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Abstract

Welded joints show large variation of the weld toe geometry along the weld
seam, which is one important reason for the comparably large scatter in
fatigue life. Therefore, it is crucial to take the local geometry at the weld toe
into account, to reduce the conservatism in fatigue assessment of welded
joints. This study is based on the IBESS procedure for the calculation of the
fatigue strength, whereby the evaluation of local geometrical parameters is car-
ried out by means of 3D surface scans. The approach is validated against
26 fatigue test series. The fatigue life is in general overpredicted, whereas good
agreement is achieved for high stress ratio (R =0.5). A sensitivity analysis con-
ducted with IBESS shows that weld toe radii p <2 mm and flank angle a < 30°
have a significant influence on the calculated fatigue strength. In contrast to
this, no strong correlation between p and the fatigue strength was determined
experimentally in this study.
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Abbreviations: A, coefficient in the cyclic R-curve power law; a, crack depth (mm); a,, El-Haddad parameter (mm); a;, initial crack depth (mm); a; ¢,
transition crack length from short- to long-crack growth regime (mm); b, exponent in the cyclic R-curve power law; C, constant in the Paris-Erdogan
law (given for da/dN in mm/cycle and AK in MPa mm"/?); Cg, constant in the Basquin-law; E, Young's modulus (MPa); E(X ), estimation of the
expected value of the statistical distribution; FAT, fatigue class according to the IIW recommendation (MPa); h, weld reinforcement height (mm); k,
slope of the S-N curve; K', Ramberg-Osgood coefficient (MPa); L, weld leg length (mm); m, exponent in the Paris-Erdogan law; N, number of load
cycles; n/, Ramberg-Osgood exponent; P, cumulative probability (%); Py, failure probability (%); R, stress ratio; R, tensile strength (MPa); SCF, stress
concentration factor; ¢, secondary notch depth (mm); T, plate thickness (mm); Ty, scatter range; W, plate width (mm); «, flank angle (°); AK, stress
intensity factor range (MPa mm'/?); AKjp, f; intrinsic fatigue crack propagation threshold (MPa mm"/?); AK,, ; ¢, fatigue crack propagation threshold
(long-crack regime) (MPa mm?/?); AS, nominal stress range (MPa); AS, sy, nominal stress range at 2 x 10° load cycles of Py =2.5% (MPa); ASsoq,
nominal stress range at 2 x 10° load cycles of P; =50% (MPa); Ac,, fatigue limit (stress range) (MPa); k, curvature (mm); z, estimation of the first
parameter of the statistical distribution; p, weld toe radius (mm); o, estimation of the second parameter of the statistical distribution (standard
deviation); o,, fatigue limit (stress amplitude) (MPa); o,,, mean stress (MPa); 6x, estimation of the standard deviation of the statistical distribution.
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1 | INTRODUCTION

The fatigue strength of welded joints is low compared
with the corresponding fatigue strength of the base mate-
rial. For this reason, welded joints are weak points in
welded industrial parts and constructions. In most cases,
the geometrical notches at the weld toe are structural
weak points of the welded joints in steel constructions if
inner defects are avoided or are small. The low fatigue
strength at the weld toe in steel joints is related to the
coarse-grain microstructure of the heat-affected zone
(HAZ)," local tensile residual stresses caused by cooling
and shrinkage,” and the stress concentration of the geo-
metrical notch.® The fatigue design of welded joints fol-
lows a total-life or fracture mechanics approach
according to the current recommendations.*”” Due to
large scatter of the parameters governing the fatigue life,
and to the aim of ensuring a safe design, usually lower
bounds for the material fatigue resistance and upper
bounds for the applied loads are used. This, together with
simplified modeling hypotheses, can lead to conservative
design, typically large sheet thicknesses in fatigue-loaded
welded structures. A full probabilistic fatigue approach
goes beyond the deterministic evaluation of lower and
upper bounds of the input variables. The use of statistical
distributions for the description of the weld geometry is
beneficial to the thorough understanding of the variables
influencing the scatter in fatigue lives. This would help in
the interpretation of outliers in case of large deviations in
the weld toe geometry and potentially to decrease the
conservatism of current deterministic approaches.

Several studies have shown that the fatigue strength
of welded joints is directly related to the local geometry
along the weld seam.>®'® The local geometry of the weld
toe is described by the weld toe radius p, flank angle a,
and depth of the secondary notch or undercut t. These
account for the stress concentration at the weld toe
(notch effect). Recent studies have shown that fatigue
crack starts from single locations with high stress concen-
trations given typically by low weld toe radii or deep
undercuts.'”"'® Thus, the local weld toe geometry usually

« Direct consideration of the geometry of welded joints for probabilistic
fatigue life assessment.

« Fatigue life assessment considering physical short and long cracks.

« Correlation of fatigue life and weld toe geometry.

« Statistical analysis of geometrical parameters for 26 fatigue test series.

shows a high variation®® and is related to a high number
of factors during arc welding, for example, the torch posi-
tion, welding technique and welding parameters, number
of layers, type of welded joint and weld detail, and skills
of the operator.*!

The assessment of the weld quality in quality groups—
B, C, and D according to DIN EN ISO 5817:2014** or ISO
6520-1:2007% or VB, VC, and VD according to Volvo STD
181-0004°*—is related to single geometrical parameters
like the weld toe radius, flank angle, or height of the weld
bead. Thus, the Eurocode standards DIN EN 1993-1-9°
and DIN EN 1999-1-1*° do not take local geometrical
parameters of weld toe into account; their influence is
included in the fatigue design curves. Other guidelines for
fatigue design of welded joints™>’ cover geometrical
parameters, for example, the height of the weld bead or
weld reinforcement, and relate these to individual fatigue
classes. In general, the given fatigue classes in these guide-
lines cover the geometrical variations by high conserva-
tism. It is also important to mention that none of the
mentioned standards give recommendations regarding the
measurement of the geometrical parameters.

The main goal of the current study is a validation of a
comprehensive procedure for the fatigue life assessment of
welded joints based on local geometrical parameters (see
Figure 1). This procedure is not new and is mainly adopted
from previous work by the IBESS cluster,"'®'"*® even
though some major differences regarding the input param-
eters exist. In fact, in this study, some important material
parameters were not known and have been estimated
according to empirical rules or guidelines. Furthermore, it
is important to mention that the application of the IBESS
procedure to the assessment of the fatigue strength of
weldments resulted in any case conservative compared to
the experimental tests so far (see Madia et al.'”).

Further aim is to correlate the fatigue life of welded
joints with the local geometrical parameters in a similar
fashion to the sensitivity analyses proposed in Schork
etal.'®

The proposed procedure includes the digitalization of
the surfaces of welded joints by 3D scanning, the
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evaluation of the geometrical parameters, the statistical
analysis of these parameters, the calculation of stress con-
centration and stress through-thickness distributions,
and, finally, the probabilistic fatigue life assessment. The
current study is based on former work regarding 3D scan-
ning of welded joints by Schubnell et al.*® and Renken
et al.”’ (3D scanning and evaluation of geometrical
parameters), Braun et al.?® (statistical analysis), Kiyak
et al.*® (SCF calculation), Madia et al.,'” and Zerbst
et al.” (probabilistic fatigue life assessment). For the rea-
sons mentioned, it is necessary to include the local geom-
etry at the weld toe in fatigue assessment methods to
improve the accuracy of fatigue life predictions and
reduce the conservatism in the current recommenda-
tions. The development of the IBESS approach'’*®
includes the statistical description of the local weld toe
geometry for probabilistic fracture mechanics analysis of
welded joints. This probabilistic approach is based on sta-
tistical distribution of the geometrical parameters of
welded joints. The current study is based on fatigue data
from previous investigations (see Section 2), briefly
describes the determination and statistical evaluation of
the geometrical parameters (see Section 3), and outlines
the statistical analysis of fatigue tests (see Section 4). The
fatigue assessment by the IBESS approach is described in
Section 5, and the correlation between the geometrical
parameters and the fatigue strength of welded joints is
investigated in Section 6.

2 | MATERIALS AND SPECIMENS

The geometrical parameters and fatigue test results taken
from previous studies®**° and other unpublished investi-
gations are summarized in Table 1. These data contain
390 single fatigue tests with four different types of welded
joints: single V-butt joints, double V-butt joints, cruci-
form joints, and T-joints. The plate thickness ranges from
6 to 20 mm. All welded joints were made of structural
steels S235, AH36, S355, S500, and S960. The welded
specimens were produced by submerged arc welding
(SAW), flux-cored arc welding (FCAW), laser and laser-
hybrid welding, and gas metal arc welding (GMAW).

Process chain for the probabilistic fatigue life assessment of welded joints based on their individual geometry. [Colour figure

3 | LOCAL WELD GEOMETRY

3.1 | Definition

Geometrical parameters of welding joints are defined in
several weld quality standards, for example, ISO 5817,*
Volvo STD,** International Institute of Welding (ITW)
guideline,4 or Eurocode 3,° and others that relate also sin-
gle geometrical parameters to the fatigue strength of
welded joints. Numerous investigations have indicated
that one of the most critical factors affecting the fatigue
life of welded joints is the variable geometry of the 2D
weld cross-sections, defined by the geometrical parame-
ters according to previous investigations.***’~** The geo-
metrical parameter used in this study for different weld
types is shown in Figure 2. Parameters that define misa-
lignment of the weld (e.g., the distortion angle) are not
considered in this study. However, the additional stresses
generated by macroscopic imperfections (distortion of the
mounting process) maybe more important than the effect
of the local weld geometry in large assemblies. For the
following investigations, the geometrical parameters are
divided into those that define the shape of the weld detail
(leg length L, weld reinforcement height h, and plate
thickness T) and those that define the local notch geome-
try at the weld toe (weld toe radius p, flank angle @, and
depth of the secondary notch [or undercut] ¢).

3.2 | Determination of the local weld
geometry by 3D scanning

The geometrical parameters in this work are character-
ized for 15 different welded joints A to O, summarized in
Table 1, and four different weld details, illustrated
in Figure 2. The surface of the welded joints is digitalized
by laser scanning profilometry (LSP) (series A to G and
O) and by stripe light projection (SLP) (series I to N).
However, for all series, the same evaluation algorithm,
the curvature method developed by Jung,*' was used.
The curvature method was later improved by Renken
et al.*’ Previous studies have shown that the curvature
algorithm was relatively robust and is able to determine
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TABLE 1 Overview of fatigue test series.
Fatigue
strength®
Base Welding Weld Load ratio  Load Number of (MPa) Slope

Name material process type R(-) type specimens k=3 k=free k() Ref.
Al $235 FCAW Single 0 T 30 77 86 2.69 0
Bl S$355 LH Single 0.5 T 10 124 83 5.98 3
B2 $355 LH Single 0 T 26 125 94 4.23 31
C1 A36 SAW Double -1 T 21 99 97 3.12 3
C2 A36 SAW Double 0 T 20 101 79 4.23 31
D1 A36 SAW Double 0 T 24 70 63 3.37 3
D2 A36 SAW Double 0.5 T 25 85 74 3.95 31
El S355 SAW Single 0.5 T 22 71 75 2.49 30
E2 S355 SAW Single 0 T 20 106 82 4.07 o
F1 S355 SAW Single 0.5 T 10 81 84 2.64 32
F2 S355 SAW Single 0 T 24 79 89 2.53 2
F3 S$355 SAW Single -1 T 15 111 123 2.51 32
G1 S500 FCAW Single 0 T 13 137 117 3.56 0
G2 S500 FCAW Single 0.5 T 21 72 74 2.87 30
H1 S960QL GMAW Cruciform 0.1 B 10 169 108 4.34 33,35
H2 S960QL GMAW Cruciform 0.5 B 10 138 117 3.68 35
1 S960QL GMAW Cruciform 0.1 B 9 210 127 4.69 3
2 S960QL GMAW Cruciform 0.5 B 9 159 100 5.36 35
n S$355J2 GMAW Cruciform 0.1 B 8 157 123 3.92 33,35
2 $355J2 GMAW Cruciform 0.5 B 8 127 120 3.31 »
K1 S355J2 GMAW Cruciform 0.1 B 7 225 150 5.22 »
K2 $355J2 GMAW Cruciform 0.5 B 7 156 116 5.05 »
L1 S960QL GMAW Cruciform 0.1 T 10 93 82 3.34 34
M1 S355J2 GMAW Cruciform 0.1 T 11 95 86 3.29 34
N1 S$355J2 GMAW Single 0.1 T 10 145 117 3.86 36
01 S355M GMAW T-joint 0.1 T 14 182 154 3.55

Note: Single, single V-butt joint; Double, double V-butt joint; Cruciform, cruciform joint; T, tension; B, bending.

“Evaluated at 2 x 10° load cycles and Py=2.5%.

the weld toe in a sufficient way with a wide range of
industry standard measurement solution.”® The point dis-
tance of the used measurement systems is ~0.025 mm/

pts.

3.3 | Statistical analysis

The use of the probabilistic fracture mechanics approach
for fatigue life assessment (see Section 5) requires the the-
oretical statistical distribution of the local geometrical
parameters. Most commonly used theoretical statistical
distributions are summarized in Table 2 according to

previous investigations.'”?® The most significant parame-
ters are the weld toe radius p, the flank angle @, and the
secondary notch depth ¢t according to Zerbst et al.*® The
geometrical variation of the global geometrical parame-
ters of leg length L, weld reinforcement height h, and
plate thickness T was neglected in this study. Studies by
Renken et al.”” showed that the variation of L is low com-
pared with p and a. Investigations by Braun et al.*®
showed that it is difficult to determine suitable distribu-
tion functions for the investigated weld geometry param-
eters (p, @, L, h, and t). The slight skewness of the
distribution of the flank angle a allows the assumption
that a normal distribution can be used, even if high
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FIGURE 2
parameters of different weld details:
(A) single V-butt joint, (B) double
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V-butt joint, (C) T-joint, and 2 a
(D) cruciform joint.>*° [Colour figure
can be viewed at wileyonlinelibrary.
com] L
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TABLE 2 Characteristics of the statistical distribution functions used in this study.
Normal distribution (N) Log-normal distribution (LN)
CDF P(x)=d(Xt) (€8] P(x) :q)(ln()c6)7u> )
Parameter estimation ~ L 3) ~ 1 (@)
A=y Xi A=13"In(x;)
i=1 i=1
~2 L 2 (5) ~2 z ~\2 (6)
—ﬁZ;(Xl—u) o =ﬁ2;(ln(Xi)—ﬂ)
i= i—
: - —~ o~ ~2
Mean and variance EX)=p @) B(X) = exp (ﬁ +%> 8)
ox=V35 © ox = \/(exp (3°) —1) - exp(2ii+35°) (10)
(A) ; Lognormal distribution (LN) 005 Normal distribt:}\iﬂoer(!‘(ql\:)) (B) .
08l pso (Median) 004 L &s0 “ ®Butt joint P90~
E 06 + w 0034+ #Fillet welds
o 044 @ 002+ T 61
0.2t 0.01 4 £
0 + + + + 0 T t + t%
0 05 1 15 2 25 0 20 40 60 80 3 4 aior 190
1 1 ®
— — ° . LN
S o8¢ . o T o8 3 — S
T 061 | 06 T, prol —i i
S ol ) g | T
O 02+ O 02 i__? - Y
0 ' j ' ' 0 f f f 0 : i ; :
0 0.5 1 1.5 2 2.5 0 20 40 60 80 0 10 20 40 50 60
p [mm] a[°] Flank angle a [°]
FIGURE 3 Statistical treatment of the geometrical parameters: (A) statistical distributions of weld toe radius p and flank angle a and

(B) overview of the evaluated geometrical parameters given in Table 3. [Colour figure can be viewed at wileyonlinelibrary.com]

kurtosis that means the tail of the real distribution of « is
wider.”® The corresponding cumulative density function
(CDF) is given in Table 2 (see Equation 1). The weld toe
radii seem to follow a skewed log-normal
distribution,>'***** with a CDF given in Table 2 (see
Equation 2). Examples of the statistical distribution

functions of CDF and probability density function (PDF)
of the geometrical parameters are illustrated in
Figure 3A. For the secondary notch depth ¢, different
methods of determination are given (see Section 5.1.2).
Braun et al.*® showed that the determination of ¢ by 3D
scans leads to highly skewed distributions because of the
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TABLE 3 Weld geometry of the specimens used in the fatigue tests.
Flank angle
Weld toe radius p a
Weld Plate Plate
Test EX) ox E(X) ox Weld attachment reinforcement width W thickness T
series (mm) (mm) Distribution (°) ©) length L (mm) h (mm) (mm) (mm)
Al 3.12 1.44 LN 26.24 641 128 2.0 40 10
B1, 2.71 2.98 LN 26.58 9.98 3.9 0.5 40 6
B2
C1, 1.50 0.41 LN 38.79 494 335 4.5 40 20
c2
D1, 1.48 0.36 LN 41.33 390 21.2 34 40 12
D2
El, 2.78 0.71 LN 25.64 4.52 18.2 2.0 40 10
E2
F1, 2.34 0.57 LN 27.85 391 231 1.8 40 16
F2,
F3
G1, 4.51 2.29 LN 20.66 6.84 19.8 1.5 40 10
G2
H1, 1.29 0.69 N 45.89 7.10 15.7 2.8 130 10
H2
11,12 0.88 0.13 N 19.08 521 251 2.8 130 10
J2,172 0.92 0.36 N 39.93 11.28 15.6 2.8 130 10
K1, 0.80 0.21 N 18.54 717 25.1 2.8 130 10
K2
L1 1.29 0.69 N 45.89 7.09 15.6 2.8 50 10
M1 0.92 0.36 N 39.93 11.28 15.6 2.8 50 10
N1 1.63 0.31 LN 10.57 7.78 12.8 2.0 50 10
01 3.23 1.16 LN 43.78 7.02 313 5.7 60 20

Note: Flank angle is always in normal distribution.
Abbreviations: LN, log-normal distribution; N, (Gaussian) normal distribution.

very small shape of ¢t compared with the resolution of the
measurement system. However, the determination of ¢
based on roughness profiles®® leads to nearly symmetrical
distributions.*® In this work, normal distributions are
used for the description of t.

The values for mean E(X) and variance 6x of the esti-
mated probability distributions for test series A to O are
summarized in Table 3 (note the different definitions for
normal and log-normal distributions, see Equation 3 to
10 in Table 2). For measurements performed by
Schubnell et al.,*® the determined normal distributions
were used for p. For newer evaluations, log-normal distri-
butions were used to describe p, and normal distributions
were used for @ and t, with their characteristic parame-
ters given in Table 2. The range of the geometrical
parameters p and « is illustrated in Figure 3B and shows
that a large overlap between butt joints and fillet welds
exists. The displayed scatter ranges from a cumulative

probability of P=10% to P=90% (written as p;q, Poos
ay, and ag); see Figure 3A for illustration. As shown,
the weld toe radii range from around 0.2 to 2.5 mm and
the flank angles range from 2° to 56°. As expected, the
mean values for the flank angle are higher for fillet welds
than for butt joints. However, test series I and K are
multi-layer welded joints and show a comparably low
flank angle for fillet welds.

4 | EXPERIMENTAL FATIGUE
STRENGTH DETERMINATION

Fatigue test data from all the test series mentioned in
Table 1 were reevaluated according to DIN
50100-2016-12* using the pearl string method. The S-N
curve with a survival probability of 50% is calculated
from the data by performing a linear regression of
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FIGURE 4 Overview of fatigue test data. [Colour figure can be viewed at wileyonlinelibrary.com]

Equation (11) for Cg and k, with N being the dependent
variable:
log(N) = log(Cp) —k - log(AS). (11)
The scatter is analyzed by projecting the data points
parallel to the obtained S-N curve onto a common ficti-
tious load level ASj, which gives a set of fictitious
fatigue life values Nz An estimation of the standard
deviation is calculated in Equation (12), using a correc-
tion as suggested by DIN 50100, with n being the number
of tests in the test series.

} 1 1 2
SIogN,corr = \/n_2 . <10gNiﬁct - ﬁ Z 10gNiﬁct>
n—1.74
n—2 '
(12)

The scatter value Ty is calculated from the standard
deviation using Equation (13):

TN — 1024564‘3‘10gN,mrr. (13)

As a characteristic value for the fatigue strength of a

test series, the 2.5% failure probability stress range at 2-

10° cycles AS, sy is calculated using Equation (14), where

—1.96 is the 2.5% quantile of the standard normal
distribution.

1

2-10° F 14
10%2 1OgNi,ﬁcl71-96‘~§logN,corr ' ( )

ASz.s% = ASﬁct' <

The database of this study is shown in Figure 4
and contains 26 test series with 14 different welded
joints and 390 single fatigue tests (excluding runouts).
The evaluated fatigue strength, according to the nomi-
nal stress approach and the inverse slope of the S-N
curves, is given in Table 1. The characteristic fatigue
strengths AS, sy range from 71 to 225MPa and cover a
large range of the FAT classes in the current version of
the ITW recommendation,* even if only welded joints in
as-welded condition are used for evaluation. The used
failure criterion was the final fracture of the specimen or
loss of specimen stiffness that correlates with
extensive crack depth (close to the thickness of the
specimen).

5 | PROBABILISTIC FRACTURE
MECHANICS ANALYSIS

Numerous studies have shown that the fatigue life of
the majority of materials under axial loading conditions
is mostly spent in the period of fatigue crack propaga-
tion, especially if the material state contains defects like
geometrical discontinuities (and obviously also for
welded joints).”® For these reasons, the fatigue life
assessment of welded joints is carried out using fracture
mechanics approaches assuming no, or a relatively
short, crack initiation phase. Probabilistic fracture
mechanics concepts can be used to describe the crack
propagation in material conditions where the stress
concentrations (and the geometrical discontinuous or
defects) are randomly distributed, as is assumed in the
base for welded joints.
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FIGURE 5 Schematic of modeling assumptions: (A) modeling of weld geometry,'” (B) evolution of the fatigue crack propagation

threshold in the short-crack regime, and (C) fatigue crack propagation rate in the long-crack regime as given in the IBESS approach.*

5.1 | The IBESS approach

The acronym IBESS stands for “Integrale Bruchmecha-
nische  Ermittlung der  Schwingfestigkeit von
Schweifiverbindungen” which, translated from the
German, means “integral fracture mechanics determina-
tion of the fatigue strength of welds.”*® This method was
developed by the German IBESS research cluster to cover
the basic mechanism and novel aspects of fatigue failure
of welded joints: crack propagation of mechanical/
physical short cracks, the phenomena of crack closure,
meaningful definition of the initial crack size, multiple
crack  propagations and  coalescence  between
multiple cracks, and the variation of the weld toe geome-
try, to mention the most important ones. For detailed
description, the reader may refer to Zerbst et al.*® or
Madia et al."”

51.1 | Modeling of the weld geometry

The modeling strategy adopted in the IBESS approach is
based on partitioning the weld toe in a finite number of
equidistant sections to reproduce the variation of the
local geometrical parameters, as shown in Figure 5A.
The weld toe radius p, the flank angle «, and the depth of
the secondary notch ¢ have been determined by semi-
random sampling from their statistical distributions per
each section. The term “semi-random” refers to the fact
that some limits in the random sampling have been set to
avoid sharp geometrical transitions from section to sec-
tion. In particular, the samples are chosen within a confi-
dence band of 80% (values with a cumulative probability
less than P=10% and greater than P=90% have been
discarded). Moreover, samples for adjacent sections are
alternately above and below the 50% cumulative proba-
bility to reproduce the waviness of the weld toe.'” This
modeling approach was proposed by Lecsek et al.*® A
section width of 1 mm was used in the current study,

which was similar to the proposed width of the evalua-
tion sections for 3D scans (also called slices) by Renken
etal.”’

5.1.2 | Modeling of initial defects

The values of the secondary notch depth ¢ can be deter-
mined by a roughness measurement based on ISO
4287:1997 but with some modification according to
Zerbst et al.*® From the large number of roughness
parameters defined there, the total height of the rough-
ness profile P, is chosen for specifying the secondary
notch depth ¢ near the weld toe. This characterizes the
maximum height of the assessed profile. The main differ-
ence from the standard is that only a close range next to
the weld toe is considered. For test series H to M and O,
where no secondary notches could be determined (fillet
welds), the initial crack size was determined based on the
P, value. For butt joints in the current studies, where sec-
ondary notches were determined the values of ¢ were
used as initial crack size. The initial crack sizes for each
test series are summarized in Table 4.

51.3 | Cyclic stress—strain behavior

The knowledge of the cyclic stress-strain behavior of the
material is of primary importance for the calculation of
the elastic—plastic crack driving force.'” It is assumed that
the cyclic stress—strain curve can be represented by the
Ramberg-Osgood equation:

o o\ /7
ea:E"Jr(E",) . (15)

In the case of the investigated welded joints, fatigue
cracks initiate at the weld toe and the cyclic properties of
the HAZ are relevant. For this reason, the parameters K’
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TABLE 4 Parameters of the

statistical distribution of the initial

. 7 9
FEEMS vy 1 VR

Initial crack depth a; (mm)

defect size (crack depth). Test series E(X) (mm)* 6x (mm)? Based on
Al 0.03 0.06 Undercut depth
B1, B2 0.07 0.08 Undercut depth
C1, C2 0.05 0.14 Undercut depth
D1, D2 0.07 0.02 Undercut depth
E1l, E2 0.03 0.03 Undercut depth
F1, F2, F3 0.05 0.05 Undercut depth
G1,G2 0.05 0.09 Undercut depth
H1, H2, 11, 12, J1, J2, K1, M1, L1 0.058 0.014 Roughness profile
01 0.088 0.039 Roughness profile

#According to normal distribution.

and n’ have to be determined for the HAZ. This can be
done by testing specimens with thermo-physically simu-
lated microstructure™*® or by several approximation.*’*
In this study, the approach according to Lopez and
Fatemi®® based on the Brinell hardness, already proposed
by Madia et al.,'” was used.

5.1.4 | Propagation of short cracks
In a fracture mechanics-based fatigue assessment, it is
crucial to consider the fatigue propagation threshold of a
growing crack. Usually, in a linear elastic fracture
mechanics approach, only the long-crack propagation
threshold AKy, 1 is considered. When dealing with the
fatigue crack propagation in the physically small crack
regime, it must be considered that the fatigue crack prop-
agation threshold AKy, is a function of the crack length
due to the development of the crack closure effects. In
the current version of the IBESS approach,'”*° the cyclic
R curve® was used to cover the fatigue crack propagation
in the physically small crack regime, where a power law
function®* was used for the fit of the threshold AKj,
illustrated in Figure 5B:

ARy {A Ad’+ AK gy for Aa<ayc, 16)

AKwm1c for Aa>aic,

where A and b are material-dependent parameters and
Aapc is the extension crack length from the physical
short- to long-crack regime. The lower bound of this
relation is AKy=AKuyeq, and the values of the
intrinsic  fatigue crack propagation threshold of
AKyop=27MPamm /> were used in this study.
According to Zerbst et al.,® the microstructure in the

HAZ strongly influences the crack propagation in
the physically small crack regime. For this reason, indi-
vidual values of the material parameters A and b were
used. The simple method proposed by Zerbst et al.>
based on the El-Haddad model® was used to estimate
these parameters depending on the values of AKyc.
This method introduces a new parameter, a*, which
accounts for the fact that AKy, = AKy .y when Aa=0:

Aa—+a*
AKy, = AK . 17
th thIC [ A Yo tag (17)

where qy is the El-Haddad parameter:

1 (AKpic\’
_1 Le) 18
Go=7 (tb-Aae (18)

in which Ao, is the fatigue limit range for smooth speci-
men. The fatigue limit range is estimated based on the
material's strength or hardness (see Section 5.1.6). A
shape factor of ®=0.728 was used.”* The additional
parameter in Equation (17) can be determined for AK, =
AKy, o at Aa =0 by the following equation:

(AKm,eff) 2
AKmc
P LTy (19)

2
1 _ AKth‘ejf
AKprc

The model was applied for a different stress ratio
according to Zerbst et al.*® (see Section 5.1.6). Finally, A
and b were determined by least squares fitting of
Equations (16) and (17).

For the sake of understanding the results of the
fatigue assessment, it is important to mention that the
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approximation of the fatigue crack growth resistance in
the short-crack regime (cyclic R curve) given by the mod-
ified El-Haddad model tends to overestimate the experi-
mental values. This leads to the important conclusion
that the effective crack driving force (AKg) is
underestimated and therefore the fatigue strength
overestimated.

5.1.5 | Propagation of long cracks

The fatigue crack propagation in the physically long-
crack regime in the IBESS procedure, illustrated in
Figure 5C, is described by the following equation:

da . AKth(a))p’ (20)

where AK.q is the effective stress intensity factor (SIF)
range including the crack closure factor U(a) (with
AK. s =AKU(a)). The parameter p is used for fitting
experimental data to the crack threshold regime and is
set to p =0.8 for all calculations in this study.

To determine the parameters of the physically long-
crack regime, the database of the IBESS cluster was used
for the base material of S355NL and S960 for different
stress ratios (see Figure 6). The values for C and m are
calculated according to ASTM E647°° and documented in
Table 5. The SIF in this study was calculated according to
the solution of Wang and Lambert>® (i.e., a weight func-
tion approach for semi-elliptical surface cracks).

5.1.6 | Fatigue limit

In the IBESS procedure, the determination of the endur-
ance or fatigue limit of the material is essential to the cal-
culation of the critical initial crack size in cases of

Crack propagation curve for steel (A) S355 and (B) S960 for different stress ratios. [Colour figure can be viewed at

flawless materials.'” The fatigue limit needs either to be
determined by experiments or estimated by the following
relation:

6.~0.45R,, ~1.6 HV forR= —1witho, = Ac,/2, (21)

being valid for a limited range of R, < 1400 MPa and
HV < 400 according to the FKM guideline,” where R,, is
the material's tensile strength and HV is the Vickers
hardness. With respect to the fatigue limit range Ao, (see
Equation 18), a conversion to a different stress ratio R
must be carried out such as is usual in fatigue calcula-
tions. An option is provided by the Haigh approach, for
example, using Goodman's equation:

c.(R=-1)
(1 + (Y(R>'61ee(5:*1)>) ’

ca(R) = (22)

with y(R) being a conversion factor, which can simply be
determined as

y=—=—. (23)

In this study, the conversion factors y = 0 for R = —1,
y=1for R=0and R=0.1, and y = 3 for R = 0.5 were
used according to Zerbst et al.*® In line with the pre-
sented approach for the estimation of the parameters A
and b (see Equations 16 to 19), the effect of different
stress ratios R and mean stress is considered.

5.1.7 |
stresses

Consideration of welding residual

The consideration of welding residual stresses in the
IBESS approach was proposed by Hensel et al.” and
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TABLE 5 Input parameters for the IBESS approach.

Cyclic 6-¢ curve

Parameter for cyclic R curve

. : 1
ﬁi dm Ezgig::eﬁngﬁ;;erig:s & Structures _WI L E Y

Paris law constants

Test series K (MPa) n' (MPa) AKgrc (MPam'/?) A() b() log10(C) (MPa m'/?) m(-)
A1? 1184 0.212 6.00 3.260 0.321 —8.010 2.71
Bl 1557 0.173 3.52 0.685 0.321 —8.066 2.97
B2 6.00 3.260 0.320

C1 1355 0.192 12.36 9.012 0.299

C2 1355 0.192 6.00 2.406 0.395

D1 1305 0.198 6.00 2.871 0.313

D2 3.52 0.603 0.398

El 1378 0.190 3.52 0.633 0.371

E2 6.00 3.079 0.322

F1 1538 0.174 3.52 0.681 0.326

F2 6.00 3.557 0.341

F3 12.36 9.012 0.299

G1?* 1541 0.175 8.30 6.424 0.332 —8.106 2.93
G2* 5.40 5.672 0.202

H1, 11 1433 0.048 4.67 3.237 0.328 —7.883 2.61
H2, 12 4.07 1.731 0.360

J1 1119 0.109 6.00 4.137 0.347 —8.066 2.97
J2 3.52 0.776 0.335

K1 1643 0.165 6.00 3.812 0.341

K2 3.52 0.722 0.324 —8.066 2.97
L1 1433 0.048 4.67 3.237 0.328 —7.883 2.61
M1 1119 0.109 6.00 4137 0.347 —8.066 2.97
N1 1432 0.184 6.00 3.238 0.329

01 1507 0.177 6.00 3.448 0.335

Estimated from the FKM guideline.™

described by Zerbst et al.*® In general, residual stresses
can be considered as additional mean stresses if they
are stable over a large portion of the lifetime. However,
detailed knowledge about the residual stress distribu-
tion through thickness is necessary as well as knowl-
edge about the behavior of the residual stress under
cyclic loading. In nearly all the welded joints investi-
gated, this information was not available. Residual
stress measurements by X-ray diffraction of test series
H to M* and N*° in as-welded conditions showed a
low residual stress level at the surface of the weld toe.
However, numerical assessment of the residual stresses
by structural welding simulation of welded joints H to
M?* showed a higher tensile residual stress level below
the surface layer. Because of the mentioned uncer-
tainties, welding residual stresses are not considered in
the current study.

5.1.8 | Simulation algorithm

According to the IBESS approach, fatigue tests under
constant loading were simulated for different load levels
taken from the experimental S-N curves (see Figure 7).
Geometrical parameters were taken into account through
statistical distribution of the weld geometry (see Sec-
tions 5.1.1 and 5.1.2). Fatigue crack growth was calcu-
lated for the physically short- and long-crack regime (see
Sections 5.1.4 and 5.1.5), under consideration of crack
coalescence. The best way of carrying out a full probabi-
listic fatigue assessment considering the statistical distri-
butions of geometrical and material parameters is to
adopt a simulation technique similar to the Monte Carlo
method. This is implemented in the IBESS procedure,
whereby a new weld toe geometry is generated by ran-
dom sampling for each simulation. Due to the high
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computational effort required, 20 simulated fatigue test
results were calculated. This number ensures a lower rate
of statistical error compared to the evaluation of the
experimental tests. The fatigue test results are uniformly
distributed over at least five load levels. A minimum ratio
between the highest and lowest load level of a fatigue test
series of at least 1.2 according to Haibach®” was used.
After the simulated fatigue test had been calculated, the
same statistical evolution was performed for the experi-
mental fatigue test results (see Section 4).

5.2 | Comparison with
experimental data

A comparison between the experimentally determined
S-N curves and S-N curves calculated by the IBESS
approach was performed. For this, the characteristic
values of fatigue strength ASsyy (nominal stress range at
2 x 10° load cycles and Py =50%), fatigue strength AS, s
(nominal stress range at 2x10° load cycles and
Pr=2.5%), inverse slope k, and scatter range Ty (see

©

(o) T

Probabilistic
g’ .- S-N curve
> e

eeso
0000
log N¢

Section 4) were compared based on the experimental
results (Exp) and the results calculated by the IBESS
approach. The comparison is illustrated in Figure 8A-D
As shown, the IBESS approach ranges from an underesti-
mation of ASsyy of —18% (test series O1) to an overesti-
mation of 180% (test series C1) (see Figure 8A). Good
agreement (with a difference of less than 30%) was deter-
mined for test series B1, B2, C2, D2, F1, F2, G1, H1, H2,
11, 12, J1, J2, K1, K2, N1, and O1, which represent around
70% of the experimental data. For all test series with R=
0.5 and for all test series of cruciform joints and T-joints,
good correlation was determined between experimental
values and the values calculated by the IBESS approach.
Very high disagreement was determined for test series C1
and F3 tested at R=—1. AS, 59, was overestimated by the
IBESS approach compared with experimental values (see
Figure 8B). This is related to the underestimation of the
scatter range Ty, shown in Figure 8C. Only for test series
B1, B2, D1, D2, F1, K1, M1, N1, J1, and O1 was a good
correlation determined (with a difference of less than
30%). These experimental test series show a comparably
low scatter range of Ty <2.1. In general, all values of Ty
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calculated by the IBESS approach were lower than 1.7,
while values of Ty determined from the experimental
values range from 1.63 to 6.59. Regarding the evaluated
inverse slope k, good agreement was determined for most
of the calculated test series. Only test series Al, D1, E1,
F1, F2, G2, and O1 show higher deviation of more than
30%. For nearly all test series with a high agreement of k,
a high agreement of ASsyy, was also determined.

6 | LOCAL WELD GEOMETRY
VERSUS FATIGUE STRENGTH

As mentioned, it is trivial that the local geometry at the
weld toe strongly affects the local stress concentration
and the fatigue strength of the welded joint. The relation
between the single geometrical parameter (p,a,t,andh)
and the fatigue strength is investigated by Schork et al.*®
for theoretical values of p,a,t,and h. In this study, how-
ever, the investigations were performed using real values
for the geometrical parameters and fatigue strength (see
Tables 3 and 5). The results are displayed in Figure 9.

2 4
Inversal slope k (Exp.) [MPa]

Correlation of experimental vs. calculated (IBESS) values of (A) ASsoy, (B) ASg7 5%, (C) Tn, and (D) k. [Colour figure can be

Values of AS, sy evaluated with a fixed slope of k=3
according to the ITW recommendation® are used. For
comparison with the IIW FAT classes, the evaluated
fatigue strength AS,sy; (k=3) was corrected by the
enhancement factor f(R), proposed by the IIW
recommendation,”  with  AS,sy (k=3)/f(R)  for
—1>R>0.5. For test series H to M, low residual stresses
ores at the weld toe were determined (o,.; < 0.2 6y, Where
oy is the yield strength of the base material), the
enhancement factor  were determined  with
f(R)=—0.4R—1.2. For all other test series, a medium
residual stress level was assumed, with
f(R)=—0.4R —0.9. The corrected values of AS, sy, (k=3)
were plotted against the mean values of the geometrical
parameter weld toe radius ps,, weld toe angle asy, and
secondary notch depth tso (if ¢t could be determined from
3D scans) (see Figure 9). Furthermore, the values of p,,
ag, and tgy were plotted, which belong to a cumulative
probability of P=10% or P =90% based on the used nor-
mal distribution or log-normal distribution. The values
were calculated according to Equations (1) and (2)
(e.g., with P(x) =0.1 for p,,). This accounts for the fact

25UB011] SUOLULLIOD AR 3|01 ke aU) Aq peuenob a2 SOoILE VO 88N J0 SN 10 ATIGIT BUIIUO AB]1A IO (SUO 1 IPUOD-PUE-SWLBYWOD" /B |1 ARG 1pUIUO//SAIY) SUOIPUOD PUE SWLB 1 8} 395 [£20Z/0T/ET ] Uo ARiq 1T 8UIIUO AB1IM ‘AUBLLIBS BLRILO0D) Ad 0LTYT@4)/TTTTOT/I0p/W00 A3 | I ARG PUIUO//SANY OIS POPROJUMOQ ‘0 ‘G69Z09YT


http://wileyonlinelibrary.com

14 | W a ,» Fatigue & Fracture of SCHUBNELL et AL.
l LEY ‘ ‘ Engineering Materials & Structures
(a0 (B)140
— ° o < L
& — FAT125— ® ° g F— FAT125— e d
S 120 £ o ° ] 2 120 ¢ ° .
< —FATIIZ— . . ° ° = - FAT”Z_O 0:.,_ .
2100 § . .® ° ° 2100 £ o® gy .
3 -FaTo0—  ® o ° 3 [-FATOO— e e o
80 + o 80+ B8R e
ga:o ® o o4 .3 e 8 o0 o4 o © gﬂ 3 ﬁ :’f %’0 ..... 2. (Y
T go fFates— § 8 e IO
2 2
g g
% 40 T % 40 4
] ® pio 2
£ £ ® ag
g 20 T e g + A 0 pso (Mean) g 20 T [ + A 0 aso (Mean)
e A1-01 z [ A1-O1 50
0 : + + + + 0 + + + + +
0 0,25 0,5 0,75 1 1,25 1,5 0 10 20 30 40 50 60
Weld toe radius p [mm] Flank angle a [°]
(C) 140 (D)140
—_ o o
© _ o ° © _ o o
€ 120§ FAT125 8 £ 120 £ FAT125 o 8
= —FATIIZ— ° = - FAT112— ¢ o
< .
& 100 o© %100 ° °
9 —FATOO—— ®© 4 — FAT90—— ... °
so{ 8 M Sef T 2.8
:é:)‘) . 0 o L .: & :" ............ d ®
S g0 JFATEs—$ § o [-FATe3— (3
a ")
o o
7 40 + 5 40 1
c ® Butt joints @ ! @ Butt joints
£ 20+ é £ 20+ L
§ A1-01 é OFillet welds 5 A—O1 oFillet welds
z 0 t t r ' ' Z 9 } } } } }
0 0,25 0,5 0,75 1 1,25 1,5 0 10 20 30 40 50 60
Weld toe radius p_10 Flank angle @_90 [°]
(E)14o (F)140 °
= ® iy © o
© — FAT125— & — FAT125—
& 120 120 + o
2 —FAT112— © tso (Mean) Eo ~ FAT112— g° °
£ 100 £ ° o %100 1 og
4 —FATO0—— ) —FATOO—— @,
< gt 8 & H s D § O
% 8 8og P e® g ° g @ o Tt o
& 60 [FATI—8 ©° e H E 6o [-FATES— 08
-
g g
S 40t 5 o407
E ©
£ 204 £ 204 _L
e g € g
5 A1-G2 putt joints) 5 A1-01 +
z o0 ' . . . Z 0 . . ' . .
0 0,05 0,1 0,15 0,2 0,25 1,0 15 2,0 2,5 3,0 3,5 4,0
Undercut depth t_90 [mm] SCF (Mean) [-]
FIGURE 9 Correlation of experimentally determined fatigue strength with different geometrical parameters: (A) flank angle and

(B) weld toe radius for all test series (A1l to O1), (C) flank angle and (D) weld toe radius for the test series with R = 0.5, and (E) the undercut
depth and (F) the mean SCF. [Colour figure can be viewed at wileyonlinelibrary.com]|

that fatigue cracks start from locations with high stress
concentrations, and it is assumed that mean values of
geometrical parameters do not represent locations with
high stress concentrations. Note that the values of p,, are
lower than the mean value p5,. While the values agy and
too are higher than the mean value asp and tsy because a
higher flank angle and secondary notch depth lead to an
increase in the SCF, lower values of the weld toe radius
lead to an increase in the SCF as well.

While Figure 9A shows a high scatter of the weld toe
radius with nearly no correlation to the fatigue strength,
an increase in the fatigue strength AS, sy is shown for
increasing values of the flank angle (see Figure 9B).
Regarding the relation of agy ~ AS, sy, for butt joints and
fillet welds (see Figure 9D), an increasing trend was
observed. For butt joints with a comparably low flank

angle agp ~20°, the trend line is close to the class FAT
90, while a value of agy ~45° is close to FAT 71. For the
secondary notch depth ¢, no increasing trend was deter-
mined (see Figure 9E). Additionally, the SCF was also
plotted against AS,sy (see Figure 9F). The solution
according to Kiyak et al.* was used for the calculation of
SCF with the mean values of p and a. As shown, a
decreasing trend of AS,sy with increasing SCF was
observed over all test series. Following the trend line, a
value of SCF~1.6 in mean falls in the range of FAT
100, while a value of SCF~ 3.6 corresponds with the
FAT 63. However, in general, it is clearly shown that a
high scatter in the data, especially for the weld toe radius
and secondary notch depth, makes interpretations very
difficult. Lower scatter is observed in the flank angle
and SCF.
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calculated by the IBESS approach. [Colour figure can be viewed at wileyonlinelibrary.com]

For further investigations regarding the correlation of
geometrical parameters and fatigue strength, the IBESS
approach was used, as plotted in Figure 10. The mean
SCF was also calculated and displayed in brackets in the
same graph. Calculations were made with the data of
four test series (B1, D2, J2, and H2) that show less devia-
tion with experimentally determined values of AS, sy,
ASsy%, and Ty (see Section 5.2). All test series were tested
with a stress ratio of R=0.5. Calculations were made
using the IBESS approach by varying the mean value of
weld toe radius p and flank angle a. All other parameters
were constant. The weld toe radius was varied over the
complete range of the used SCF solution® from
0.01<p/T <0.4, and the weld flank angle was varied in
the range of 10° < a < 60°.

A decrease in the weld toe radius leads to a lower
increase of AS, sy for test series Bl (single V-butt joint)
compared with test series D2 (double V-butt joint) (see
Figure 10A). For low values of p, AS,sy is close to
FAT100 for B1 and FAT90 for D2. The stronger increase
of AS, sy correlates also with the higher SCF for D2 com-
pared with B1. Similar results are displayed in Figure 10B
for test series B1 and D2 under variation of a5y when ps,
was constant. Again, in this case, the change of AS, s¢; is
higher for D2 than for Bl, which correlates with the

higher change in the SCF. For high values of as, of 60°,
the AS, sy is close to FAT112 for B1 and FAT90 for D2.
For the two cruciform joints test series J2 and H2, the cal-
culations are displayed in Figure 10C and Figure 10D. It
is shown that the curves of AS, 5o, are mostly parallel for
both test series, corresponding to the similar SCF for both
cases. The changes of AS, sy are related to the different
material properties for J2 (S355J2+N) and H2 (S960QL).
Similar to the calculations of test series B1 and D2, a vari-
ation in the weld toe radius seems to have a higher influ-
ence on AS, sy than a variation in the weld flank angle.
Furthermore, throughout the four tests series B1, D2, J2,
and H2, it is shown that for a mean weld toe radius of
pso>2mm no significant change of AS,sy was deter-
mined. For the mean flank angle, the larger deviation
was determined for asqy < 30°.

7 | DISCUSSION

Fatigue tests were simulated using the IBESS approach
for 26 different test series covering four different weld
details, different base materials, different weld geometry,
and different load types and stress ratios R. The best
agreement was reached for the simulations with R=0.5,
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whereas the worst results were obtained for R=—1. It is
assumed that this is related to the assumptions made for
some important input parameters, particularly the cyclic
R curve, as mentioned in Section 5.1.4. The authors sus-
pect that the higher crack propagation resistance associ-
ated to the El-Haddad model and therefore the lower
effective crack driving force are the most reasonable
explanation for the overestimation of the fatigue strength.
This would explain the good results obtained for the
higher stress ratios, where the closure effects are vanish-
ingly small. A further reason could reside in the omission
of residual stresses for the IBESS simulations in this
study (see Section 5.1.6). In some of the test series (H to
N), a low residual stress level (at least at the surface) was
determined; for these test series, good agreement was also
determined for lower load rations of R=0.1. In combina-
tion, the need for accurate residual through-thickness
stress profiles and the behavior of the residual stresses
under cyclic loading for every specimen require a high
experimental effort.”® However, for a practical consider-
ation of welding residual stresses in this approach, a
mean stress correction proposed by Hensel et al.>® and
Hensel®® may be possible and should be considered for
further investigations.

In general, it is shown that the assumptions made in
this study lead to the overestimation of the fatigue life
and fatigue strength of welded joints. Furthermore, there
are intrinsic modeling assumptions in the IBESS proce-
dure that should be discussed. First, it should be men-
tioned that the IBESS approach was developed for butt
joints, including the used solution for the calculation of
the SCF and through-thickness stress distribution® and
the used solution for the SIF.>® Regarding the SCF solu-
tion, however, it was already successfully applied for cru-
ciform joints as well by Madia et al.'” Regarding the SIF
solution, however, it is assumed that the solution for
semi-elliptic cracks in flat plates is satisfying the condi-
tion for butt joints with a comparably low weld height.
For T-joints or cruciform joints, the stiffness is obviously
higher, and the solution may underestimate the SIF fac-
tor. This may explain the trend toward non-conservative
results. Thus, the IBESS simulation of test series H to M
and O (cruciform joints and T-joints) showed good agree-
ment with the experimental results. However, it could
not exclude that a systematic underestimation of the geo-
metrical parameter from the 3D scans (especially the
weld toe radius p) is also responsible for the non-
conservative trend in IBESS simulations.

For nearly every simulated test series with the IBESS
approach, an underestimation of the scatter range Ty
was observed. It can be assumed that this is related to the
input data, especially to the scatter of the geometrical
parameter weld toe radius p, flank angle @, secondary

notch depth ¢, or the initial crack depth a;. Comparison
between simulated fatigue tests using the IBESS
approach and experimental fatigue tests showed that the
simulated results produced a lower scatter than
the experimental results."” The limited resolution of the
measurement system may lead to an overestimation of
the evaluated parameter and to non-conservative results
regarding the simulated fatigue tests, especially if the geo-
metrical features are small like the weld toe radius and
the secondary notch depth, as mentioned already by
Schubnell et al.*® and Braun et al.*® Another factor that
leads to an underestimation of the scatter in the used
approach is the differences in the theoretical statistical
distributions that tend to eliminate outliers. Braun et al.*®
already mentioned that the used statistical distributions
are not able in every case to describe the real distribu-
tions with an acceptable accuracy. Furthermore, the scat-
ter of the material properties has not been considered,
which could have a remarkable influence on the scatter
of the predictions, especially considering the scatter in
the crack propagation data. Last but not least, the misa-
lignment and the angular distortion were not considered
in the calculations.

Regarding the numerically calculated correlation
between geometrical parameters and the evaluated
fatigue strength (see Figure 10), it is clearly shown that a
change in the weld toe radius p has a higher influence on
the fatigue strength in the simulations than the flank
angle a. Schork et al.'® showed that the influence of the
weld toe radius p depends especially on the depth of
the secondary notch.

However, in the mentioned study, it is also shown
that for a low secondary notch depth, no significant influ-
ence on the fatigue strength of welded joints was deter-
mined if the weld toe radius p > 2 mm, similar to the
results of this study. It is also shown that the majority of
the determined weld toe radii are below a value of p < 2,
with mean values of p = 0.86 mm over test series A to
O. Thus, it is questionable if a weld toe radius of
p >4 mm is really applicable in the ISO 5817:2014** and
the STD 181-0004>* standards. Regarding the flank angle
a, however, a value of a<30° (for butt joints) for the
highest quality class B125 in ISO 5817:2014 seems mean-
ingful according to the results of this study, because
above these values, a stronger decrease in the fatigue
strength was observed.

According to the authors, the IBESS approac
combined with previous work?>?*’ regarding the evalua-
tion of geometrical parameter and statistical evaluation®®
is a good method for the fatigue assessment of welding
joints based on their individual geometry and material
properties and can help to decrease the strong conserva-
tism regarding the fatigue design of welded joints and

h17,26
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components by using individual geometry and material
properties. However, this approach needs a large number
of input parameters: geometrical parameters (p,a,t) and
their statistical distributions, material constants for short-
crack (A,b,AKy ) and long-crack propagation models
(C,m,AK;c) and cyclic stress strain behavior (K',n’,E),
and fatigue limit (6.). Thus, some parameters could easily
be approximated (A,b,AKpe,K',n',E) according to
Zerbst et al.°* and Lopez and Fatemi,” or taken from
guidelines (C,m,AK;c,0,.) like the FKM™ or IIW guide-
lines.* Nevertheless, the approximations must be checked
carefully, as it is demonstrated in this study that some
modeling assumptions could lead to non-conservative
predictions of the fatigue strength. The highest effort is
needed for the determination of the geometrical parame-
ters (p,a,t). No standardized method exists currently for
their determination. It is recommended that further
attention should be paid regarding this issue.

8 | CONCLUSIONS

A method is proposed and tested in this study for the
probabilistic fatigue assessment of welded joints based on
their individual geometrical parameters using a combina-
tion of methods from previous studies.'”***”*® The geo-
metrical parameters were evaluated from 3D surface
scans of 26 test series from previous studies®>® of
welded joints.

The study focused on a comprehensive comparison
between the experimental results and the calculated
results of the IBESS approach. For this comparison, the
characteristics of the S—-N curve AS, sy, ASsoy (nominal
stress range AS at 2 x 10° load cycles and a failure proba-
bility of Py = 50%), scatter range Ty, and slope k were
compared. The following conclusions can be drawn:

+ Given the assumptions made in this investigation, the
IBESS approach tended to overestimate the fatigue
strength AS, s¢, of welded joints for load ratios R <0.5.
For R=0.5, good agreement with experimental values
was determined for all types of the investigated welded
joints (butt joints as well as cruciform and T-joints).
The use of a simplified model for the description of the
fatigue crack growth resistance is the explanation for
the non-conservative results.

« The calculated slope k was in good agreement with the
experimental determined slope. For 18 out of 26 calcu-
lations the slope was within a range of +50% compared
with the slope evaluated from experimental fatigue
test. The non-consideration of residual stresses may
also explain some differences, as well as differences in
the material properties (C,m,AK|c,0.).

. . 17
EFEEMS vy 1 VR .

« The scatter range Ty was underestimated for every cal-
culated test series in this study. This underestimation
is directly related to an overestimation of AS, 5;,. How-
ever, for some test series with a comparable low scatter
range of Txn >2, good agreement with experimental
values was reached. Furthermore, it should be men-
tioned that the underestimation of the scatter in the
simulated fatigue test could also be related to an
underestimation of the scatter of the geometrical
parameters and the initial crack depth.

The empirical correlation between the geometrical
parameters and the fatigue strength was also investigated
in this study, and the following conclusions can be
drawn:

« No strong correlation of the weld toe radius with the
fatigue strength (p ~ AS,s) was determined. There-
fore, it is not clear if this scatter regarding the weld toe
radius p is reflected in the scatter of the fatigue lives.
Issues related to the different measurement systems
and parameters used make the interpretation of the
results difficult.

« Regarding the correlation of flank angle and fatigue
strength (a~ AS,s%), a clear trend was observed. For
butt joints, a flank angle of a~20° correlates with the
fatigue class FAT90 while a flank angle of a=x45° cor-
relates with FAT71.

« No increasing trend was observed for the correlation of
the secondary notch or undercut depth ¢ with the
fatigue strength. However, it is assumed that this is
related to the fact that the used theoretical normal dis-
tributions do not represent the real (skewed) distribu-
tion (see Braun et al.*®). Furthermore, it should be
mentioned that according to previous work,'® a higher
influence of ¢ than of p and a was strongly assumed.
However, the evaluation of ¢ from 3D scans is perhaps
related to a higher error because this geometrical fea-
ture is comparably small to typical scanning
resolutions.

Further calculations using the IBESS approach with
different weld toe radius p and flank angle @ showed that
the evaluated fatigue strength AS, sy does not signifi-
cantly change for values p >2mm and for values a < 30°.
The influence of p seems much higher than the influence
of a, similar to the results of previous investigations.'®

In summary, this study poses the problem of the qual-
ity of the input data for modeling the fatigue life of weld-
ments. In fact, a fracture mechanics model such as the
IBESS procedure which encloses the most relevant
modeling aspects and considers the local weld geometry
can overestimate the fatigue life and fatigue strength of
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welded joints in some cases. The main reason is attrib-
uted to an overestimation of the crack propagation
threshold in the short-crack regime which is a crucial
material input for the correct estimation of the effective
crack driving force. It is recommended that further inves-
tigations focus on this issue. Also, global distortions and
misalignment should be considered in the future in this
approach for the fatigue design of larger components and
assemblies. Furthermore, it should be mentioned that
developing a standardized procedure for the evaluation
of geometrical parameters of welded joints may be an
important factor in further generation of a database of
these parameters to be used in fatigue assessments by this
probabilistic method.
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