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Abstract

In this paper, fatigue assessment using the notch stress approach is discussed
based on re-analysis of many fatigue test results and experience from practical appli-
cation. Three topics are treated; evaluation of the fatigue strength for as-welded de-
tails (FAT225) in the notch stress system, problems regarding assessment of mild-
SCF details and a novel proposal for extension of the notch stress approach for use
with post-weld treated details.

Introduction

The notch stress approach has received much attention lately due to the increasing
available computational power and the need for assessing more increasingly com-
plex geometries. The approach is very flexible in the sense that both the toe and the
root of all types of welded joints can be assessed using a single S-N curve.

Radaj et al. [1] presents a thorough review of the history of the approach. Fricke [2]
gives practical guidelines for the notch modelling and stress analysis and Sonsino [3]
proposes S-N curves to be used under different conditions. The approach is included
in the [IW fatigue design recommendations by Hobbacher [4].

Reference Elements Principal ANo
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Fig. 1: Schematic principles of fatigue assessment using the notch stress approach.

The notch stress approach correlates the stress range in a fictitious rounding in the
weld toe or root to the fatigue life using a single S-N curve. The notch stress is typi-
cally obtained using finite element models with the reference radius of 1mm in order
to avoid the stress singularities in sharp notches. The approach is schematically illus-
trated in Fig. 1. In this paper, notch stresses are calculated using the first principal
stress (denoted by index PS in diagrams).

The approach is based on the work by Radaj [5] and modified by Seeger and co-
workers, see Olivier et al. [6,7]. Here, the reference radius of R1 is determined as a
mean value and the design fatigue strength (FAT225) is derived from experiments.
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Fatigue strength in the notch stress system

The IIW recommends the use of FAT225 when considering the fatigue strength of
welded steel joints using the notch stress approach. This value was derived based on
the results of a large experimental investigation of different T- and Y-joints [6,7] and
further re-analysis of the results assembled by Olivier & Ritter [8]. Kranz & Sonsino
[9] explain the assumptions that led to the derivation of the FAT225 fatigue class.

Pedersen et al. [10] carried out a re-analysis using the notch stress approach, and
found the FAT225 to be slightly non-conservative, as shown in Fig. 2. The re-analysis
was carried out to evaluate the notch stress approach according to the IIW and pro-
vide further experimental evidence to the approach.

The fatigue data was extracted from recent publications and converted to the notch
stress system by scaling the nominal stress range with the stress concentration factor
determined by FE analysis. Only tests carried out in the as-welded condition and un-
der positive stress ratio (R=0) were considered. The steel grade varied from S235-
S1100 and the thickness was 5-25mm.

Four different specimen types were considered; T-joints, double-sided transversal
attachments, butt joints and double-sided longitudinal stiffeners. The T-joints are as-
sessed very conservatively because they are tested in bending. In the nominal stress
system, the fatigue data agree quite well with the FAT classes suggested by the IIW
[4], therefore, the quality of the specimens is considered to be representative of nor-
mal quality.
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Fig. 2: FAT225 seems to be too optimistic and the reduced FAT200 is therefore proposed
in order to achieve approximately the same safety as in the nominal stress system [10].

If excluding run-outs and using a slope of m=3.0, the mean fatigue strength
(Ps=50%) is FAT305. The standard deviation of log(C) is 0.28, and thus the design
curve can be calculated (Ps=97.7%) to FAT199 (mean — 2 standard deviations). It
was therefore suggested to reduce the fatigue strength from FAT225 to FAT200 to
achieve approximately the same safety as observed in the nominal stress system.
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Mild SCF joints

It is well known that the notch stress approach can lead to non-conservative assess-
ment of mild SCF joints, e.g. thin butt joints, thus there is a need for further insight
into the problem. The subject is discussed in terms of thin butt joints and a mild SCF
crane detail.

Butt Joints

For butt joints, the IIW suggests the idealized geometry shown in Fig. 3 for notch
stress analysis. The problem with this geometry is that the resulting SCF will be very,
low especially for thin joints, e.g. Ki~1.6 for 8mm thickness.

R1 30°
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F
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|
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Fig. 3: Idealized geometry for notch stress assessment of butt joints.

In Fig. 4 fatigue test data for many butt joints are compared in the nominal (left) and
notch stress system (right). The fatigue data is converted using the formula
Ki(t)=1.055-t%%'® derived in [10] and kn=1.10 to consider a stress increase due to mis-
alignment, as suggested by Hobbacher [4].
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Fig. 4: Thin butt joints can be assessed non-conservatively by the notch stress approach [10].

It is seen that the fatigue strength of all butt joints are approximately identical in the
nominal stress system, regardless of the different specimen thickness. In the notch
stress system, however, many thin joints are assessed non-conservatively because
of the very low SCF determined for these joints. A remedial action was therefore sug-
gested, i.e. requiring a minimum notch factor of K,=2.0, instead of the current K,=1.6
given by the IIW [2].

Sonsino et al. [11] also reports problems with fatigue assessment using the notch
stress approach considering thin/flexible welded joints, e.g. butt joints. They observed
shallower slopes for these particular joints and therefore suggest the use of a shal-
lower slope, m=5.0, while maintaining the FAT225 value. As it is seen in Fig. 4 (right),
this approach seems promising in the high cycle area, but too conservative in the
medium-to-low cycle area.
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Crane Detail

Another type of mild SCF joint where the notch stress approach can lead to non-
conservative results is the crane detail shown in Fig. 5. The fatigue critical location is
the weld toe in front of the termination of the weld seam around the reinforcement
plate. This type of reinforcement is often used in high strength steel structures, where
a concentrated load is distributed into the main plate, e.g. in a revolute joint, since the
bearing load will otherwise be too high. There are many examples of complicated
geometries used in order to 1) reduce the stress concentration factor by soften-
ing/tapering out the reinforcement and 2) move the fatigue critical location to an area
with reduced loading, e.g. near the centreline of beams.

Support

Fig. 5: a) Crane with reinforcement detail, b) actual weld, c) idealized weld.

Rasmussen [12] investigated the considered detail experimentally and numerically,
Tab. 1 and Fig. 6. This detail is a good example of a weld, where the geometry of the
weld itself has a significant influence on the fatigue strength and therefore has to be
taken into account, e.g. by using the notch stress approach.

The welded specimens were manufactured by the Danish crane manufacturer HMF
A/S using 5mm thick S700 and normal quality MAG welding. Fatigue testing were
carried out at Aalborg University at a stress ratio of R=0.1 and with special attention
to the medium cycle area.

Tab. 1: Fatigue testing results [12]

AF [kN] | Ao, [MPa] | N¢ [cycles]

168 509 18.414

168 509 12.966

88 267 183.228

86 261 131.935

115 348 48.740

63 191 306.932

164 497 12.805

164 497 11.148

o 87 264 346.114
™ 115 348 64.980
Fig. 6: Specimen geometry [12]. 64 194 242.445
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For such at detail, the question arises, how to idealize the local weld geometry? As-
suming a reference radius of R1 seems logic, but what about the remainder of the
weld, especially the flank angle?

The results are presented in Fig. 7 in the notch stress system using two different
modelling techniques — real flank angle (15°) and assumed flank angle (45°). Using
the real flank (15°), the SCF is determined to K=1.72 and using the assumed 45°
flank angle, the SCF is Ki=2.53. It is clear from Fig. 7, that the results fit the FAT225
curve best, if the assumed 45° flank angle is applied. It is however a quick-and-dirty
solution for achieving conservative results using the notch stress approach for this
particular detail.

Notch stress system: R=0.1, S700, t=5mm
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Fig. 7: Fatigue testing results for crane detail, incl. design curves (Ps=97.7%) for two
different modelling techniques compared with the FAT225 curve.

The example shows how important the idealization of the weld geometry is to the fi-
nal result of the fatigue assessment using the notch approach. It is clear, that experi-
ence with the approach is needed, and it is highly recommended to compare results
with other (local) approaches.

Extension to post weld treatment

Using the notch stress approach for fatigue assessment of post weld treated details
is a subject still under debate. The IIW recommendations by Fricke [2] suggest using
a model of the real toe radius + 1mm and evaluate the principal stress range here
against the FAT200 SN curve. However, it is also stated, that this approach is only
valid for relatively sharp notches, i.e. with a toe radius of R1-3mm, and that the ap-
proach has not been verified.

Fig. 8 shows examples of increased weld toe radii due to different post weld treat-
ments. Typically, when performing post weld treatment, a large toe radius is desired
and e.g. grinding and TIG dressing will generally leave a radius larger than R3.
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i |
Fig. 8: Typical toe profiles for post-weld treated welds compared to as welded condition [23].

i

Fig. 9 shows the results of measurements of weld toe profiles published in the litera-
ture. It is clear, that the toe radius will vary a lot in production and will be difficult to
estimate in a design situation. The question therefore arises, which "real" radius to
use — the mean, or some lower value? Since the value of the toe radius typically fol-
lows a Gaussian distribution, the minimum value is not well defined.

As welded Burr ground TIG dressed HFP treated

[14][20]
[14]
191 [13] (4]

[21][22] //[18] (18] [17][13]
[18][19] [171120] [21]
[16][17] JLac

0 2 46 81 0 2 4 6 810 0 2 4 6 8 10 0 2 4 6 8 10

Toe radius, R [mm]
Fig. 9: Measurements of toe radius for as welded and post weld treated welds toes [13-22].

Probability density

0

For welds in the as-welded condition, the average toe radius is approximately R1-
R1.5, depending on the quality level. For burr ground welds, the average is in the
order of R4, depending on the chosen burr and the skill of the operator. The radius of
TIG dressed welds varies the most — from RO to R12+. This radius depends heavily
on the skill of the operator and position of the weld relative to gravity. The average is
approximately R6. Welds treated by high frequency peening (HFP) also achieves
varying radii, but not as random as TIG — here the average is around R2.5.

Conclusively, if the approach suggested by IIW [2], should be applied with the aver-
age radius, it will only be applicable for HFP post weld treatment, since BG and TIG
typically results in radii larger than R3.

Weich [24] recently proposed an approach for assessing HFP treated welded joints
using the notch stress approach. The idea is to consider an effective stress ratio and
hereby apply an improvement factor of up to f(R'et)=1.6 for effective stress ratios of
R'ert < -1. The effective stress ratio is based on a superposition of the local stresses
and compressive residual stresses introduced by the treatment. This approach is
presumably quite accurate, but difficult to apply in a design situation, because the
level of compressive residual stresses introduced by the treatment will be unknown.

A New Approach

An alternative procedure for assessing post weld treated joints using the notch stress
approach is investigated in the following. The basic idea is to maintain the reference
radius at R1 and use a higher FAT class for fatigue assessment of post weld treated
joints. This is chosen such that an engineer can easily assess whether post weld
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treatment is necessary and sufficient, using the same FE model as used for assess-
ing the joint in as-welded state. This approach seems very practical, but also has the
obvious drawback, that the computed notch stress becomes even more of a model-
number, than in the as-welded case, because the model geometry differs more from
the actual geometry.

The higher FAT classes are derived based on a large collection of experimental re-
sults for post weld treated details. Only burr grinding, TIG dressing and high fre-
quency peening (HFP), e.g. UIT, are considered and only fillet welded joints. Post
weld treated butt joints are considered unsuitable for assessment using the notch
stress approach, since the notch stress concentration may be completely removed,
as in the case of disc grinding.

Most test results considered are for high strength steel, S355-S1100, except some in
the series denoted Hut2, Kud1 and Wan1 which also considers mild steel. Only fa-
tigue tests carried out under positive stress ratios are considered and only publica-
tions with thorough description of the specimen geometry.

By considering the fatigue data for post weld treatment in the notch stress system,
the difference in the geometry of the test specimens can be disregarded to some ex-
tend. At least the effect of different stress concentration factors of the specimens can
be disregarded. However, some specimens can contain higher levels of tensile resid-
ual stresses than others and this effect cannot be disregarded. Still, suggestions for
design curves can be given based on a larger volume of fatigue data than usual.

Traditional statistical treatment of the experimental results yields poor results be-
cause of very large scatter in the data. This is due to different testing conditions,
quality of the post weld treatment, thickness etc. The suggested FAT classes are
therefore not directly calculated but simply given based on practical estimation.

T-joints Transversal attachments Longitudinal attachments
ID Ref S, t Ki | ID Ref S, t Ki | ID Ref Sy t K
MPa [mm] MPa  [mm] MPa mm

Haa1 [25] 420 20 2.80|Lif1  [30] 700-1100 8 2.35|Lif3 [30] 690-1100 8 3.42
Bud1 [26] 550-690 16 2.64|Fos1 [14] 355-690 12 2.49|Lif4 [30] 690-1100 8 3.85
Sta1 [27] 420 20 2.91|Fos2 [14] 355-690 12 2.57|Haa2 [34] 355-700 8 3.73
Gal1 [28] 700 5 1.99|Fos3 [14] 690 25 2.69|Hut1 [18] 700 8 3.73
Gal2 [28] 355 6 2.03|Son1 [31] 1100 8 2.20|Wan1 [35] 235-700 8 2.69
Ped1 [23] 700 6 2.03|Man1 [32] 355-700 12.5 2.72|Wei2 [36] 690 16 2.40
Tru1l [29] 420 20 2.73|Hut2 [19] 235-355 8 2.32|Mad1 [37] 355 13 3.32
Kud1 [33] 260 20 3.10|Lop1 [38] 355-590 12 3.82
Dah1 [39] 355-590 12 3.82
Mor1 [20] 417 12 4.01

Tab. 2: Extracted experimental fatigue data series. K, is determined according to [2].

Burr Grinding & TIG Dressing

Grinding reduces the stress concentration factor of welded joints and removes in-
cluded defects in the ground area. The experimental data suggests parallel shifting of
the S-N curve upwards and FAT300 is suggested, as shown in Fig. 10. This corre-
sponds to an increase of approximately a factor of 1.3 on the fatigue strength. This is
the same factor as suggested by the IIW [40] for mild steel joints in the nominal
stress system.




Proceedings of the Swedish Conference on Light Weight Optimized Welded Structures, March 24-25, 2010, Borlange, Sweden

Notch stresses Notch stresses
I e e e R A e e o
1500 7\)\47\7 !&xfifuufuu,m " Haal} 1500 7\\)\4‘7:4‘7#\-&74‘7:7: R20, n=2a7] Ly, @ Haal |
AN X [ IR ®  Pedi | NS Py LT A ® Stal |
N " b B Lift | \\\\ \l'\‘ L ERETN o *  Pedl |
N I [ ®  Mani| \\\\HH%:.\. g o s U |
| I I I UL S R I
1000 T e T * Hue | 1000 ERLES :vﬁhz Ui T ®  Fost o
I i3 | -
s e N\ e N 'Mfél A e
I B Ry .
700 A 3 TigT T T ¢ Hutt 7007777\77:\ JL\“\:?':J | 7':?&!:@7”% = Lif3 :’
v Mad1 | [ ‘\\‘O.‘QQH HF\ %.; ENNE ® Lif4 |
— = R I n R N i I
£ 500k — 4 ——l L N g8 Tl & Mort j| & 500 - - — -t D ,C\g}u\ﬁg{ﬂ’,, 1L1L| : :3?12 i
| Y < W o AN s TG |
= | o = o I N E v-A-J,\mH A Want|
L 400 | dormrr @ 4008 S mmTmr T T oANQ TR T e IR w pant
e | P & o o & Lopt |
I o o o )
< 300 I —+ — =1 - < 300 — = — 1= I=+IHE — =4 == == Fl+HH
I I o
® L ¢ o ® % :H b : :HHH
L B o L { L
) Lo ] S | ® % AT e R NI IR AR
=00 NN B groung | 290 R dresseq
@ IR [ [ & BN ) [N [ T T T
L A o RN [ o
Burr ground RERA o AS'We'ded " TIG dressed R o A§‘Welded |
o A T
lrer=1mm o R R fer=1mm : :HHH : : Hmu : EEE
100 1 [N 1 Lol LIl 1 Lol 1 Lol 100 1 L [ TIIIIT 1 Lot 1 Lol LIl 1 Lol LIl
10* 10° 10° 10’ 10° 10* 10° 10° 107 10°
N, [cycles] N, [cycles]
f f

Fig. 10: Fatigue data for burr grinding (left) and TIG dressing (right)
compared to the as-welded design curve in the notch stress system.

TIG dressing improves the welded joint in much the same way as grinding, i.e. the
stress concentration is reduced and defects are removed. The experimental data also
supports the use of the same S-N curve for both ground and TIG dressed welded
joints, i.e. FAT300.

High Frequency Peening (HFP) Treatment

The following different types of high frequency peening treatments are described in
the literature; ultrasonic impact treatment (UIT) [14], ultrasonic peening (UP) [29],
high frequency impact treatment (HiFIT) [36] and ultrasonic needle peening (UNP)
[41]. UIT is based on magnetostriction, UP uses a piezoelectric transducer, whereas
HIiFIT is pneumatically actuated.

Although they are different processes, their properties and resulting improvement in
fatigue strength appear to be similar. Here, the treatments are considered equal and
denoted HFP treatments.

The HFP treatments improve the fatigue strength of the welded joint in several ways
by plastic deformation of the weld toe. Firstly, the tensile residual stress state present
in the weld seam is relieved and beneficial compressive residual stresses are intro-
duced. Secondly, the sharp notch in the weld toe is blunted and the treatment leaves
behind a smooth trace with a radius of 2-3mm, see Fig. 8. Finally, the surface mate-
rial is mechanically hardened, which locally increases the fatigue strength of the ma-
terial in the notch [42].

Since peening treatments improve the fatigue strength of welded joints primarily
based on the introduction of compressive residual stresses, a flatter S-N curve is ex-
pected. As evident from Fig. 11, a rotated S-N curve using FAT360 with the slope of
m=5.0, fits the experimental data well.
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Fig. 11: Fatigue data for HFP treatment compared to the
as-welded design curves in the notch stress system.

Due to the flatter slope, the HFP design curve is lower than the as-welded design
curve for N<50.000. However, it is clear that the lack of further experimental data,
especially in the low cycle area, limits the reliability of the suggested design curve
here. It is not likely, that the HFP treatment decreases the fatigue strength in the low
cycle area; therefore, the as-welded design curve could be applied here.

Conclusions
The following conclusions are drawn based on re-analysis of fatigue data and practi-
cal experience with the notch stress approach.

e For fatigue assessment using the notch stress approach, it is proposed to re-
duce the fatigue strength to FAT200 for as-welded normal quality, based on a
large amount of experimental data.

e For mild SCF joints, it is suggested to use a minimum notch factor of K,=2.0
instead of the current K,=1.6. Alternatively, conservative results can be
achieved by modelling the flank angle steeper than the real flank angle.

e For fatigue assessment of post-weld treated details, an approach is suggested
where the stress analysis is carried out identically to as-welded details, i.e. the
reference radius of R1 is maintained, but the FAT class is increased.

o For both burr ground and TIG dressed details, a FAT class of FAT300
using m=3.0 is suggested.

o For HFP treated details, e.g. UIT, FAT360 is suggested with a flatter
slope of m=5.0.
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