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Abstract
This paper analyses the applicability of a modified strain approach to predict the fatigue life of HFMI-treated transverse 
stiffeners under variable amplitude loading (VAL) with random load sequences of a p(1/3) and linear shaped spectrum. 
Local stresses are determined using linear-elastic finite element analyses. The measured weld geometry and component 
imperfections are considered. From the hardness of the HFMI-treated zone and the base material, the elastic–plastic mate-
rial behaviour and Coffin-Manson parameters to describe the damage parameter Woehler curve are estimated. Based on a 
hysteresis counting method (HCM), the damage for each closed hysteresis is calculated. The applied notch strain approach 
includes the impact of residual stresses and the influence of surface roughness. Thus far, the application of similar approaches 
has only been validated for welded components with comparatively low residual stresses and HFMI-treated welds subjected 
to constant amplitude loading. To validate the accuracy of the approach for HFMI-treated welds under variable amplitude 
loading, the approximated fatigue life is compared to the number of cycles derived from experimental investigations. In this 
study, it is shown in conjunction with experimental results that it is essential to consider the strength of the base material 
near the weld when assessing the service life. This area can be more critical than the HFMI-treated weld toe.

Keywords Notch strain approach · Elastic–plastic material behaviour · High-frequency mechanical impact (HFMI) · 
Constant and variable amplitude loading

Nomenclature
a  Weld throat thickness
AW  As-welded

b  fatigue strength exponent
BM  Base Material
c  fatigue ductility exponent
CAL  Constant amplitude loading
D  Specified damage sum
Dreal  Real, experimentally determined damage sum
E  Young’s modulus
ε  Strain
εf’  fatigue ductility coefficient
H0  Spectrum length
HAZ  Heat-affected zone
HB  Brinell hardness
HFMI  High-Frequency Mechanical Impact 

Treatment
HV  Vickers hardness
IIW  International Institute of Welding
K'  Cyclic strain hardening coefficient
LS  Logitudinal stiffeners
LS  Spectrum length
m   Slope above the knee point of the S-N curve
m′  Slope below the knee point
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Mσ   Mean stress sensitivity
N   Load cycles
Nf,exp   Experimentally determined service life to 

failure
Ncalc   Calculated service life
n'  Cyclic strain hardening exponent
nbm  Fracture mechanics support factor
PRAM  Damage parameter
PSWT  Damage parameter
Θ   Weld flank angle
R  Stress ratio
rHFMI  Weld toe radius in the HFMI-treated state
Rm  Tensile strength
Re  Yield strength
Rz  Mean surface roughness
S-N  Nominal stress range S versus cycles to failure 

N
SCF,  Kt  Stress concentration factor
σa,i, σa,max  Current and maximum stress amplitude
Δσn,σn  Nominal stress range, nominal stress
Δσeq  Equivalent stress range
σf’  fatigue strength coefficient
σRS

T  Transverse residual stress
t’HFMI   Indentation depth
TS  Transverse attachments
UML  Uniform Material Law
VAL  Variable amplitude loading
z1,  z2  Side length of the fillet weld

1 Introduction

In 2016, the International Institute of Welding (IIW) issued rec-
ommendations regarding the application and fatigue assessment 
of High-Frequency Mechanical Impact (HFMI) treated welds 
[1] under both constant (CAL) and variable amplitude load-
ing (VAL). This guideline is based on extensive studies that 
confirmed the potential for improving the fatigue life of welds 
through the application of HFMI treatment. Whereby the basis 
of this recommendation is largely derived from fatigue test results 
of the studies in [2, 3]. It provides a summary of the results of 
previous studies and assesses the improvement in fatigue strength 
under CAL as a function of steel grade, welded detail and stress 
ratio. For the more common case of a VAL, the assessment can 
be performed via a transformation of the load history into a dam-
age equivalent stress range. The value of the stress range is based 
on rainflow counting and the modified Palmgren-Miner rule.
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The equivalent stress range Δσeq is calculated via the 
specified damage sum D, the stress range Δσi and the slope 
m above the knee point of the S-N curve, the stress range 
Δσj and the slope m’ below the knee point of the S-N curve, 
the number of load cycles  ni applied at Δσi, the number of 
load cycles  nj applied at Δσj, and the stress range Δσk at 
the knee point of the S-N curve. In [4], the applicability of 
Eq.(1) was confirmed for HFMI-treated longitudinal stiff-
eners (LS) made of S700 subjected to VAL with a linear-
shaped spectrum at a stress ratio of R = -1. The spectrum 
length was set to  H0 = 250,000 cycles. It could be shown 
that a specified damage sum of D = 1 in Eq. (1) can be used 
to correlate VAL and CAL fatigue data for welds improved 
using HFMI. However, the allowable value of the specified 
damage sum is still being discussed. In [5], a specified dam-
age sum of 0.5 is recommended for the fatigue assessment of 
untreated welds subjected to VAL. A lower value of D = 0.2 
is proposed for load spectra with high mean stress fluctua-
tions. In the case of HFMI-treated weld seams, an allowable 
damage of 0.5 is stated in [1].

The fatigue test data of HFMI-treated transverse attach-
ments (TS) of S355 subjected to blocked VAL at R = 0.1 
in [6] resulted in damage sums beneath  Dreal = 1.0 and 
closer to the recommended value of D = 0.5 in [5]. Leit-
ner et al. [7] focused on the fatigue assessment of HFMI-
treated steel joints under VAL. Four different test data sets 
of butt welds and LS tested with randomly distributed VAL 
were included. It was concluded that assuming a specified 
damage sum of D = 0.5 to D = 1.0 using the proposed 
S–N curves for HFMI-treated welds can lead to a con-
servative fatigue life estimation. The analysis of the results 
from fatigue tests in [8] on HFMI-treated TS (S355J2+N) 
reveals that real damage sums in the case of a random load 
sequence with a p(1/3) spectrum may range between  Dreal 
= 4 and 120. If the accumulation is based on an experimen-
tal S-N curve, the damage sums yield values of  Dreal < 1. 
According to Haibach [7], the inaccuracy of the Miner rule 
is caused by the fact that sequence effects and thus possi-
ble interactions of large, medium and small stresses during 
VAL are not considered in the damage calculation. Thus, 
the impacts of the load sequence, overloads and residual 
stresses on the service life cannot be considered. This might 
explain the different damage sums determined in the studies 
mentioned.

With a fatigue assessment based on cyclic elastic–plas-
tic material behaviour, however, a promising approach for 
considering sequence effects is available. Rudorffer et al. 
[9] showed that using the notch strain approach and apply-
ing the adjusted FKM-guideline “nonlinear” [10], the 
fatigue life of welded steel components subjected to CAL 
can be assessed. Additionally, to adjust the damage S-N 
curve to welds, the estimation of the cyclic material prop-
erties via the hardness was adapted. The hardness of the 
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heat-affected zone (HAZ) is used for fatigue assessment. 
Lihavainen and Marquis [11] applied a two-stage model to 
estimate the fatigue life of HFMI-treated LS subjected to 
CAL. The model includes a local strain approach and linear 
elastic fracture mechanics. They accounted for compressive 
residual stresses and geometry improvement based on meas-
ured values. Cyclic material properties were estimated via 
the Uniform Material Law (UML) assuming base material 
behaviour. Dürr [12] applied a similar approach for HFMI-
treated TS of mild (S355) and high-strength steels (S690). 
He used the model “thin edge layer” [13] to consider resid-
ual stresses. In [14], a two-stage model was used to predict 
the fatigue life of as-welded (AW) and HFMI-treated LS. 
A parametric study of the model was conducted for differ-
ent steel grades to examine the impact of steel strength and 
HFMI parameters on fatigue life. The hardness method [15] 
was applied to describe local cyclic material behaviour for 
the AW and HFMI-treated conditions.

All these studies have in common that the notch strain 
approach is used to estimate the fatigue life under CAL. 
Verification of the strain approach for predicting the 
fatigue life of HFMI-treated components under VAL is 
still pending. This study focuses on the applicability of 
the strain approach to predict the fatigue life of HFMI-
treated TS of S355 under VAL with a p(1/3) and a lin-
ear shaped spectrum. Experimental data were obtained 
from [8, 16, 17]. The approach estimating cyclic material 
behaviour via hardness is validated by comparing material 
parameters from the literature for both base material and 
HFMI-treated conditions. Considering the local HFMI-
treatment conditions, weld toe geometry, compressive 
residual stresses and increased hardness, the fatigue life 
up to crack initiation is estimated, and appropriate conclu-
sions were drawn.

2  Experimental data

2.1  Considered load sequences and specimens

The applicability of the notch strain approach to predict the 
fatigue life of HFMI-treated welds was studied on TS fab-
ricated out of mild steel (S355J2+N) subjected to uniaxial 
CA and VAL at a stress ratio of R = -1. The necessary 
data were extracted from the studies [8, 16, 17]. Within 
this investigation, the results from fatigue tests conducted 
under CAL and VAL with random loading sequences of a 
p(1/3) and linear shaped spectrum are incorporated. The 
considered stress spectra, load sequences and dimensions 
of the specimen are provided in Figs. 1, 2, and 3. The 
length for both spectra was set to y  LS= 2*105 load cycles.

2.2  Hardness measurements

The hardness distribution (HV0.1) was mapped on micro-
sections. Figure 4 depicts the hardness distribution of the 
HFMI-treated weld toe and of the base plate to character-
ise the treated weld. The individual microstructures of the 
base material, the heat affected zone and the weld metal 

Fig. 1  Stress spectra

Fig. 2  Random load sequence

Fig. 3  Specimen type and dimension
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are clearly distinguishable. At the base plate, a hardness 
of 170 HV was measured. The welding process and the 
HFMI treatment induce hardening at the weld toe, with 
hardness values reaching up to 346 HV. Similar values 
were measured for the base material S355J2+N as well as 
for the HFMI-treated weld area, as documented in [18].

As described in [16] and [17], the crack initiation and 
ultimate failure of the HFMI-treated TS originated from 
the base plate. The location of the crack initiation suggests 
that for HFMI-treated TS subjected to CAL and VAL at 
a stress ratio of R = -1, the fatigue strength of the base 
material determines the service life of the specimen. It 
is therefore assumed that the fatigue strength was locally 
increased by the HFMI treatment beyond the strength of 
the base material. To capture this effect numerically by 
applying the notch strain approach, the service life of the 
base material is estimated in addition to the service life of 
the HFMI-treated weld toe. The verification point for the 
base plate was defined 5 mm ahead of the weld toe. This 
point represents the mean value of the identified failure 
locations.

2.3  Weld toe geometry

Geometry measurements were conducted for all specimens 
using a 3D coordinate measuring system with a laser profile 
sensor (see Fig. 5a). The measurements were evaluated to 
identify the radius r of the weld toe, the flank angle θ, the 

throat thickness a and the side lengths  z1 and  z2 of the fillet, 
as displayed in Fig. 5b. For specimens in the HFMI-treated 
condition, the indentation depth t’ was measured as well. 
The results of the geometry parameters measured are sum-
marised in Table 1 for the specimens in the HFMI-treated 
condition. The mean value μ and standard deviation σ as 
well as the minimum and maximum measured values are 
given. The relative scatter is given by the variation coef-
ficient v.

3  Notch strain approach

The notch strain concept can be found in various forms in 
the literature. These variants primarily differ in the meth-
ods applied to determine the local stresses and strains. For 
instance, extended notch root approximations are applied 
or different parameters are employed to assess the damage 
caused by individual stress–strain hysteresis. Within the 
various modifications, the notch strain approach is limited 
to describe the lifetime of components up to a defined crack 
length (typically 1 mm). Therefore, crack propagation 
cannot be described using this approach and is neglected 
in this study. The assessment is based on elastic–plastic 
stresses, which can be estimated from linear-elastic stresses 
using notch approximation methods (Neuber’s rule). These 
linear elastic stresses are determined in finite element 
calculations.

Fig. 4  Hardness distribution 
and depth of hardness profile of 
HFMI-treated weld toes
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3.1  Determination of local linear‑elastic stresses

As mentioned above, local linear–elastic stresses are calcu-
lated using a finite element method. The linear elastic notch 
stress history acting at the notch root is obtained by applying 
external nominal stresses. The welds were modelled using 
averaged geometry information of the weld. Based on the 
observed weld geometry, a 2D quadratic 8-node plane strain 
element model was generated considering a radius r =  rHFMI 
and the measured indentation depth t’HFMI at the weld toe. 
In the HFMI-groove region, the number of elements was set 
to 15. The global element size was 1 mm. Due to signifi-
cant angular distortion of 0.3° to 1.0° caused by welding, all 
specimens had to be straightened to be clamped into the test 
rig. The misalignment was minimised by using a three-point 
bending fixture, as shown in [17]. The imperfection between 

the clamping areas of the specimens was thus reduced. The 
angular distortion in other areas of the specimen was not 
affected by the straightening of the clamping areas. As 
shown by [19], angular imperfections may have a significant 
impact on local stresses. To address the interaction between 
the applied nominal load, the initial specimen distortion and 
the local stress field, the remaining angular misalignment 
was accounted for in the model, as shown in Fig. 6. When 
calculating the linear-elastic stresses, one side of the model 
was fixed. Subsequently, the clamping process was simulated 
via a given displacement u of the clamping jaws. Finally, a 
unit load of σn = 1 MPa was applied. This procedure was 
analogously adapted by [19]. Since all specimens studied, 
cracked at the base plate in front of the weld, linear elastic 
stresses were determined for the HFMI-zone and the base 
plate. The fatigue life is approximated separately for each 

Fig. 5  a) 3D coordinate measur-
ing system and b) results of the 
measurements of transverse 
stiffeners made of S355 steel
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Table 1  Mean values and 
standard deviations for 
geometric parameters derived 
from the measurements

rHFMI [mm] t’HFMI [mm] Θ [°] |Z1-Z2| [mm] a [mm]

μ
σ

max
min

v
[%]

μ
σ

max
min

v
[%]

μ
σ

max
min

v
[%]

μ
σ

max
min

v
[%]

μ
σ

max
min

v
[%]

1.70
0.09
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6.0 0.10
0.04

0.25
0.04

39.0 139.18
6.33

156.14
112.89

4.5 0.68
0.48

2.20
0.00

71.1 4.44
0.15

4.92
4.13

3.4

Fig. 6  Considered angular 
distortion, straightening of the 
specimen by clamping and 
subsequent loading



1264 Welding in the World (2024) 68:1259–1270

region. For the weld toe, a stress concentration factor (SCF) 
of  Kt = 2.45 was obtained. At a distance 5 mm in front of 
the weld, the SCF is equal to  Kt = 1.3.

3.2  Elastic–plastic material behaviour

For the determination of local elastic–plastic stresses and 
strains from the existing linear-elastic stresses, the uniaxial 
material deformation behaviour, described by the cyclic 
stress–strain curve according to the approach of Ramberg 
and Osgood [20], Eq. (2), must be known.

The cyclic strain hardening coefficient K' and the cyclic 
strain hardening exponent n' are parameters used to describe 
the strain hardening behaviour of a material under cyclic load-
ing conditions. These parameters can be determined experi-
mentally through strain-controlled fatigue tests or incremental 
step tests on unnotched material specimens or estimated from 
quasistatic material properties. When dealing with locally 
inhomogeneous material dispersion, such as welded HFMI-
treated components, it is important to consider the variations in 
material properties within different regions of the component.

Schubnell et al. [21] determined the cyclic properties of the 
heat affected zone (HAZ) and the base material of different steel 
grades, including S355J2+N. However, a direct determination 
of these material parameters is not possible for hardened surface 
layers, as sampling by common methods is not possible due to 
the low layer density (< 0.3 mm) and high hardness gradient 
[18]. In such cases, other approaches are often used to approxi-
mate the Ramberg-Osgood-material parameter K' und n'. By 
using the Lopez-Fatemi correlation [22], the cyclic stress–strain 
curve can be estimated via the hardness. This approach was 
applied in [18, 23] to estimate the fatigue life of HFMI-treated 
transverse stiffeners made of S355J2+N and is adopted in this 
study as well. In addition to the approach of estimating cyclic 
material properties by hardness, this study also uses data from 
the literature [23] for the material S355J2+N.

A comparison of approximated and experimentally esti-
mated stress–strain curves for the base material (BM) and 
the HFMI-treated zone (HFMI) is shown in Fig. 7. Accord-
ing to [22], K' and n' can be approximated by Eq. (3) and Eq. 
(4) depending on the ratio between the ultimate strength  Rm 
and the yield strength  Re for  Rm/Re > 1.2.

(2)� =
�

E
+

(
�

K�

) 1

n�

(3)K� = 4.09 ⋅ (HB) + 613

(4)n� = −0.37 ⋅ log

(
0.75 ⋅ Re + 82

1.16 ⋅ Rm + 593

)

with

from [15]
The measured Vickers hardness can either be converted 

using DIN EN ISO 18265 [24] or determined using the Eq. 
(7) given in [10].

A hardness value of 170 HV was used for the BM and a 
hardness value of 346 HV for the HFMI-treated zone, based 
on the measurements described in section 2.2.

Once the cyclic stress–strain behaviour of the materials 
is characterised, the elastic stresses can be converted into 
local elastic–plastic stresses and strains using notch approxi-
mation methods. In the scope of the investigations of this 
study, the notch approximation method according to Neuber 
[25] was applied. Considering Masing behaviour [26] and 
material memory effects [27], the stress–strain paths can be 
numerically described for the considered loading sequence. 
In case a turning point of the load sequence is part of the 
initial load curve, the local elastic–plastic stresses can be 
determined according to Ramberg and Osgood, Eq. (2). For 
a load reversal, the elastic–plastic stresses are described by 
a hysteresis load according to the double Ramberg–Osgood 
curve, Eq. (8).

(5)Re = 0.0039 ⋅ HB2 + 1.62 ⋅ HB

(6)Rm =
(
0.0012 ⋅ HB2 + 3.3 ⋅ HB

)

(7)HV = 1.03 ⋅ HB − 1.07

(8)�� =
��

E
+ 2

(
��

2K�

) 1

n�

Fig. 7  Cyclic stress–strain curves* estimated by [23] and approxi-
mated from hardness measurements [8]



1265Welding in the World (2024) 68:1259–1270 

By setting Eqs. (2) and (8) in the notch approxima-
tion relation according to Neuber, the local elastic–plastic 
stresses σ and the stress range ∆σ can be calculated accord-
ing to Eqs. (9) and (10). For this purpose, the applied nomi-
nal stress σn is multiplied by the elastic stress concentra-
tion factor  Kt. Solving the equations requires an iterative 
approach.

When dealing with variable amplitude loading, the Mas-
ing and Memory model is essential for the complete descrip-
tion of the local stress–strain path. Therefore, closed hyster-
esis loops required for the calculation of damage parameters 
are identified using the HCM [27].

3.3  Fatigue damage parameter and linear damage 
accumulation

Within the present study, the parameter  PRAM is used to 
calculate the damage for each closed hysteresis loop of the 
loading sequence. As stated in [10],  PRAM is a modifica-
tion of the  PSWT according to Smith Watson Topper [28], 
considering a mean stress sensitivity of the material by the 
coefficient k. For the  PSWT parameter, it is known that the 
influence of tensile mean stresses is underestimated, and 
the influence of compressive mean stresses is overestimated 
[29]. Thus, Bergmann [30] proposed extending the  PSWT 
parameter with a material-dependent mean stress parameter 
k as follows:

The parameter k considers the mean stress sensitivity  Mσ 
depending on the material via Eq. (12) [31]. The ultimate 
strength  Rm of the material required for the calculation of 
 Mσ is determined via the hardness by Eq. (6).

with

The stress amplitude σa, the mean stress σm and the strain 
amplitude εa are determined for the observed hysteresis. 
The damage parameter Woehler curve required for damage 
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accumulation can be described by the correlation of the 
number of load cycles  Ni with the Coffin-Manson param-
eters σf

’, εf
’, b and c as well as the modulus of elasticity. 

To determine the Coffin-Manson parameters without mean 
stress effects, cyclic fatigue tests on material specimens are 
carried out at a stress or strain ratio of R = -1. Thus, Eq. 
(11) can be simplified to the  PSWT-Woehler curve, Eq. (14).

Similar to the determination of the material parameters 
for the description of the elastic–plastic stress–strain behav-
iour, the parameters σf

’, εf
’, b and c must be specified for 

each material property at the weld toe. Alternatively, these 
values can be approximated via the hardness method [13] as 
applied in this study, Eqs. (15)-(18).

To reduce the computational effort of calculating the 
damage sums for long load sequences under VAL, the 
approach to describe a bilinear damage curve according to 
Wächter [32] was applied. The endurance limit was therefore 
set to  ND = 5·105 according to UML [33] (Fig. 8).

3.4  Consideration of surface layer conditions

While the positive effect of the surface layer hardened by the 
HFMI treatment is considered in the stress–strain relation 
and the  PRAM-Woehler curves, the impact of the residual 
stresses has not yet been addressed. Residual stresses in the 
loading direction σT

RS
 are not included in the original for-

mulation of  PRAM. Schubnell et al. [34] addressed this by 
incorporating the residual stress into the mean stress during 
the damage calculation to quantify the influence of residual 
stresses on the crack initiation life (Eq. (19)).

Recent studies [35–37] have shown that due to cyclic load-
ing and single overload peaks, residual stresses may relax. It 
is therefore imperative to consider only those residual stresses 
remaining under cyclic loading. Equation (19) causes a shift of 
the stress–strain hysteresis downwards (residual compressive 
stress) and thus leads to a reduction of the damage. A similar 
evaluation of the residual stress state for HFMI-treated welds 
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has been previously conducted by [38] in the application of the 
4R method. In the context of this work, the results of extensive 
studies [8, 37] on the stability of residual stresses are used.

As mentioned earlier, the examined specimens showed cor-
roded surfaces adjacent to the weld seam, which is a result of 
the water jet cutting process. For all specimens of S355J2+N, 
failure was observed at the base plate, approximately 5 mm in 
front of the HFMI-treated weld toe [8, 16, 17]. This phenom-
enon indicates two possibilities. First, the fatigue strength of 
the weld was locally increased by the HFMI treatment beyond 
that of the base material. Second, the presence of the corroded 
surface may have led to additional stress concentrations and 
early crack initiation. In the FKM guideline [39], the influence 
of roughness can be taken into account via the mean surface 

roughness  Rz by Eq. (20). This approach is adopted to the 
FKM guideline “nonlinear” [31].

Within the damage calculation, this value of  KR, P is 
incorporated by modifying the  PRAM-Woehler curves.

Additional influences from the component construction, 
such as statistical and fracture mechanics support factors  nbm 
as described in [10, 31], are not addressed or considered in this 
study. It is assumed that the influence of  nbm on the fatigue life 
estimation is marginal, as low stress gradients are expected 
at the weld toe and at the evaluation point on the base plate.

4  Results and discussion

For the applicability study of the notch strain approach, the 
results from studies were used. A summary of the selected 
data is shown in Table 2. In addition to the material and 
Coffin-Manson parameters estimated from the hardness, 
parameters from [23] were also used to evaluate the con-
cept. Table 3 gives an overview of the input parameters 
applied to the base material and the HFMI-treated weld. 
The assessment presented is based on the simplification of 
applying each local material behaviour (BM, HFMI) to the 
entire model. As a more complex alternative the local cyclic 
material behaviour, approximated by the described method, 
can be assigned to each finite element based on the measured 

(20)KR,P =

(
1 − 0, 27 ⋅ log

(
Rz

)
⋅ log

(
2 ⋅ Rm

400

))0,43

(21)PRAM =
1
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√
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f
⋅ E ⋅ (2N)b+c

Fig. 8  PRAM-S-N curves for BM and HFMI.* estimated by [23] and 
approximated from hardness measurements [8]

Table 2  Overview of fatigue 
test data sets

Data set Reference Specimen type Material R-ratio [-] Spectrum Loading sequence

No. 1 [8] Transverse stiffener S355J2C+N -1 CAL -
No. 2 [16] Transverse stiffener S355J2C+N -1 VAL-p1/3) random
No. 3 [17] Transverse stiffener S355J2C+N -1 VAL-linear random

Table 3  Material and input parameters

1) Values from finite element analysis
2) Measured by contact stylus instruments

Material condition Hardness [HV] Reference E K' n' σf’ εf’ b c Kt Rz
[μm]

KR,P

BM* - [23] 204,933 1,351 0.224 1,291 0.442 -0.115 -0.54 1.31) 752) 0.79
BM (HV) 170 - 206,000 1,687 0.160 931 0.577 -0.09 -0.56 1.31) 752) 0.79
HFMI (HV)* - [23] 198,968 1,292 0.153 1,327 0.895 -0.08 -0.65 2.451) - 1.0
HFMI (HV) 346 - 206,000 1,991 0.160 1,657 0.307 -0.09 -0.56 2.451) - 1.0
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hardness indentations of the hardness map. This is followed 
by an elastic-plastic FE simulation. The considerable addi-
tional simulation and numerical calculation required by this 
alternative to determine the fatigue life by an elastic-plastic 
FE simulation does not necessarily lead to better agreement 
with the experimental test results, as shown in [10].

The fatigue life estimated with the adapted calcula-
tion algorithm presented in this study is shown in Fig. 9 
to Fig. 11. These figures compare the calculated crack-ini-
tiation lifetime  NI,cal and the experimental lifetime for the 
failure criteria fracture Nf,exp. The results using the Vickers 

hardness of the HFMI-treated zone and base material can 
be taken from Figs. 9a–11a. In comparison, the calculated 
fatigue life applying the parameters given in [23] can be seen 
in Figs. 9b–11b. For data set 1 (Fig. 9), which was subjected 
to CAL, a good accuracy in the fatigue life prediction is 
achieved for the base material, with a slight overestimation 
in the range of  104 to  105 cycles.

It should be noted that the failure criteria are different. 
The calculated total service life including a crack propaga-
tion calculation can lead to larger values. Due to the low 
notch intensity at the base material, however, it is assumed 

Fig. 9  Calculated fatigue life of 
data set 1 (CAL) with Vickers 
hardness a) and with parameters 
from [23] b)
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Fig. 10  Calculated fatigue life 
of data set 2 (VAL p(1/3)) with 
Vickers hardness a) and with 
parameters from [23] b)
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Fig. 11  Calculated fatigue life 
of data set 3 (VAL linear) with 
Vickers hardness a) and with 
parameters from [23] b)
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that the predominant part of the service life is determined 
by the crack initiation. For both sets of parameters applied, 
a similar lifetime is predicted for BM and HFMI subjected 
to CAL. The accuracy of the approach for the HFMI-treated 
zone cannot be evaluated, as all samples considered failed at 
the base plate. However, the results support the claim that the 
HFMI treatment increased the fatigue strength of the weld 
toe beyond that of the BM. This is reflected in the numeri-
cally determined higher number of cycles  NI,cal for the HFMI-
treated zone compared to the BM. The same effect can be 
observed in the results under VAL, Figs. 10–11.

For the random load sequence of the p(1/3)-spectrum, 
the lifetime for the BM in the regime N ≤  106 is overesti-
mated, Fig. 10. This misestimation of the crack initiation life 
becomes evident when evaluating the results obtained from 
tests conducted with a linear-shaped spectrum. Figure 11 
illustrates that the lifetime is generally significantly overesti-
mated. Applying the parameters given in [23], lower numbers 
of cycles  NI,cal are determined. However, even in this case, 
the assessment for both the HFMI-treated weld toe and the 
BM is unconservative. A possible explanation for the mis-
estimation of service life is the omission of damage caused 
by smaller stresses in the cumulative damage accumulation. 
If the calculated damage parameter  PRAM is smaller than the 
endurance strength at  ND = 5·105 [33], the damage of the 
corresponding stress ranges is neglected. When comparing 
the linear spectrum to the p(1/3) spectrum in Fig. 1, smaller 
stress ranges occur much more frequently within the linear 
spectrum. Consequently, a greater deviation occurs between 
the experimentally determined and calculated service life for 
the linear spectrum in comparison to the p(1/3) spectrum. The 
overestimation of the fatigue life may also be related to the 
selection of the damage parameter.  PRAM, as a modification 
of  PSWT, evaluates the influence of sequence effects on the 
damage of each closed hysteresis based solely on the mean 
or residual stresses occurring at the notch. According to the 
literature [29]  PRAM tends to overestimate the fatigue life for 
VAL when compressive residual stresses are present. Assum-
ing base material behaviour, negligibly low residual stresses 
are observed. It can be assumed that the damage caused by 
a small cycle following a large cycle is not sufficiently taken 
into account. The sequence effect is partially covered by the 
notch root approximation and is consequently integrated into 
 PRAM. However, more pronounced sequence effects are inad-
equately captured using the damage parameter  PRAM [29].

5  Conclusion and outlook

The applicability of a modified strain approach to predict 
the fatigue life of HFMI-treated transverse stiffeners under 
variable amplitude loading was studied. Modifications 

to the approach included estimating the cyclic material 
parameters for the base material and the HFMI-treated 
zone via hardness [15, 22]. Elastic–plastic material behav-
iour was determined using the notch approximation accord-
ing to Neuber. The required SCFs were determined by lin-
ear elastic finite element analysis considering the local and 
global geometry of the specimens. The parameter  PRAM 
was used to calculate the damage for each closed hysteresis 
loop of the loading sequence considering residual stresses 
remaining during cyclic loading as well as the impact of 
surface roughness. The main conclusions of the work are 
as follows:

• In the case of CAL, a good accuracy in the fatigue life 
prediction is achieved for the BM, with a slight over-
estimation in the range of low cycle values and higher 
stresses. The accuracy of the approach for the HFMI-
treated zone cannot be evaluated because for all test data 
considered, failure occurred at the base plate.

• Based on the results of the approach in conjunction with 
the experimental investigations, the conclusion that 
HFMI treatment increases the fatigue strength of the 
weld beyond that of the BM can be supported.

• For VAL, the approach yields unconservative results 
regarding lifetime prediction. As discussed in section 4, 
one reason for the inadequacy of lifetime prediction 
could be the choice of damage parameter.

Further investigations on the impact of the damage 
parameter for the assessment of HFMI-treated welded joints 
subjected to VAL are intended. It is therefore necessary to 
investigate how the endurance limit should be adjusted to 
adequately account for the damage caused by small stress 
ranges. To further validate the presented approach, addi-
tional experimental data must be incorporated. This requires 
verifying the reliability of the approach due to the influence 
of varying parameters such as material, notch geometry, 
stress ratio and spectrum shape.
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