S-N curves that are derived
using regression analysis. Note that the intercept term of Eq. (18),
denoted as logC, is determined under both fixed slope (i.e., m = 3) and
free slope conditions, with excluding the data points of ‘run-out’ from
the regression analysis.

logN = logC — m-logAc 18)

From Fig. 15(a), it can be observed that all specimens are above
JSSC-F (65 MPa at 2 million cycles) and [IW FAT71 (71 MPa at 2 million
cycles) S-N curves. These curves are nominal stress-based and are typi-
cally applied to transversely loaded one-side full penetration butt-
welded joints without a backing plate. This implies that even without
explicit consideration of any misalignment effects, the FAT71 S-N curve,
which has already covered a SMF of K, = 1.15 [14], still yields a con-
servative estimate for fatigue strength. Meanwhile, the test data in terms
of nominal stress range exhibit significant scatter, as evidenced by the
standard deviation of logC, which is 0.35 for both fixed and free slope
regression methods. After applying misalignment modification accord-
ing to Eq. (19), with K, calculated based on the measured average axial
and angular misalignments from Table 3, the scatter in the data signif-
icantly reduces, leading to a narrower discrete band as shown in Fig. 15
(b) to Fig. 15 (d). This is also supported by a notable decrease in the
standard deviations of logC to 0.19, 0.18, and 0.22 for the SMF formulae
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Fig. 12. Prediction for fatigue crack location using Luo et al.’s SMF formulae in combination with various SCF formulae.
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Fig. 13. K, calculated by different SMF formulae.

of IIW Recommendation [14], Xing and Dong [16], and Luo et al. [21],
respectively, when using the fixed slope regression method. Moreover,
the derived slopes are m = 4.56, 4.54, and 6.12, with the corresponding
standard deviations of logC further decreasing to 0.15, 0.14, and 0.14
when using the free slope regression method. These results demonstrate
that the misalignments are critical factors for determining the fatigue
life of butt-welded joints. Additionally, the JSSC-B (155 MPa at 2 million
cycles) and ITW FAT112 (112 MPa at 2 million cycles) S-N curves, rec-
ommended for the transverse loaded butt-welded joint with the weld

12

reinforcement part ground flush to plate by JSSC specification [15], and
IIW recommendations [14], respectively, are also plotted in the plots for
comparison purpose. It can be observed that the data points fall on both
sides of the JSSC-B curve, while all of them fall above the ITW FAT112
curve. This suggests that even without explicitly considering any weld
geometry effects, the [IW FAT112 curve still provides a conservative
estimate for fatigue life, given that the weld geometry induced SCF is K;
= 1.0 in case of the ground flush butt-welded joints.

Ao, =K, e Ac (19)
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Fig. 14. Crack initiation sites plot with K, distribution along weld length for representative specimens: (a) specimen 1; (b) specimen 5; (c) specimen 7; (d)
specimen 12.

To further examine the effects of weld geometrical parameters on measurement (Section 2.2.1). It is observed in Table 1 and Table 2 that
fatigue life prediction, Fig. 16 to Fig. 18 present the fatigue data in terms the powder-coated specimens (1 to 6), on average, exhibit smaller weld
of the local stress ranges (Aoy,), which are calculated using Eq. (20). toe radii compared to the lacquer-sprayed specimens (7 to 14), resulting
Since the surfaces of specimens 1 to 6 were powder coated while spec- in larger SCF for powder-coated specimens as shown in Figs. 16, 17, 18.
imens 7 to 14 were lacquer sprayed for enhancing reflectivity of optical Consequently, it is important to note that the fatigue data have been

13
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Fig. 15. Fatigue test data plotting with the S-N curves: (a) nominal stress range; (b) misalignment modification by IIW SMF; (c) misalignment modification by Xing
and Dong’s SMF; (d) misalignment modification by Luo et al.’s SMF.
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categorized into two groups in the subsequent regression analysis. out’ from the regression analysis.

Meanwhile, the intercept term logC is determined under both fixed slope

(i.e., m = 3) and free slope conditions, excluding the data points of ‘run- A0y =Ky o A0 = Kn o K; ¢ Ao 20
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Fig. 16 shows the Aop,-N results based on the SMF formulae of [IW
Recommendation [14] (i.e., Egs. (7) and (8)) combined with various SCF
formulae. For powder-coated specimens, fixing m = 3 in regression re-
sults in standard deviations of logC, incorporating weld geometry effects
through various SCF formulae, ranging between 0.21 and 0.23. This
shows no significant difference compared to the observed value of 0.22
without considering SCF. However, including weld geometry effects in
free slope regression leads to an increase in the standard deviations of
logC, with Lawrence and Ho’s SCF formulae showing the most notable
rise from 0.12 to 0.23. For lacquer-sprayed specimens, whether in fixed
slope or free slope regression, a notable decrease in the standard de-
viations of logC is observed upon incorporating weld geometry effects
through various SCF formulae. Specifically, the values decrease from
0.15 to 0.07 for fixed slope condition and from 0.12 to 0.06 for free slope
condition when compared to the cases without considering SCF.

Fig. 17 shows the results based on the SMF formulae proposed by
Xing and Dong [16] (i.e., Egs. (9) and (10)). Similarly, for powder-
coated specimens, incorporating weld geometry effects through
various SCF formulae does not result in a significant difference in the
standard deviations of logC compared to that observed without
considering SCF when fixing m = 3 in regression. Nonetheless, it is
observed that including weld geometry effects through Remes and
Varsta’s SCF formulae in free slope regression results in a notable
decrease in standard deviations of logC (from 0.17 to 0.05), while the
other three sets of SCF formulae still lead to an increase in the standard
deviations of logC. For lacquer-sprayed specimens, when compared to
the cases without considering SCF, the standard deviations of logC
decrease from 0.14 to 0.08 for fixed slope condition and from 0.12 to
0.08 for free slope condition after incorporating weld geometry effects.

The results according to the SMF formulae proposed by Luo et al.
[21] (i.e., Egs. (11) and (12)) are presented in Fig. 18. For powder-
coated specimens, the impact of considering the weld geometry effects
on the standard deviation of logC is similar to the corresponding results
based on the SMF formula proposed by Xing and Dong (see Fig. 17). For
lacquer-sprayed specimens, a notable decrease in the standard de-
viations of logC is observed only when incorporating weld geometry
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effects through Remes and Varsta’s SCF formulae. Compared to the cases
without considering SCF, standard deviations decrease from 0.15 to 0.08
for fixed slope and from 0.13 to 0.07 for free slope conditions.

4. Conclusions

Fourteen one-side full penetration butt-welded joints are fabricated
under various specified assembly root gaps and axial eccentricities, and
then tested under cyclic tensile loading with constant amplitude. Mis-
alignments and weld geometries are also measured using a 3D optical
scanning system and then being employed for fatigue behavior evalua-
tion using several SMF and SCF formulae available in the literature.
Based on the investigations, the following conclusions can be drawn:

(1) The measured axial misalignments range from —0.45 mm to 2.09
mm, exhibiting a strong positive correlation with the assembled
axial eccentricities. Angular misalignments ranging from 0.46° to
2.98° are observed in all specimens. A correlation coefficient of
0.719 indicates a positive correlation between the angular mis-
alignments and the axial misalignments. The fatigue test results
indicate a noticeable decrease in nominal stress fatigue strength
as the assembled axial eccentricities increase, regardless of the
assembled root gaps. This decrease is primarily attributed to the
secondary bending stress effect induced by the misalignments.
On one hand, there is a strong negative correlation between the
assembled root gap and the ratio of weld reinforcement height to
width (i.e., hy / wyand hy, / wp) for both the weld front and back
sides, with correlation coefficients of —0.883 and —0.877,
respectively. This indicates that a larger assembled root gap
corresponds to a flatter weld reinforcement, which is beneficial
for fatigue strength improvement. However, on the other hand, a
correlation coefficient of 0.499 between RG and a suggests a
potential increase in angular misalignment with a larger assem-
bled root gap, leading to a reduction in fatigue strength.
(3) The weld geometry measurement results indicate that smaller but
steeper weld profiles are formed on the back side of specimens.
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Fig. 18. Test data plot in local stress range with misalignment correction by Luo et al.’s SMF.

The average values of weld toe radius and flank angle vary
significantly between specimens, as well as between the left and
right weld toes, and also between the weld front side and weld
back side. On average, the powder-coated specimens have
smaller weld toe radii compared to the lacquer-sprayed speci-
mens. Regardless of the combined SMF formula, among the four
mentioned formulae in Section 3.3, Remes and Varsta’s SCF
formula (i.e., Eq. (17)) is the only one that accurately predicts
fatigue crack locations for all specimens and is consistent with the
experimental observations. This is mainly because it includes the
weld reinforcement width term and covers a wide range of 0.08
<w/t < 1.67.

The test data initially in terms of nominal stress range exhibit a
high degree of scatter with a standard deviation of 0.35 for logC.
The corresponding standard deviations decrease to 0.18 ~ 0.22
and 0.14 ~ 0.15 for fixed slope and free slope regression condi-
tions, respectively, after accounting for misalignment correction
using various SMF formulae. The standard deviations of logC
further decrease to as small as 0.04 ~ 0.08 when incorporating
weld geometry effects through Remes and Varsta’s SCF formulae.
These results demonstrate combined effects of misalignments and
weld geometries on fatigue strength of investigated butt-welded
joints.

Due to its outstanding accuracy and robustness in evaluating both
the fatigue crack location and fatigue life for the investigated
butt-welded joints, the combination of Remes and Varsta’s SCF
formula with Luo et al.’s SMF formula is the most recommended
method for the one-side full penetration butt-welded joints.
However, the general applicability of the proposed method
should be further confirmed through additional test results, as the
current study is limited by the number of specimens.
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