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Abstract
In 2016, the International Institute ofWelding (IIW) published a recommendation for high-frequency mechanical impact (HFMI)
treatment for improving the fatigue strength of welded joints. Since the publication of the HFMI recommendations, numerous of
studies have been published with a considerable amount of new fatigue test data focusing on various aspects of the improvement;
influence of base material yield strength, and loading and thickness effects. Since the data was scarce covering some of the
aspects when the recommendation was published, re-evaluating the recommendation with these new test data, presented within
this work, will further validate and extend the recommendations. The analysis reveals that the recommended improvement of
fatigue classes based on the base material yield strength is well applicable. In addition, the reduction of fatigue classes for higher
R-ratios up to the defined value of R = 0.52 is well considered. Finally, the practicability of the thickness correction factor is also
confirmed by leading to a conservative fatigue assessment. The ratio of the statistically evaluated FAT class to the recommended
value is shown to be conservative with a value of above one for almost every data set; however, even the ratio is below one in
some minor cases, every single test data point in this study is assessed conservatively validating the applicability of the
recommendation.
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1 Introduction

Weld toe improvement methods have been widely investigat-
ed and have in most cases been found to give substantial
increases in fatigue strength. However, there are large varia-
tions in the actual improvements achieved and clear depen-
dency of the base material yield strength. According to the
IIW recommendation [1], the fatigue strength of welded steel
joints is generally independent of the base material’s yield
strength in the as-welded condition. However, when post-

weld improvement techniques are used with the target of en-
hancing the fatigue strength, there is a clear observation of that
an increase in yield strength of the base material will render an
increase of the fatigue strength for some post-weld improve-
ment techniques investigated. This has been addressed in the
IIW recommendations on improvement techniques in 2013
[2] for selected methods such as burr grinding [3], TIG dress-
ing [4], and hammer [5] and needle peening [6]. These im-
provement techniques could be divided into two different
groups, mainly depending on the type of improvement: resid-
ual stress modification (hammer and needle peening) or geo-
metrical modification (burr grinding and TIG dressing).

Haagensen and Maddox [2] recommend up to 30% en-
hancement of the fatigue strength for geometry modification
techniques and up to 30% for fy < 355 MPa and up to 50% for
fy > 355 MPa, assuming a S/N slope of m = 3 for all welded
joints. This fatigue strength improvement revealed to be too
conservative for residual stress modification techniques, in
particular for high-frequency mechanical impact (HFMI)
treatment methods. Figure 1 provides an overview of different
improvement techniques on the market today. Green is

Recommended for publication by Commission XIII - Fatigue of Welded
Components and Structures

* M. Leitner
martin.leitner@unileoben.ac.at

1 Department Product Engineering, Chair of Mechanical Engineering,
Montanuniversität Leoben, Leoben, Austria

2 Department of Aeronautical and Vehicle Engineering, KTH Royal
Institute of Technology, Stockholm, Sweden

https://doi.org/10.1007/s40194-020-00914-2

/ Published online: 13 May 2020

Welding in the World (2020) 64:1245–1259

http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-020-00914-2&domain=pdf
http://orcid.org/0000-0002-3530-1183
mailto:martin.leitner@unileoben.ac.at


covered by IIW recommendations [1, 2]; red is planned and/or
in progress.

HFMI has emerged as a reliable, effective as well as user-
friendly method for post-weld fatigue strength improvement
technique for welded structures. It has been shown in numer-
ous of studies [7–10] that the compressive residual stresses
introduced by HFMI, due to impacted material is highly plas-
tically deformed causing changes in the material microstruc-
ture and the local geometry, are in the range of the base ma-
terial yield stress magnitude. It has also been demonstrated
that the compressive residual stresses are stable during fatigue
loading, with moderate relaxation [11, 12]. The HFMI tech-
niques have been demonstrated to be suitable to improve the
fatigue strength of large/infra welded structures [13] and an
alternative method for extending the life and rehabilitation of
welded structures in service [14].

In 2016, IIW published [15] a recommendation for HFMI
for improving the fatigue strength of welded joints. The rec-
ommendation presents a guideline on proper treatment

procedures, quality control measures, and fatigue strength im-
provement assessment based on nominal, hot spot, and effec-
tive notch stress methods. It also includes detailed recommen-
dation on the effect of base yield strength, loading conditions,
thickness effects, variable amplitude loading, low cycle fa-
tigue, and consideration of low-stress concentration. It is
mainly based on fatigue test data presented in IIW
Commission XIII documents during the period 2002–2012
reporting HFMI technology or experimental studies involving
HFMI based fatigue strength improvement.

One of the key features of the HFMI recommendations
[15] is the increase of the fatigue strength as function of
the base material yield strength; approximately 12.5% in-
crease in fatigue strength with an increase of 200 MPa in
yield strength assuming a S/N slope of m = 5 for all
joints. The recommendation covers structural steels ranging
from 235 to > 950 in fy (MPa). Figure 2 shows the “stair-
case” improvement in number of FAT classes as function
of fy for HFMI-treated welds [15] as well as for needle
and hammer peened welds [2].

Fig. 1 Overview of different weld improvement techniques
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Fig. 2 “Staircase” improvement for HFMI-treated welds [15]

Table 1 Minimum reduction in the number of FAT classes in fatigue
strength improvement for HFMI-treated welded joints based on R-ratio
[15]

R-ratio Minimum FAT class reduction

R ≤ 0.15 No reduction due to stress ratio

0.15 < R ≤ 0.28 One FAT class reduction

0.28 < R ≤ 0.4 Two FAT classes reduction

0.4 < R ≤ 0.52 Three FAT classes reduction

0.52 < R No data available. The degree of
improvement must be confirmed by testing
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The HFMI recommendation [15] also provides design
guidelines for loading effects and R-ratio. For welded struc-
tures improved by HFMI, the techniques are not suitable for
R > 0.5 or when σmax > 0.8 fy. These restrictions are intended
to influence the fatigue design assessment of structures when
the beneficial compressive residual stress state due to post
weld improvement may not be stable. HFMI-treated welds
can have up to 8 FAT classes of improvement depending on
the material strength and welded joint geometry. The stress
ratio influence is expressed as a “penalty” with respect to the
maximum increase in the number of FAT classes as a function
of fy. These reduction factors are presented in Table 1.

The design proposal for HFMI is applied to plate thick-
nesses of teff = 5–50 mm. Plate thickness and weld size

influence the local stress concentration at the weld toe, and
assessment with nominal (and hot-spot) stress method re-
quires thickness reduction factor for plate thicknesses exceed-
ing teff = 25 mm. The reduction factor is presented in
Hobbacher [1]. This thickness correction factor f(t) for toe
ground joints is given in Eq. (1):

f tð Þ ¼ 25

teff

� �0:2

ð1Þ

where teff = L/2 for L/t < 2 and teff = t for L/t ≥ 2. As seen in
Fig. 3, L is the sum of the thickness or length of the attachment
and the weld leg lengths.

Since the publication of the HFMI recommendations [15],
numerous of studies have been published with a considerable
amount of new fatigue test data focusing on various aspects of
the improvement: base material yield strength effect, loading
effect, and thickness effect. Since the data was scarce covering
some of the aspects when the recommendation was published,
re-evaluating the recommendation with these new test data,
presented in Sect. 2, will further validate and extend the rec-
ommendations. More precisely, the current study aims to val-
idate and extend recommendations of abovementioned effects
based on new experimental data.

Fig. 3 Definition of L used to determine the thickness correction factor [1]

Table 2 Overview of fatigue test
data sets Data set Reference Specimen type Yield strength

[MPa]
Thickness [mm] R-ratio [−] Load type

#1 [19] Butt joint 1100 6 0.1 Tensile

#2 [20] Butt joint 1100 6 0.1 Tensile

#3 [21] Overlap joint 1100 6 0.1 Tensile

#4 [21] Overlap joint 1300 4 0.1 Tensile

#5 [21] T-joint 1100 6 0.1 Tensile

#6 [21] T-joint 1300 4 0.1 Tensile

#7 [21] Long. stiffener 1100 6 0.1 Tensile

#8 [21] Long. stiffener 1300 4 0.1 Tensile

#9 [22] Long. stiffener 575 12 0.00–0.15 Tensile

#10 [22] Long. stiffener 575 12 0.16–0.34 Tensile

#11 [22] Long. stiffener 575 12 0.35–0.50 Tensile

#12 [22] Long. stiffener 575 12 0.51–0.60 Tensile

#13 [22] Long. stiffener 575 12 > 0.60 Tensile

#14 [23] Butt joint 355 30 0.1 Tensile

#15 [23] Butt joint 460 30 0.1 Tensile

#16 [23] Butt joint 690 30 0.1 Tensile

#17 [23] Long. stiffener 355 30 0.1 Tensile

#18 [23] Long. stiffener 690 30 0.1 Tensile

#19 [23] T-joint 460 30 0.1 Tensile

#20 [24] T-joint 355 40 0.00–0.16 Bending

#21 [24] T-joint 355 60 0.00–0.16 Bending

#22 [24] T-joint 460 40 0.00–0.16 Bending

#23 [24] T-joint 460 60 0.00–0.16 Bending
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2 Results

2.1 Overview of test series

In [16], a comprehensive overview of fatigue data for HFMI-
treated steel joints is provided covering the effect of HFMI on
the fatigue strength for base material yield strength’s up to
960MPa at a load stress ratio of mostly R = 0.1 under constant
amplitude loading (CAL). Furthermore, the influence of
higher R-ratios as well as variable amplitude loading (VAL)
is researched [17], and the effect of overloads in [18] for
HFMI-treated jointssummarizing that the recommendation
is generally well applicable. This paper enhances the
preceding studies in regard to the applicability of the
HFMI guideline for increased steel joints with an in-
creased yield strength of fy ≥ 1100 MPa as well as for
higher load stress ratios up to R > 0.6 and plate thick-
nesses with teff > 25 mm. A summary of the investigat-
ed published fatigue test data within this paper is pro-
vided in Table 2.

In the subsequent Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, and 23 within Sects. 2.2 to 2.4,
the fatigue test data points of the data sets as well as their
statistically evaluated S/N curve, applying the standard proce-
dure given in [25], for a survival probability of PS = 97.5%
in accordance with [1, 15], are shown. The S/N curves
are presented within the range of the tested load cycles
of each data set, which act as basis for the statistical
evaluation. Furthermore, the statistically evaluated FAT
class, the slope m as well as the scatter band 1:TS,
which is defined as the ratio of the fatigue strength at
PS = 10% to PS = 90% according to [26], is stated at the
caption of each figure. A summary of the results show-
ing a quantitative comparison of the statistically evalu-
ated and recommended FAT values for each data set is
presented in Sect. 2.5.

2.2 Effect of increased yield strength

At first, the effect of increased base material yield strengths
with fy ≥ 1100 MPa is analyzed. In Fig. 4, the results for data
set #1 including a high-strength S1100 butt joint with a plate
of thickness of t = 6 mm tested under tensile loading at a load
stress ratio of R = 0.1 are depicted. The as-welded (AW) FAT
class exhibits a value of FAT 90 for this specimen type. Based
on the HFMI guideline, an increase by eight FAT classes is
given leading to FAT 180 for the HFMI-treated condition. A
comparison with the fatigue test data points as well as their
statistically evaluated S/N curve reveals that the recommend-
ed S/N curve based on the guideline is conservative and well
applicable.

Figure 5 presents the results for data set #2 incorporating
again a high-strength S1100 butt joint with a plate of thickness
of t = 6 mm tested under tensile loading at a load stress ratio of
R = 0.1. Due to the different butt weld geometry, the FATclass
of the AW condition is defined as FAT 71 in this case. For the
fatigue assessment of the HFMI-treated state, the same im-
provement factors based on the HFMI guideline as shown in
the previous data set are applied leading to FAT 180 for the
HFMI-treated state. The results indicate that the fatigue test
points of data set #2 exhibit a minor fatigue strength compared
with data set #1. However, the fatigue assessment based on the
HFMI guideline for the presented test data points and their
statistically evaluated S/N curve within the range of the load
cycles of the test data is still conservative.

In Fig. 6, the results for the data sets #3 and #4 are demon-
strated. Both fatigue test data points include an overlap joint
tested under tensile loading at a load stress ratio of R = 0.1.
Data set #3 exhibits S1100 steel joints with a plate thickness of
t = 6 mm and data set #4 S1300 steel joints with a plate thick-
ness of t = 4 mm. The AW FAT class if defined as FAT 56 for
this type of weld joint. Applying the recommended increase of
eight FAT classes according to the HFMI guideline, a FAT

Fig. 4 Results for data set #1
(S1100: FAT 309,m = 5.1, 1:TS =
1.14)
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Fig. 6 Results for data set #3 and
#4 (S1100/S1300: FAT 215/204,
m = 6.5/5.4, 1:TS = 1.23/1.03)

Fig. 7 Results for data set #5 and
#6 (S1100/S1300: FAT 148/180,
m = 3.0/5.0, 1:TS = 1.17/1.18)

Fig. 5 Results for data set #2
(S1100: FAT 170,m = 3.6, 1:TS =
1.53)
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class of FAT 140 is evaluated for the HFMI-treated condition
for both data sets. A comparison of the fatigue test data points
of both S1100 and S1300 test series as well as their statistical-
ly evaluated S/N curves with the recommended S/N curve
reveals a sound applicability with a conservative fatigue
assessment.

The same base materials, plate thicknesses, and test-
ing conditions are applied within data set #5 and #6 for
a T-joint geometry. In this case, the FAT class for the
AW state is defined as FAT 80. Considering an eight
FAT class improvement as recommended by the HFMI
guideline, the FAT class for both data sets is calculated
to FAT 180. A comparison shows that the recommended
S/N curves are still well applicable; however, the test
data points of the S1300 joints and their statistically
evaluated S/N curve are close to the assessment line,
but still a conservative design is enabled.

Finally, again the same base materials, plate thicknesses,
and testing conditions as before are applied within data set #7
and #8 for a longitudinal stiffener. Thereby, the FAT class of

the AW condition is defined as FAT 56, which leads to FAT
140 according to the HFMI guideline. Comparing the fatigue
test data points with the recommended S/N curves a similar
conclusion as for the preceding T-joint data sets can be drawn.
A conservative assessment is enabled; however, the test data
points and their statistically evaluated S/N curve within the
tested load cycles of the S1300 joints are again close to the
assessment line.

Summarizing the results of this section, the recommended
S/N curves by the HFMI guideline [15] lead to a conservative
assessment focusing on the presented fatigue test data points
for increased basematerial yield strengths with fy ≥ 1100MPa.
In case of the data sets #2, #5, and #8, a ratio of the statistically
evaluated to the recommended FATclass below a value of one
is given, which basically results from a steeper slope of the S/
N curve below the recommended value of m = 5.0 based on
the guideline.

However, within the tested load cycles for each data set,
both the test data points as well as the resulting S/N curves are

Fig. 8 Results for data set #7 and
#8 (S1100/S1300: FAT 163/84,
m = 4.9/3.0, 1:TS = 1.21/1.11)

Fig. 9 Results for data set #9
(FAT 169, m = 6.8, 1:TS = 1.14)
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conservatively assessed, which validates the applicability of
the HFMI-recommended values for increased yield strengths.

2.3 Effect of increased R-ratio

At second, the effect of increased load stress ratios with R-
ratios up to R > 0.6 is analyzed. In Fig. 9, the results for data
set #9 including a longitudinal stiffener with a yield strength
of 575 MPa and a plate thickness of t = 12 mm tested under
tensile loading at a load stress ratio of 0 < R < 0.15 are
depicted. The as-welded (AW) FAT class exhibits a value of
FAT 71 for this specimen type. Based on the HFMI guideline,
an increase by five FAT classes is evaluated leading to FAT
125 for the HFMI-treated condition. A comparison with the
fatigue test data points as well as their statistically evaluated S/
N curve shows that the recommended S/N curve is conserva-
tive and well applicable.

Figure 5 presents the results for data set #10 incorporating
the same base material and plate thickness within data set #9,
but tested under an increased load stress ratio of 0.16 < R <

0.34. The HFMI guideline recommends a reduction of one
fatigue class for 0.15 < R ≤ 0.28, which is applied within this
evaluation and leads to a fatigue class of FAT 112. Although
some of the data points are tested at a higher load stress ratio of
0.28 < R < 0.34, a comparison of the recommended S/N curve
with the fatigue test data points and their statistically evaluated
S/N curve shows that the HFMI guideline still leads to a prop-
er assessment.

In Fig. 11, the results for the same specimens as presented
before, but tested under a further increased load stress ratio of
0.35 < R < 0.5, are depicted. According to the HFMI guide-
line, a reduction of two fatigue classes should be considered
for 0.28 < R ≤ 0.4, which equals FAT 100 in this case. Again,
even though some data points are tested above R = 0.4, the
recommended fatigue behavior for the HFMI-treated condi-
tion is well applicable and still slightly conservative for all test
data points and their statistically evaluated S/N curve.

Figure 12 shows the results for the same specimens as
before, but tested under a further increased load stress ratio
of 0.51 < R < 0.6. Based on the HFMI guideline, three fatigue

Fig. 10 Results for data set #10
(FAT 122, m = 5.7, 1:TS = 1.18)

Fig. 11 Results for data set #11
(FAT 108, m = 5.4, 1:TS = 1.15)
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classes should be reduced for load stress ratios of 0.4 < R ≤
0.52, which is applied for this data set and leads to a fatigue
class of FAT 90. As in this case, most of the data points are
tested a comparably higher R-ratio above 0.52, a comparison
with the test data points and their statistically evaluated S/N
curve reveals that the recommendation is still fine featuring a
conservative fatigue assessment. Hence, the recommended
reduction for increased R-ratios is observed to be well and
conservatively applicable.

Finally, a maximum load stress ratio of 0.6 < R is applied
for the same specimens as shown before. For such high R-
ratios, no recommendation within the HFMI guideline exists
at the moment. However, continuing the procedure within the
guideline, a reduction of four fatigue classes is applied leading
to FAT 80. A comparison of this assumed S/N curve with the
fatigue test data points in Fig. 13 indicates that the assessment
may be again applicable, whereas no data point is
nonconservatively located below this assessment line.
However, the statistically evaluated S/N curve shows to fit

well to the recommended assessment line of the as-welded
condition indicating no benefit by the HFMI-treatment for
such high R-ratio values. Therefore, no general recommenda-
tion based on these results can be given, and further fatigue
test data including experimental results of HFMI-treated joints
tested a high R-ratio should be analyzed for validation.

Summarizing the results of this section, the recom-
mended S/N curves by the HFMI guideline are again
well applicable for increased load stress ratios up to a
value of about R = 0.5. For higher R-ratios in the range
of 0.5 < R, further fatigue tests covering different spec-
imen types and base material steel strengths should be
performed. However, a comparison of the fatigue test
data points and their statistically evaluated S/N curves
included in this study illustrates that the recommended
decrease of the FAT class by an increased R-ratio up to
a value of about R = 0.5 is basically well applicable.

Fig. 12 Results for data set #12
(FAT 92, m = 5.1, 1:TS = 1.34)

Fig. 13 Results for data set #13
(FAT 70, m = 3.0, 1:TS = 1.24)
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2.4 Effect of increased plate thickness

At third, the effect of increased base plate thicknesses on the
fatigue strength of HFMI-treated steel joints is investigated.
The thickness correction factor f(t) is considered as presented
by Eq. (1). In case of the HFMI-treated condition, an exponent
of 0.2 is applied as shown, for the AW condition, an exponent
of 0.3 for T-joints and longitudinal stiffeners and an exponent
of 0.2 for butt joints as recommended within the IIW-
guideline for welded structures [1]. In Fig. 14, the results for
data set #14 are depicted. The results include a S355 butt joint
specimen with a plate thickness of t = 30 mm tested under
tensile loading at a load stress ratio of R = 0.1. The AW fatigue
class without considering the thickness effect is defined as
FAT 90. The thickness factor is calculated to f(t) = 0.96 utiliz-
ing an exponent of 0.2 for butt joints, which leads to a reduced
fatigue class of FAT 87 independent of the yield strength of the
base material. The HFMI-treated fatigue class is defined as
FAT 140 without thickness correction. The thickness

correction factor is computed to the same value of f(t) = 0.96
as the same exponent is usable. Hence, a fatigue class of FAT
134 is defined for the HFMI-treated condition utilizing this
specimen geometry with a mild steel S355 as base material.

A comparison of the fatigue test data points and their sta-
tistically evaluated S/N curve with the recommended S/N
curve highlights that the HFMI guideline considering the
thickness effect is well applicable and leads to a conservative
assessment.

Figure 15 depicts the results for data set #15, which in-
cludes the same specimen geometry and load stress ratio as
data set #14, but a different base material yield strength of
460 MPa. Thereby, the fatigue class for the AW condition as
FAT 87 as same as before. In case of the HFMI-treated state, a
fatigue class of FAT 154 is applicable considering the higher
base material strength and the thickness correction factor.
Again, a comparison of the recommended S/N curve with
the test data points and their statistically evaluated S/N curve
reveals a sound practicability of the HFMI guideline.

Fig. 14 Results for data set #14
(FAT 160, m = 5.6, 1:TS = 1.37)

Fig. 15 Results for data set #15
(FAT 202, m = 7.4, 1:TS = 1.12)
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The same specimen geometry and testing conditions are
utilized in data set #16, see Fig. 16, but herein, a high-
strength steel S690 is used as base material. The fatigue class
of the AW condition keeps constant with FAT 87, but for the
HFMI-treated state, a higher value of FAT 173 considering the
increased yield strength and the thickness correction factor is
applicable. The results maintain once more that all test data
points as well as their statistically evaluated S/N curve lay
above the recommended assessment line.

In Fig. 17, the results for the data set #17 are illustrated. On
the contrary to the preceding analyses, a longitudinal stiffener
with a plate thickness of t = 30 mm is utilized in this case. For
this structural detail, the AW condition is defined as FAT 63
without thickness correction. Considering a thickness correc-
tion factor of f(t) = 0.95 calculated an exponent of 0.3, a fa-
tigue class of FAT 60 is applicable. For the HFMI-treated
state, FAT 100 without and FAT 96 with consideration of a
thickness correction of f(t) = 0.96 computed with an exponent
of 0.2 is recommended. The results again proof a conservative

fatigue assessment of the fatigue test data points and their
statistically evaluated S/N curve based on the HFMI guideline
considering the thickness effect.

The same longitudinal stiffener with the same testing con-
ditions, but exhibiting an increased yield strength of 690MPa,
is investigated in data set #18, see Fig. 18. The AW condition
keeps unchanged with a fatigue class of FAT 60, and the
HFMI-treated condition is evaluated as FAT 120 considering
the increased base material strength and the thickness correc-
tion. A comparison highlights that also for this high-strength
steel, the recommended S/N curve by the HFMI guideline is
well applicable to the fatigue test data points and their statis-
tically evaluated S/N curve.

As third part of this test series, a S460 T-joint with the same
testing conditions as shown in the preceding investigations is
included within data set #19, see Fig. 19. The AW fatigue
class is defined as FAT 80 without thickness correction.
Applying a factor of f(t) = 0.95 calculated with an exponent
of 0.3, this fatigue class reduces to FAT 76 in this case. For the

Fig. 16 Results for data set #16
(FAT 210, m = 6.6, 1:TS = 1.22)

Fig. 17 Results for data set #17
(FAT 138, m = 5.6, 1:TS = 1.34)
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Fig. 18 Results for data set #18
(FAT 161, m = 4.2, 1:TS = 1.07)

Fig. 19 Results for data set #19
(FAT 180, m = 6.3, 1:TS = 1.08)

Fig. 20 Results for data set #20
(FAT 186, m = 6.5, 1:TS = 1.31)
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HFMI-treated condition, a value of FAT 140 is recommended
without thickness correction. Considering a thickness correc-
tion factor of f(t) = 0.96, this values is reduced to FAT 134,
which is shown in the evaluation. A comparison of the recom-
mended fatigue behavior with the fatigue test data points and
their statistically evaluated S/N curve highlights a sound ap-
plicability facilitating a conservative assessment.

Different to all presented test data before, the following
data sets include experiments, which are tested under bending
load. The IIW-guideline does not explicitly distinguish be-
tween tensile and bending load in regard to the fatigue resis-
tance; however, as both are defined as normal stresses, the
same fatigue classes without any bending correction factor
are applied and utilized within this analysis.

In Fig. 20, the results for data set #20 are presented.
Thereby, the fatigue test data of a S355 T-joint specimen tested
under four-point-bending loading at a load stress ratio of about
R = 0.1 is included. The fatigue class of the AW condition is
defined as FAT 80 without thickness correction. In order to

properly compare this fatigue bending test data with the rec-
ommended S/N curve, which is generally applicable for mem-
brane stress, an approach given in the British Standard BS
7608:2014 [27] is utilized. Thereby, the effect of sheet thick-
ness combined with the influence of bending is considered by
a correction factor ktb, see Eq. (2). The thickness exponent for
peened weld toes is defined as b = 0.25, which is different to
the value of 0.2 within the IIW-guideline. The second term of
this equation, represented as [1 + 0.18.Ω1.4], describes the in-
fluence of bending with parameter Ω denoted as degree of
bending, which is evaluated on the basis of the bending stress
range Δσb and the membrane stress range Δσm, see Eq. (3).

ktb ¼ 25

teff

� �b

⋅ 1þ 0:18⋅Ω1:4
� � ð2Þ

with Ω ¼ Δσb= Δσm þΔσbð Þ ð3Þ

In case of pure bending, the degree of bending equals a
value of Ω = 1, which is used in this case. As the thickness

Fig. 21 Results for data set #21
(FAT 189, m = 12.0, 1:TS = 1.10)

Fig. 22 Results for data set #22
(FAT 186, m = 7.6, 1:TS = 1.43)
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effect is already included within the IIW-recommended AW
and HFMI-curves, only the second term considering the effect
of bending, which resulted in a calculated factor of ktb = [1 +
0.18.11.4] = 1.18, is reductively applied on the bending fatigue
test data in order to ensure a sound comparability between the

test data and the recommended S/N curves. Considering the
IIW-thickness correction factor of f(t) = 0.87 using a thickness
exponent of 0.3, the AW fatigue class is reduced to FAT 70. In
case of the HFMI-treated state, the FAT value is defined as
FAT 125 without thickness correction. Applying a thickness

Fig. 23 Results for data set #23
(FAT 206, m = 11.6, 1:TS = 1.29)

Table 3 Summary of results for
HFMI-treated condition Data set Reference FAT class of

test data [MPa]
Slope m [−] Scatter band

1:TS [−]
FAT class based
on [15] [MPa]

Ratio of
FAT class

#1 [19] 309 5.1 1.14 180 1.72

#2 [20] 170 3.6 1.53 180 0.94*

#3 [21] 215 6.5 1.23 140 1.54

#4 [21] 204 5.4 1.03 140 1.46

#5 [21] 148 3.0 1.17 180 0.82*

#6 [21] 180 5.0 1.18 180 1.00

#7 [21] 163 4.9 1.21 140 1.16

#8 [21] 84 3.0 1.11 140 0.60*

#9 [22] 169 6.8 1.14 125 1.35

#10 [22] 122 5.7 1.18 112 1.09

#11 [22] 108 5.4 1.15 100 1.08

#12 [22] 92 5.1 1.34 90 1.02

#13 [22] 70 3.0 1.24 80 0.88*

#14 [23] 160 5.6 1.37 134 1.19

#15 [23] 202 7.4 1.12 154 1.31

#16 [23] 210 6.6 1.22 173 1.21

#17 [23] 138 5.6 1.34 96 1.44

#18 [23] 161 4.2 1.07 120 1.34

#19 [23] 180 6.3 1.08 134 1.34

#20 [24] 186 6.5 1.31 114 1.63

#21 [24] 189 12.0 1.10 105 1.80

#22 [24] 186 7.6 1.43 127 1.46

#23 [24] 206 11.6 1.29 118 1.75

*Although the statistically evaluated FAT class is below the recommended value, all investigated fatigue test data
points are assessed conservatively based on [15], see results in Sects. 2.2 and 2.3
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correction factor of f(t) = 0.91 with an exponent of 0.2, the
fatigue class is calculated to FAT 114, which is finally
used for the fatigue assessment. Although the bending
effect is considered for the fatigue test data, a compar-
ison of the test data points and their statistically evalu-
ated S/N curve with the assessment line reveals that the
HFMI guideline leads to an increased conservative as-
sessment by considering the IIW-recommended thick-
ness correction factor.

Figure 21 depicts the results for data set #21, at which the
same specimen geometry and basematerial as for data set #20,
but with an further increased plate thickness of t = 60 mm, is
utilized. The thickness correction for the AW condition is
calculated to f(t) = 0.77 and for the HFMI-treated state to
f(t) = 0.84 leading to FAT 62 and FAT 105, respectively.
Again, the fatigue tests data points and their statistically eval-
uated S/N curve are assessed conservatively, although the
bending effect is considered based on the previously described
approach.

In Figs. 22 and 23, the results for data set #22 and #23 are
shown. The same specimen geometry and bending test condi-
tions as shown in the previous test series are included. On the
contrary, an increased yield base material strength of 460MPa
is used in this case. For the AW condition, the same FAT
values and thickness correction factors apply. For the HFMI-
treated condition, fatigue classes of FAT 127 for t = 40 mm
and FAT 118 for t = 60 mm considering the same thickness
correction factors as shown before are evaluated. The bending
effect is again taken into account by reducing the bending
fatigue test data points by a calculated bending factor of ktb =
1.18. The results reveal that the data points and statistically
evaluated S/N curves for both test cases are conservatively
assessed applying the recommended thickness factor.

Summarizing the results of this section, the recommended
S/N curves considering the thickness correction factor lead
again to a conservative fatigue assessment based on the inves-
tigated test data and statistically evaluated S/N curves. None
of the test results and evaluated S/N curves is located below
the recommended assessment lines, which validates the appli-
cability of the HFMI guideline as well as the use of the thick-
ness correction factor f(t).

2.5 Summary

In Table 3, a summary of the results as investigated in Sects.
2.2 to 2.4 is shown. Thereby, the statistically evaluated FAT
class, slope m, and scatter band 1:TS of the test data are given.
In addition, the recommended FAT class for the HFMI-treated
condition based on [15] is presented. Finally, the ratio of the
statistically evaluated FAT class by the test data to the recom-
mended value is shown. It can be observed that, except for the
test data sets #2, #5, #8, and #13, the ratio of the FAT class is
above one resulting in a conservative fatigue assessment

applying the recommendation. It has to be stated that for these
four data sets, whereat the ratio of the FAT class is below one,
only the statistically evaluated FAT class of the test data is
below the recommended value, but every single fatigue test
data point is still assessed conservatively. To sum up, this
comprehensive validation of the HFMI recommendation
[15], covering fatigue test data sets with increased base mate-
rial yield strengths, R-ratios, and plate thicknesses, reveals a
conservative assessment of every investigated test data point.

3 Conclusions

This paper compares fatigue test data, involving results for
HFMI-treated steel joints from 23 published data sets, with
the recommended values by the IIW recommendation for the
HFMI treatment [15]. The analysis reveals that the recom-
mended improvement of fatigue classes based on the base
material yield strength is well applicable. In addition, the re-
duction of fatigue classes for higher R-ratios up to the defined
value of R = 0.52 is well considered within the guideline.
Finally, the practicability of the thickness correction factor is
also confirmed by leading to a conservative fatigue assess-
ment. The ratio of the statistically evaluated FAT class to the
recommended value is shown to be conservative with a value
of above one for almost every data set; however, even the ratio
is below one in some minor cases, every single test data point
in this study is assessed conservatively validating the applica-
bility of the recommendation. Further focus should be laid on
the effect of variable amplitude loading, as shown in [28–30],
in order to validate the practicality of suggested damage sum
values for a conservative fatigue design under in-service load
conditions.
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