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Abstract Residual stresses are one of the major factors
influencing the fatigue strength of welded components.
However, the current IITW bonus factor concept for the mean
stress correction is limited to a qualitative evaluation of resid-
ual stress effects. By combining residual stress measurements
and fatigue testing, the authors derive an improved bonus
factor concept that considers residual stresses quantitatively.
The proposed concept considers the combined effect of load
mean stresses and cyclically stabilized residual stresses. It is
pointed out that the yield strength is not a capable measure to
determine whether residual stresses have “low” or “extreme”
impact on the fatigue strength of welded steels. It is rather
recommended to evaluate residual stress effects based on the
effective stress ratio reflecting local loading conditions.

Keywords (ITW Thesaurus) Welded joints - Fatigue
strength - S-N curve - Longitudinal stiffener - Residual
stresses - Mean stresses

1 Introduction
Residual stresses may have severe influence on the fatigue

strength of welded components. The current [IW recommen-
dations for fatigue design of welded structures assume high
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tensile residual stresses conservatively [1]. This accounts for
unknown residual stress conditions from manufacturing such
as welding and on-site mounting. The fatigue design S-N
curves within this IIW recommendation are provided for high
tensile mean stresses accordingly. Thus, local mean stresses
present in real stresses and its effects are normally neglected.
However, this guideline provides a bonus factor concept for
the consideration of mean stress effects if more detailed infor-
mation on the real residual stress condition is available. The
bonus factor for the enhancement of the design reference fa-
tigue strength (FAT) ranges from 1 to 1.6 depending on the
residual stress conditions (“low”, “moderate”, extreme”). This
concept works well in theory, but in practice it is very hard to
classify the present residual stress state in one of these groups.
Consequently, residual stresses may be overestimated and this
concept may result in overconservative fatigue designs.

Another problem with classifications of residual stress con-
ditions in “low”, “moderate” and “extreme” is that these groups
are most often related to the yield strength of the construction
material. It was shown earlier that the yield strength is not a
capable measure for residual stress generation or residual stress
effects [2]. The magnitude of residual stresses is not as impor-
tant as their stability under service loading conditions.

Nowadays, the mechanisms of residual stress generation from
welding are well understood [3—6]. Residual stresses can be con-
trolled to some extent through the manufacturing chain by con-
trolling heat input, shrinkage constraints and adaption of weld
procedures. Alternatively, post-weld heat treatment methods are
available to reduce tensile residual stresses or to generate com-
pressive residual stresses [7]. Further residual stresses from
manufacturing can be examined by structural designers by means
of experimental or numerical methods efficiently. Consequently,
structural designers demand for a design concept that allows to
consider real residual stress states within the design process rather
than to use vague residual stress classifications.
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This paper presents an approach to consider residual stresses
and load mean stresses in fatigue design of welded steel compo-
nents quantitatively. The given approach here is based on own
experimental fatigue data and residual stress measurements ob-
tained for the structural weld detail longitudinal stiffener. The
residual stresses were analysed before and after fatigue loading,
and residual stress relaxation due to mechanical loading is hence
considered. It is pointed out that residual stresses shall be
assessed in relation to the fatigue loading rather than in relation
to the base metal’s yield strength. Further, this work gives an
example on how residual stresses of certain magnitudes can be
used to determine realistic mean stress effects and will answer
the question whether residual stresses of a certain value are
“high” or “low” in terms of its effects on fatigue strength.

2 Background

2.1 Effects of applied mean stresses and residual stresses
on fatigue strength

Residual stresses affect the crack propagation in welded steels.
At alternating tension-compression loading (stress ratio
R = Omin / 0max = —1), fatigue crack growth is accelerated
by tensile residual stresses while compressive residual stresses
reduce crack propagation speed. In consequence, components
with tensile residual stresses show lower fatigue life than com-
ponents with compressive residual stresses [2].

In terms of fatigue design, residual stresses are often treated
as load mean stresses. Mean stress effects on fatigue strength
of welded components are considered by help of the sensitiv-
ity to mean stresses m* according to Schiitz [8]. This value m*
describes the reduction of the fatigue strength o,z due to
applied mean stresses ¢,,. For the fatigue design of welds
m* is defined in dependence of the stress ratios. The sensitiv-
ity to mean stresses m* usually decreases with increasing
mean stresses and is described by:

* Oa.R (R=—1)"Oa,R (R=0)

my = for-1<R<0 (1)
Om (R=0)
m*z _ Oa,R (R=0)"0a,R (R=0.5) for 0 < R<0.5 (2)
Om (R=0.5)""Om (R=0)
m3=0 for R>0.5 (3)

Hobbacher [1] and Sonsino [9] identified m* for welds
without residual stresses to m*; = 0.33 and m*; = 0.2
(-1 £ R £0), respectively, and m*, = 0.1 (0 < R <0.5)
(Table 1). However, the identification of m* for welds con-
taining residual stresses is difficult as m* is a function of the
residual stresses and decreases with increasing tensile residual
stresses. That is why the I[TW recommendations [1] propose
mean stress independent behaviour for welds containing high
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Table 1 Recommended values for the sensitivity to applied mean
stresses of residual stress-free welds

m*, m*z m*3

(-1<R<0)  (0<R<05)  (R>05)
IIW/Hobbacher [1] 0.33 0.10 0.00
Sonsino [9] 0.20 0.10 0.00

tensile residual stresses (m* = 0). At higher stress ratios, re-
sidual stress effects become less severe due to the interaction
of load mean stresses and tensile residual stresses. Residual
stress effects usually disappear at very high stress ratios
(R > 0.5). Within the I[TW recommendations for fatigue design
of welded structures [1], this is reflected by a uniform bonus
factor of 1.0 for all three residual stress conditions at load
ratios of R > 0.5.

Further, residual stresses may be subject to change under
mechanical loading. Neglecting residual stress relaxation is
conservative in case of tensile residual stresses but may lead
to a wrong assessment of residual stress effects.

2.2 Residual stress relaxation

Speaking generally, residual stresses are always limited by the
material’s yield strength. Residual stress relaxation occurs if
the sum of load stresses and residual stresses theoretically
exceeds the yield strength. The magnitude of residual stress
relaxation is influenced by the maximum total stress applied
and increases with increasing load stress.

Residual stress relaxation can be observed in cases of static
and cyclic loading. Typically, four cases of residual stress
relaxation may occur (Fig. 1) [7]. Stable residual stresses can
be expected in cases of low initial residual stresses and low
applied load stresses (case 1). This may be observed for in-
stance in welds with low-stress concentration that are made
from high-strength materials. Case 2 describes residual stress
relaxation according to the cyclic yield strength. The residual
stresses are degraded in this case incrementally due to cyclic
softening. Cases 3 and 4 both describe initial residual stress
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Fig. 1 General cases of residual stress relaxation according to Vohringer [7]



Weld World (2017) 61:997-1002

999

relaxation according to the static yield strength which may
accompanied by cyclic softening (case 4).

Cases 3 and 4 according to Vohringer are best suited to
describe the residual stress relaxation in welded steels. It
was observed that residual stress relaxation in welded steels
is a function of the magnitude of the initial residual stresses,
the maximum applied stresses (sum of load mean stresses and
stress amplitude) and, to some extent, the number of load
cycles applied [10, 11]. It was shown that most of the residual
stress relaxation occurs initially whereas residual stress relax-
ation due to cyclic softening is usually of second order. Thus,
the authors use the residual stress values after N = 10,000 load
cycles and consider this value as cyclically stable [12, 13].

Theoretically, residual stress relaxation can be calculated
using numerical or analytical models. The accuracy of such
models is highly dependent on the correct assumption of me-
chanical material properties which are in engineering practice
normally unknown. Therefore, the authors proposed a phe-
nomenological model (details are given in [14]) to describe
the residual stress relaxation based on the experimental results
(Fig. 2). This model was derived from own data for longitu-
dinal stiffeners made from S355NL and S960QL. It was found
that the stabilized residual stresses at the location of fatigue
crack initiation ogs y=10,000 can be estimated by:

ORS,N=10,000 _ ORSN=0

N

aLs

Iy

ORS.N=0 ( 4)

/y

This approach describes the effects of cyclic loading on the
residual stresses at the weld notch. The cyclically stabilized re-
sidual stresses after N = 10,000 load cycles ogsn=10,000 Can be
estimated based on the yield strength of the material £, the initial
residual stresses ogs y—¢ and the highest load stresses ;5. The
highest load stresses o, reflect the maximum and minimum
stress during fatigue loading depending on the sign of the initial
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Fig. 2 Estimation of residual stress relaxation in welded longitudinal
stiffeners [14]

residual stresses (tensile initial residual stresses o7.s-Opax; COM-
pressive initial residual stresses 07— 0p,;,). In the following, this
model will be used to evaluate the mean stress sensitivity under
consideration of stabilized residual stresses.

However, this model was tested with experimental results
for butt welds from Farajian [15]. It was found that it can also
be used as a conservative approximation to describe residual
stress relaxation of tensile residual stresses for this weld type.

3 Experimental work

Fatigue tests on longitudinal stiffeners were conducted under
variation of the base metal (steel grades S355NL and S960QL
according to EN 10025) and the initial residual stresses (as-
welded, annealed, pre-loaded in tension). The experimentally de-
rived fatigue strengths of the different test series were used to
derive the nominal sensitivity to mean stresses as well as to derive
an “effective” sensitivity to mean stresses m*,zunder consider-
ation of stabilized residual stresses. The effective sensitivity to
mean stresses /m *.;is determined by replacing the nominal mean
stress with the sum of the mean stresses and cyclically stabilized
residual stresses in the Haigh diagrams (Sections 3.1 and 3.2)

Omeff = Om + ORS N=10,000- (5)

This nominal stress-based approach has been used in sim-
plified form for welded steels earlier by Nitschke-Pagel [12]
and Sonsino [16]. It was shown that the combined treatment of
nominal mean stresses and local residual stresses is suitable to
describe the combined influence of both stress components if
stress concentration effects are considered in the determina-
tion of stabilized residual stresses.

All samples used were made by general metal arc (GMA)
welding with solid wire filler metal of matching strength.
Details on the specimen preparation and fatigue tests were
given earlier and thus not discussed here again [13]. The initial
residual stresses at the weld toe were determined by means of
X-ray diffraction in the loading direction. Stresses were cal-
culated using the sin*¥-method from {211}-ferrite/martensite
diffraction patterns by Cr-radiation. The diffraction patterns
were obtained by a 2-mm round diameter collimator. Initial
residual stresses were determined at a minimum number of
three samples each condition (Table 2).

Table 2 Initial residual stresses at the weld toes (error from
sin?U—fit + s = 25 MPa)

As-welded Annealed Pre-stressed (tension)
S355NL 200 MPa 30 MPa —20 MPa
S960QL 100 MPa 80 MPa -300 MPa

@ Springer
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3.1 Nominal fatigue strength of samples in different
residual stress conditions

Fatigue testing was carried out at three stress ratios (R = —1,
R =0 and R = —3) in servo-hydraulic testing machines. In
addition to that, some tests with a constant mean stress of
100 MPa were done. Each S-N curve was established with
12 to 25 specimens depending on the individual scatter. Test
series with small residual stress effects (R = 0) were tested
with a reduced number of five to ten samples. The S-N curve
was estimated using linear regression and the characteristic
fatigue strength o, g at N = 2,000,000 load cycles (probability
of survival is 50%) was determined. All results were used to
create a Haigh diagram for both materials S355NL and
S960QL accordingly (Fig. 3). It can be seen from these dia-
grams that the fatigue strength amplitude o, is a function of
the applied stress ratio and is further depending on the speci-
men condition. This could be observed in the case of both steel
grades S355NL and S960QL

The S355NL samples showed as-welded a fatigue strength
of approximately 0, r 40 MPa independently of the load stress
ratio. Thermally, stress-relieved and pre-stressed specimens
showed an increase of fatigue strength with decreasing load
mean stresses. Samples made from S960QL showed as-
welded and thermally stress-relieved very similar fatigue
strengths throughout all investigated stress ratios. Pre-
stressed samples showed significantly higher fatigue strength
and a clear dependency on the stress ratio.

3.2 Fatigue strength assessment based on effective mean
stresses

In a next step, the experimentally determined fatigue strengths
are plotted over the effective mean stresses o, o5 (sum of
nominal load stresses o, applied in fatigue testing and the
stabilized residual stresses in the loading direction). For the
determination of the stabilized residual stresses, the authors
used their experimentally based model, Eq. (4).
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Fig. 4 Fatigue strength as a function of effective mean stresses

It can be seen from the data that the fatigue strength of both
materials and all specimen conditions is a function of the
effective mean stresses (Fig. 4). All data points are within
one scatter band describing an increase of the fatigue strength
with decreasing effective mean stresses.

In good approximation, the data points are described by a
three-parted polygon. The effective sensitivity to mean stress-
es is determined to m*,; = 0 for effective stress ratios of
Rop> 0.5 (R4 calculated from effective mean stresses). The
effective sensitivity to mean stresses is m*,;= 0.2 between
—1<R.z<0.5 and increases further to a value of m*,5= 0.4 at
lower effective mean stresses.

4 Discussion

Structural designers are currently limited to the consideration
of'tensile residual stresses—compressive residual stresses of a
certain magnitude cannot be evaluated by the latest [TW rec-
ommendations. The existing bonus factor concept of IIW re-
quires that the structural designer is capable to justify whether
a determined residual stress condition is reflected by one of

the groups “low”, “medium” or “extreme”. It was pointed out
in this work that this may lead to overconservative fatigue
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designs and that the bonus factor concept could be highly
improved if residual stresses were considered quantitatively.

The fatigue strength of longitudinal stiffeners was investigat-
ed in a variety of specimen conditions. It was observed that the
fatigue strength of some of the test series is dependent on the
load stress ratio while other test series are unaffected by mean
stresses. The nominal sensitivity to mean stresses m* ranges
from 0.03 to 0.40 (Table 3). The residual stresses at the location
of crack initiation were determined and it was observed that four
specimen conditions showed tensile residual stresses and two
specimen conditions showed compressive residual stresses.
However, a direct correlation of the residual stresses and m*
the proven residual stresses cannot be made (Tables 2 and 3).

The fatigue strength is found to be a function of the effective
mean stresses under consideration of residual stress relaxation.
It was shown that the effective mean stress is a capable measure
to describe the increase of fatigue strength with decreasing
effective stress ratio. All data from different steel grades and
sample conditions were found to be describable by a three-
parted polygon (Fig. 4) although residual stresses vary highly
within the different test series. Consequently, the innovation of
the proposed approach here is that the given values for m* 4 are
applicable to different residual stress conditions. The deter-
mined function of m*.; for residual stress-containing welds is
in good agreement with known mean stress effects on residual
stress-free components. It is comparable to ITW’s current bonus
factor concept for residual stress-free components and also
comparable to literature values for m* published by Sonsino
[9]. This emphasizes the suitability of treating stabilized resid-
ual stresses as mean stresses.

The application of effective mean stresses reveals that
the fatigue strength reaches a lower bound value at effec-
tive stress ratios of R,y > 0.5. Consequently, in the case of
longitudinal stiffeners, stabilized residual stresses of ap-
proximately 120 MPa would be sufficient to cause mean
stress-independent behaviour and shall thus be classified as
“extreme”. That would correspond to only 30% of the
yield strength in the case of S355NL and to only 0.12%
in the case of S960QL. This indicates clearly that the
yield strength cannot be used as a measure for residual
stress effects. Thus, the simple relation of proven residual
stresses to the material’s yield strength may result in se-
vere misjudgement of the expected residual stress effects.
The data shown in this paper clearly show that high re-
sidual stress effects are to be expected even if the residual
stresses are far below the yield strength.

Table 3 Nominal sensitivity to mean stresses m*

As-welded Annealed Pre-stressed (tension)
S355NL 0.03 0.38 0.43
S960QL 0.30 0.26 0.40
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Fig. 5 Bonus factor and slope of the S-N curve in dependence of the
effective mean stress

The given approach here of effective mean stresses allows
to predict the success of residual stress-based post-weld treat-
ment methods as well. It can be seen from S960QL as-welded
and annealed specimens that the heat treatment does not nec-
essarily result in an increase of fatigue strength. The residual
stresses in an as-welded condition are already low enough to
allow for mean stress-dependent fatigue design.

The current bonus factor concept from IIW recommenda-
tions can now be easily improved. This can be achieved by
replacing nominal mean stress through the effective mean
stress (Fig. 5). The proposed bonus factor f(o,, .5 is normal-
ized to the FAT class of the weld detail at R.;y= 0.5. The bonus
factor f{o,, . increases at lower stress ratios with a slope of
m*.5=0.2 between —1 <R,;< 0.5 and reaches f{0,,, .p) = 1.6 at
R.p= —1. The slope increases to m*,5= 0.4 at lower effective
mean stresses R.;< —1 as found in the described experiments.
Now, only one curve for the bonus factor is applicable for all
different residual stress states. This means that the structural
engineers no longer need to classify the weld detail of interest
and its residual stress state in one of the three current [IW
residual stress groups.

The new bonus factor as a function of effective mean stress
is very similar to the current bonus factor for components
containing “low” residual stresses between —1 < R,z > 0.5
but allows the estimation of negative effective mean stress
effects as well. It enables the user to consider real residual
stresses quantitatively in fatigue design. In addition to
J{(Om,ep)s Fig. 5 contains an estimation of the slope k(0 . of
the S-N curve. It was observed in fatigue testing that the slope
becomes shallower with increasing fatigue strength. The given
stepped function of k(o,, .z is a conservative approximation
of the slope determined from the experimental S-N curves.

5 Summary

The authors propose an adjustment of the current IIW bonus
factor concept by replacing the nominal stress ratio with the
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effective stress ratio. It was shown that the effective mean
stress is a capable measure to describe the combined effect
of load mean stresses and residual stresses. The determination
of the effective mean stress shall consider the local cyclically
stabilized residual stress state.

Overall, the presented values here of m*,; are in good
agreement with those in the IIW recommendations and the
literature. It was pointed out that the presented approach here
is comparable to that of the current [TW-recommendations for
residual stress-free components. The proposed model com-
pletes the IIW bonus factor concept with the possibility to
evaluate the effects of compressive mean stresses and com-
pressive residual stresses. Further, the newly developed model
is capable of justifying whether residual stresses have a severe
effect on the fatigue strength or not. It was clearly shown that
the yield strength of construction steels is not suitable to de-
scribe residual stress effects. Residual stresses must rather
always be evaluated in relation to the applied load mean stress.

The proposed normalized bonus factor f{o,, .5 here can be
used to estimate S-N curves of weld details containing arbi-
trary residual stresses. The effect of decreasing slope of the S-
N curve k(o,, .5 with increasing fatigue strength is widely
known but not accounted for yet.

Of course, this model is supposed to be tested with more
fatigue and residual stress data, especially of other joint types.
However, the authors believe that the combined treatment of
residual stresses and load mean stresses will allow for a more
accurate fatigue design of welded steel components in future.
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