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High-Frequency mechanical impact treatment of welded joints

In welded structures, fatigue damage often occurs in welds, which are the points of 
geometrical and material discontinuity. Accordingly, post-weld treatment methods have 
been developed. One of the relatively new methods is the high-frequency mechanical 
impact treatment. The method is characterised by the change in weld geometry, local 
increase in hardness, and elimination of residual stresses generated by the welding 
process. An overview of this method is provided, and areas requiring further consideration 
are highlighted.
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Pregledni rad
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Obrada zavarenih priključaka metodom mehaničkog udara visokom frekvencijom

Kod zavarenih konstrukcija, oštećenja umorom najčešće nastaju na mjestima zavara, koji 
predstavljaju geometrijske i materijalne diskontinuitete. Zbog toga su razvijene metode 
obrade zavara nakon zavarivanja. Jedna od relativno novih metoda obrade je metoda 
mehaničkog udara visokom frekvencijom. Ta metoda utječe na promjenu geometrije 
zavara, lokalno povećanje tvrdoće te uklanjanje nepovoljnih zaostalih naprezanja nastalih 
procesom zavarivanja. U radu se daje pregled navedene metode te se ističu područja koja 
zahtijevaju dodatna razmatranja.
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zavareni priključci, umor, obrada zavara nakon zavarivanja, HFMI

Übersichtsarbeit

Boris Fuštar, Ivan Lukačević, Darko Dujmović

Bearbeitung von Schweißverbindungen mittels der mechanischen 
Hochfrequenzmethode 

Bei verschweißten Konstruktionen entstehen Ermüdungsschäden am häufigsten an 
den Schweißnähten, die eine geometrische und materielle Diskontinuität darstellen. 
Deshalb wurde die Bearbeitungsmethode der Schweißnaht nach dem Schweißen 
entwickelt. Eine der relativ neuen Bearbeitungsmethoden ist die mechanische 
Hochfrequenzmethode. Diese Methode beeinflusst die Geometrie der Schweißnaht, 
die lokale Erhöhung der Härte sowie die Beseitigung der ungünstigen Restspannung, 
die durch den Schweißprozess entsteht. In der Abhandlung wird eine Übersicht der 
angeführten Methode gegeben und hebt Bereiche hervor, die zusätzliche Betrachtungen 
erfordern. 

Schlüsselwörter:

Schweißverbindung, Ermüdung, Bearbeitung der Schweißnaht nach dem Schweißen, HFMI
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1. Introduction

Fatigue is a progressive and localised process of damage 
accumulation in material due to prolonged, periodically varying 
loads, i.e. stresses. The magnitude of variable stresses is below 
the material yield strength. The useful life of a structural element 
subjected to fatigue consists of a period of crack initiation from 
the element surface, and a period of crack propagation until 
failure (Figure 1). More information on the fatigue mechanism 
can be found in [1].

Figure 1. Crack development with the number of load cycles

Fatigue usually occurs at places of high-stress concentration 
such as welds, which are the points of geometric and material 
discontinuities within the structure. Welding is a complex 
metallurgical process that results in irregular geometry, 
imperfections within the material, and residual stresses in the 
weld area. Geometric and material discontinuities significantly 
reduce the fatigue life of welds and, in particular, the period 
of crack initiation [2-5]. From a material discontinuity of 
microscopic size, the crack can begin to expand already with the 
first load cycle. Even though welds are critical locations in fatigue 
loaded structures, welding is nowadays the most widely used 
and frequent method of joining cyclically loaded steel structures 
such as steel bridges. The fatigue problem becomes even more 
significant in the case of high-strength steel. By using high-
strength steel, it is possible to reduce element dimensions and 
structure weight, resulting in a much more significant impact of 
the variable load portion that causes fatigue damage. Namely, 
the fatigue resistance of as-welded joints does not depend on 
the steel strength of joining materials. Leading parameters are 
mainly the global and local joint geometry. Therefore, increasing 
the yield strength of steel does not increase fatigue resistance of 
the welded joint. For this reason, the fatigue criterion becomes a 

leading design problem of cyclically loaded steel structures and 
is therefore crucial for selecting element dimensions such as 
thicknesses of plates, stiffeners, welding processes, and other 
geometrical parameters.
In the light of the above mentioned, the fatigue resistance of 
welded structures is still one of the leading research topics [6]. 
In order to increase the fatigue resistance of the structure, it is 
necessary to use joints with a lower stress concentration factor, 
predict welds in lower-stress areas, select the material and the 
welding process properly, etc. There are numerous standards 
and guidelines that facilitate the design of steel structures from 
the aspect of fatigue [7-11]. Methods aimed at solving fatigue 
issues in structures also include increasing the frequency 
of inspections to detect damage, limiting load imposed on 
structures, and strengthening or replacing structural members. 
In some cases, holes are drilled in crack notches to reduce stress 
concentrations and hence to increase fatigue resistance of the 
joint.
However, in some cases, the fatigue resistance of welded joints 
cannot be achieved with the aforementioned recommendations 
and standards. That is why Post Weld Treatment (PWT) 
methods have recently been developed. These methods 
eliminate imperfections, improve the geometry of the weld, and 
eliminate adverse tensile residual stresses generated by the 
welding process by introducing compressive residual stresses 
[12]. Further improvements in the fatigue resistance of welds 
are thus achieved [6], Figure 2. In this way, full utilisation of 
high strength steel (fy > 355 MPa) is made possible. Treatment 
methods can be applied immediately after welding or during 
service life (rehabilitation of existing structures). For existing 
structures, this can be very effective since all the stresses 
from permanent loads have already been imposed before 
application of PWT methods [13]. Detailed information and 
recommendations for steel and aluminium structures can be 
found in the IIW guidelines [14].
Fatigue resistance of welded details depends on the initial size 
of weld imperfections from which the crack propagates [15]. 
Post weld treatment methods eliminate geometric and material 
imperfections and extend the period of crack initiation over the 
overall fatigue life of the steel detail (Figure 2) [6]. PWT methods 
are simple and effective methods that in some cases, due to 
different limitations, become the only way to improve fatigue 
resistance.
PWT methods can be divided into two groups. In the first group, 
the weld toe is modified to reduce stress concentrations by 

Figure 2. Method for reaching high fatigue resistance
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providing smoother transition between the weld face and the 
elements that are being joined. Such procedure extends the 
crack initiation period of the details. The best known methods 
in this group are the TIG dressing and burr grinding. These 
methods are explained in greater detail in the literature [16-
18]. n the second group, residual stresses are modified, thus 
eliminating adverse tensile residual stresses generated by 
the welding process. These methods are also used to modify 
the weld toe and reduce stress concentrations, similarly to 
the methods belonging to the first group. The most popular 
methods of this group are the shot peening, hammer peening 
and the most recently developed and increasingly used method 
of mechanical treatment at high frequency, the so-called 
HFMI (High-Frequency Mechanical Impact) method [6, 14]. An 
overview of the weld toe improvement possibilities offered by 
the mentioned improvement methods is given in Figure 3 [14].

Figure 3. Weld improvement possibilities by improvement method

This paper considers the HFMI (High-Frequency Mechanical 
Impact) method, which is classified as a method for modifying 
residual stresses, but also modifies the local geometry of 
details and locally influences the increase in the hardness and 
yield stress of material at the weld toe [19].

2. High-frequency mechanical Impact method

The High-Frequency Mechanical Impact (HFMI) method is a 
relatively new and effective group of post welding treatments 
that is nowadays becoming increasingly popular and widespread 
[6, 14]. The application of the HFMI method can be traced back 

to the former Soviet Union [[20, 21].Despite its many positive 
effects, the implementation of this method on large structures 
has been relatively slow. The HFMI method includes various 
procedures such as the “Ultrasonic Peening Treatment” (UPT) 
[22, 23], “Ultrasonic Impact Treatment” (UIT) [23-25], “High 
Frequency Impact Treatment” (HiFIT), “Ultrasonic Peening” 
(UP ), “Pneumatic Impact Treatment” (PIT) [26], and “Ultrasonic 
Needle Peening” (UNP) [27]. The HFMI method extends the 
fatigue life of details by up to 18 times compared to untreated 
details [6]. HFMI improvements show the best result s in details 
exposed to a large number of stress changes, and the application 
of HFMI treatment in the design of new structures can reduce 
the self-weight of structures and increase their reliability [28].
Over the last ten years, a large number of commercial HFMI 
devices have been developed, and their number continues to 
increase. Ultrasonic and pneumatic devices typically consist of 
energy sources and tools with indenters of various shapes. The 
indenters are made of high-strength steel and manufacturers 
have developed the shape over time to maximise the effect. 
Figure 4 shows an example of an HFMI device and indenters of 
various shapes [12].
The principle of HFMI device is that the energy source drives 
piezoelectric elements, ultrasonic magnetostrictive elements, 
or compressed air with high frequency. Cylindrical heads 
alternately accelerate and strike the component of the structure 
(weld toe) at high frequency (> 90 Hz). The positive effect results 
from the impact energy at each stroke determined by the 
velocity (frequency) and moving mass  [12]. Figure 5 shows the 
untreated weld and weld after HFMI treatment.
During treatment, the material is locally plastically deformed, 
causing changes in microstructure of the material and in local 
geometry of the weld toe. Compressive residual stresses are 
also introduced, thereby reducing the residual tensile stress, 
which further increases the fatigue resistance of the welded 
detail [29]. Due to plastic deformation (cold forming of the 
material), the impact of the indenter results in strain hardening 
of the material, which locally increases the yield strength and 
fatigue resistance of the weld toe [30]. The interaction of these 
improvement parameters has not yet been fully investigated 
and is not adequately quantified. HFMI procedures for welded 

Figure 4. Example of HFMI devices and various indenters [12]
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details significantly extend the crack 
initiation period (by increasing the 
required number of cycles to crack 
initiation), which is neglected in untreated 
welds [31]. fter the crack grows outside 
the HFMI treatment zone, the residual 
crack growth life is similar to that of the 
untreated details [30]. The positive effect 
of HFMI treatment on the weld toe is 
shown in Figure 6.
The HFMI treatment can only be applied 
if a fatigue crack occurs at the weld 
toe. In the case of crack initiation at the root of the weld, the 
HFMI treatment is ineffective. After the weld toe treatment, 
it is possible to change the critical failure mode of the welded 
detail to the crack initiation at the weld root or from defects in 
the base material. In this way, the desired increase in fatigue 
resistance will not occur [32, 33]. For example, the HFMI treated 
and as-welded details of cover plates were considered in 
paper [34]. It was observed that the cracking of treated details 
sometimes occurs at the root of the treated weld, while in case 
of as-welded details it occurs at the weld toe. Therefore, when 
welding treatment is planned, welds that are not susceptible 
to crack initiation at the root should be applied, as indicated in 
relevant literature [12]. Improvements in welded details that 
are susceptible to crack initiation at the root should be further 
verified by experimental or numerical analyzes  [12]. Guidelines 
for the implementation of HFMI treatment, quality control, and 
evaluation of fatigue life improvement using nominal stresses, 
hot spot stresses, and effective notch stress, are given in [12].
Although, in the past, HFMI was only used for the repair of 
the existing structures, today it has become a part of the 
industrial process applied for new structures. Due to an 
increase in commercial applications, the need is currently felt 
to standardise the HFMI treatment process and the fatigue 
resistance assessment methods [12, 35]. Better understanding 
of all the parameters and limitations that affect the fatigue 
resistance improvement level is the basis for the development 

of the HFMI guidelines for fatigue life assessment. Parameters 
that influence improvement of fatigue resistance of the HFMI 
treated welded details are described.

3.  Parameters influencing fatigue resistance 
improvement by HFMI method

3.1.  Weld toe geometry improvement after 
treatment

Weld constitutes a sudden change in the geometry of the joint 
that causes high-stress concentrations, as shown in Figure 7. 
The stress concentration is defined by the stress concentration 
factor Kt. The highest concentration occurs at the weld toe, 
which is therefore the most likely place of fatigue failure. The 
smaller the notch radius, the higher the stress concentration 
and, ultimately, the shorter the fatigue life. HFMI procedures 
improve geometry by increasing the radius of the weld toe r2 
> r1.
Increasing the radius of the weld toe ensures a “smoother” 
transition between the weld face and the welded plate, thus 
reducing stress concentration and increasing fatigue resistance. 
In order to obtain a uniform geometry along the weld, three 
passes of the HFMI device over the weld toe are considered 
optimal [36]. For numerical calculation of untreated welds, a 
radius of weld toe of r = 0,25 mm can be assumed [37, 38], while 

Figure 5. Untreated weld (left) and angle weld after HFMI Treatment (right) [12]

Figure 6. a) HFMI processing b) parameters influencing improvement of fatigue resistance
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in case of the HFMI treated weld a radius of r = 3,3 mm (0,2 mm 
deep and 3,8 mm wide) can be assumed [39]. These numbers 
are also within the range of dimensions suggested in the HFMI 
treatment guidelines [31].

3.2. Residual stresses after HFMI treatment

Residual stresses are self-equilibrating stresses that are 
introduced within a structural component due to previous 
individual activities such as welding or cold forming, and they 
remain within the element even after termination of such 
activities. In the case of welding, residual tensile stresses occur 
in the weld toe area, as a result of local shrinkage of material 
in weld area after cooling. This phenomenon has a negative 

effect on fatigue crack initiation and 
contributes to brittle fracture of the 
material. HFMI treatment introduces 
compressive residual stresses, which 
reduce tensile stresses at the weld 
toe. According to some authors [40], 
this is the most important parameter 
of improvement in the case of HFMI 
treatment. The total stress in the 
welded joint amounts to:

suk = svanjsko + szaost,zavar + szaost, HFMI (1)

Figure 8 shows an example of various stress conditions within 
a welded detail. The stress ratio R is defined as the ratio of 
minimum to maximum stress and is usually different from the 
stress ratio from external load.
F igure 8 shows that high tensile stresses contribute to 
fatigue by increasing the maximum stress. When the residual 
compressive stress is introduced through HFMI treatment, the 
tensile stress generated by welding and the tensile stress part 
of the externally variable load can be eliminated or partially 
reduced. The ideal effect of HFMI treatment is shown in case 
(e) given in the figure. The positive effect of HFMI treatment 
is more pronounced when the stress range is smaller. Tensile 

Figure 7.  The stress concentration at the weld before and after HFMI treatment (smax,1 > smax,2), 
where Kt1 and Kt2 are the stress concentration factors, and r1 and r2 are the weld toe radii

Figure 8. Various stress conditions in welded joints as related to residual stress condition [41]
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stresses combined with external loading can increase the value 
of the mean stress and cause the component to be exposed 
to a higher load compared to the load that is in reality exerted 
on that component. Due to better understanding of the level 
of weld improvement by HFMI method, a number of studies 
have been conducted in recent years on the effect of the HFMI 
method on residual stress within welds [42-46].
HFMI treatment can involve up to 400 MPa of positive 
compressive stresses up to 1,5 mm in depth from the surface 
of the material [6]. The magnitude of the residual stresses 
introduced increases with an increase in yield stress [6], which 
is advantageous for high-strength steels. Residual stresses 
remain in the treated weld toe area even after application of 
pre-load (such as constant load), and before fatigue loading 
[47, 48]. Turski et al. [42] have shown that HFMI treatment 
introduces compressive residual stresses up to 2 mm in depth 
of the material, while Liu et al. [43] have established that 
compressive stresses extend to 4 mm in depth. A German 
research project called “Henry Granjon Prize Competition 
2009” [49] has revealed experimental data according to which 
compressive residual stresses reach 1,5 – 2,0 mm in depth with 
maximum values at about 0,4 mm to 0,5 mm below the surface 
of the material. After treatment, the average weld radius is 1,5 
mm to 2,0 mm with a groove depth of 0,1 mm to 0,2 mm. The 
groove depth is closely related to local residual stresses and is 
an essential measure in the quality control of HFMI treatment 
[48, 50].
The tool most commonly used for estimating residual stresses 
is the finite element method and, in this respect, a number of 
numerical models have recently been developed [42-45, 51]. 
More information on the influence of the finite element mesh 
type, material characteristics, boundary conditions, indenter 
sizes, modelling methods, and strain hardening rules, on 
the results obtained in numerical calculations can be found 
in [44, 52, 53]. Residual stress simulations can be evaluated 
experimentally by various measurement methods such as the 
X-ray diffraction and neutron diffraction [41].
Residual stresses introduced by HFMI treatment can be partially 
or completely relaxed due to individual stress peaks caused 
by live loads (or preloading) [54-58], which has the effect of 
reducing fatigue life of the welded detail. Preloading can relax 
residual stresses in proportion to their magnitude  [56]. For 
example, a static load of approximately 40 % of the steel nominal 
yield strength reduces the positive compressive residual stress 
introduced by the Hammer Peening method, which has a similar 
effect as HFMI treatment [29].
The stability and relaxation of residual stresses in a HFMI 
treated detail depends on factors such as the stress to preload 
ratio, initial residual stress value, local stress concentration, 
and local yield strength [59]. The positive effect of the residual 
stress modification methods is also reduced by the increase 
of the mean stress  [54], as it also increases the local mean 
stress at the weld toe, which in turn reduces positive effect of 
compressive residual stresses.

The relaxation of residual stresses occurs mainly in low-
strength steels subjected to high tensile stresses [30, 60]. 
Generally, there is no residual stress relaxation for high-strength 
steels, so that residual stress remains stable throughout the 
life span. As mentioned above, the overall improvement of 
HFMI treated welds is manifested by the input of compressive 
residual stresses, changes in geometry, and local increase in 
hardness. Even when the residual stress relaxation does occur, 
the improvement of fatigue resistance still exists due to the 
remaining two parameters. However, in such cases, the level of 
resistance improvement must be investigated more thoroughly.

3.3.  Increase in material hardness at the weld 
treatment zone

Due to plastic deformation in the treatment zone (cold forming 
of material), the HFMI treatment results in an increase in surface 
hardness of material in the treated area  [61], which in turn leads 
to a local increase in yield strength [62]. This also increases 
fatigue resistance of the welded detail [30]. he increase in 
material hardness can be as much as 100 % as related to the as-
welded state [29, 63].  In general, the depth of material hardening 
is less than 1 mm. According to [47], the increase in hardness 
can range from 0.3 to 0.5 mm in depth. The increase in hardness 
depends on the steel strength, and so a high strength steel has 
a lower hardness increase potential  [47, 49]. Weich et al. [17] 
applied HFMI treatments for yield strengths of 434 MPa and 719 
MPa. When comparing hardness values in the non-treated and 
treated state, they found an increase in hardness of about 66 
% for low strength steel, and an increase of about 28 % for high 
strength steel. In the case of low strength steels, a slightly higher 
depth value, of about 0,3-0,4 mm, was registered, while for high 
strength steels, the depth of hardness increase amounted to 0,3 
mm. Although an increase in hardness is a common phenomenon 
in cold forming of steel, no systematic quantification of this effect 
has been made for HFMI treated details [30].

4.  Fatigue assessment for HFMI treated welded 
steel joints

4.1. S-N method based on nominal stresses

4.1.1. General

Fatigue assessment of welded details is usually based on the 
S-N method, as often suggested in standards [7, 8]. Each detail is 
categorised with the corresponding experimentally obtained S-N 
curve, which shows fatigue resistance of the detail. Resistance 
curves show the ratios of amplitudes of variable stresses to the 
number of changes in these amplitudes until failure of the detail. 
Typical curves for as-welded details according to EN 1993-1-9 
and IIW standards are shown in Figure 9.
Each resistance curve is identified by the characteristic fatigue 
strength (stress range) at N = 2·106 stress cycles, expressed 
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in MPa. This value marks the detail category. S-N curves 
proposed by Eurocode [8] for as-welded details have a slope of 
m = 3 above the stress range known as the constant amplitude 
fatigue limit (CAFL), where the slope becomes m = 5. This point 
corresponds to stress range at 5·106 stress cycles.
The estimation of fatigue life consists of detail categorisation 
into a specific category, which represents resistance and 
determination of stress range at the observed location. The 
most commonly used approach for fatigue assessment with 
the S-N method is the nominal stress approach, which is based 
on an average stress in the considered cross-section. The 
stress is calculated using a traditional structural mechanics 
procedure, and is based on the linear-elastic theory. At that, 
local influences that cause an increase (concentration) in stress 
are neglected. Local influences are indirectly taken into account 
using S-N curves. An estimation based on nominal stresses is 
presented in this section, while other approaches are presented 
in subsequent sections.
Resistance curves for HFMI treated welds [23, 47, 64, 65] are 
based on the assumed S-N curve slope of m = 5, and the fatigue 
detail category is also defined for N = 2·106 number of stress 
cycles [12, 22]. The assessment of the fatigue life of HFMI treated 
details according to IIW guidelines [12] covers details belonging 
to fatigue classes from FAT50 to FAT90. This limitation is due to 
the fact that more classes refer to non-welded details or details 
with already improved welds [66]. Details belonging to a class 
lower than FAT50 have not been considered since such details 
also have a high risk of failure over the weld root, where HFMI 
will not provide improvement. S-N curves for the HFMI treated 
details are shown in Figure 10.
The maximum detail category that can potentially be achieved by 
weld treatment is the category that is by the amount closest to 
the category obtained when the value of the as-welded category 
is multiplied by a factor of 1,6 [12]. To simplify the calculation, 
this corresponds to an improvement of four fatigue categories. 
For example, if a FAT71 category is HFMI treated, the new 

value of the category is FAT112. In Figure 10, such S-N curve 
is designated as 112 (71). If the fatigue class FAT90 detail from 
Figure 10 is considered, it can be seen that the curve of untreated 
welds with the slope of m = 3, and the curve of HFMI improved 
weld, intersect at a point of approximately N = 72.000 cycles. This 
means that, for welded structures of low strength steel, there 
will be no significant improvement in fatigue resistance by HFMI 
treatment for a fatigue life of less than 72.000 cycles.

Figure 10.  Characteristic nominal S-N curves for HFMI treated 
welded details for low strength steels (fy < 355 MPa) for R 
≤ 0,15. The value in brackets represents the fatigue class 
FAT (detail category) for as-welded details according to 
Hobbacher [7, 12]

4.1.2. Influence of plate thickness

It has been known since the 1950s that fatigue resistance 
depends on the thickness of the element and that it decreases 
with an increase in thickness [67]. For thicker panels, a greater 
volume of material is exposed to high stresses and the fatigue 
resistance of such details is lower. In addition, an increase in 

Figure 9. S-N resistance curves for untreated welded steel details according to IIW (left) and EC3 (right)  [7, 8]
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plate thickness (while maintaining local geometry of the weld 
toe) also creates higher stress concentrations at the weld toe 
due to a smaller ratio of notch radius to plate thickness [68, 69]. 
More about the effect of element thickness on fatigue resistance 
can be found in [68, 70]. It is also significant to note that residual 
stresses due to welding are higher in case of thicker elements.
Although the effect of element thickness on fatigue life of 
welded details is known and covered by a variety of standards, 
this influence has not been systematically investigated for 
welds treated by HFMI procedures [67]. Guidelines for assessing 
fatigue of details improved by HFMI treatment are applied for 
panel thicknesses ranging from 5 to 50 mm [12]. he thickness 
of plates and welds affects the local stress concentration at 
the weld toe and stress gradients through plate thickness. 
Therefore, estimations through nominal and hot spot stresses, 
which will be discussed later in this paper, require the application 
of a reduction factor for all panels exceeding 25 mm in thickness 
[7].

4.1.3. Influence of steel strength

As mentioned earlier, fatigue resistance of as-welded joints 
does not depend on the quality of material of connecting 
elements. However, numerous studies show that the level of 
improvement of welds by HFMI methods increases with an 
increase in strength of the material  [6, 23]. It was confirmed in  
[71]  that HFMI treatment with the introduction of favourable 
compressive stresses in the depth of up to 1 mm, and with 
the introduction of a 2 mm weld toe radius, has the greatest 
effect in high-strength steels. It was shown in paper  [72]  that, 
if the yield stress of fy = 355 MPa is taken as the reference, an 
increase in fatigue resistance is approximately 12,5 % for each 
200 MPa increase in steel strength. This can be explained by the 
fact that compressive residual stresses introduced by treatment 
are proportional to yield stress [30].
In guidelines [67], an increase of one FAT class is proposed 
for each 200 MPa increase in the yield strength [72], 
which has proven to be a conservative assumption. Design 
recommendations include an increase of four FAT classes for 
steel joints with yield strength of fy <355 MPa with respect to 
curves for nominal stresses for the as-welded condition. An 
increase for additional class is carried out for each increase in 
the yield strength of 200 MPa. The specific class increase is 
defined for N = 2·106 cycles and assumes an S-N slope of m 
= 5 for the HFMI treated details and m = 3 for the as-welded 
condition. An allowable increase in the number of FAT classes as 
a function of yield strength can be found in [12]. 
Characteristic S-N curves for HFMI treated joints for steels with 
fy > 355 MPa can be found in [67]. An as-welded joint of high 
strength steel, e.g. FAT 80 (m = 3), would be FAT180 (m = 5) in 
HFMI treated condition. In treated condition, FAT 90 would have 
the same class as FAT 180. This limitation is due to current lack 
of experimental data and is the highest class in which detail can 
be improved, i.e. FAT180.

4.1.4. Influence of loading and stress ratio

For fatigue assessment of as-welded details, according to IIW 
guidelines, the maximum values of the nominal stress range 
and hot spot stress range are limited to 1,5 fy [7], and 2 fy [12]. 
For treated welded joints, the limitation of the stress ratio is 
R ≤ 0,5 and the maximum stress is smax ≤ 0,8 fy [14]. TThese 
limits must be applied because of possible instability of residual 
stresses when the limit values are exceeded. Laboratory tests 
of fatigue loaded treated welded joints with variable amplitudes 
and nominal preloads of 0,9 fy, 1,0 fy, and 1,1 fy have been 
presented in literature [32]. These tests confirm that the effect 
of HFMI treatment is reduced. 
HFMI treated details can have up to 8 FAT classes of 
improvement depending on material strength, geometry of 
welded details, etc. The influence of stress ratio is expressed as 
a limitation in the maximum allowable increase in the number 
of FAT classes [12].

4.1.5. Stress cycles with variable amplitudes

S-N curves are based on test data that are mainly obtained 
at constant amplitudes, whereas in reality steel details are 
exposed to variable stress amplitudes. In such situations, 
stress history is converted to a constant amplitude record 
based on stress-amplitude counting methods such as the rain 
flow method or the reservoir method [73]. A series of stress 
ranges of constant amplitude, with the corresponding number 
of cycles, are obtained in this way. The total fatigue life is then 
calculated using the Palmgren-Miner rule [74], although the 
Miner sum can give incorrect results in the case of HFMI treated 
details [32]. Basic parameters that influence fatigue behaviour 
of the HFMI treated structure are the frequency of occurrence 
of preload, the arrangement of load cycles in the load spectrum, 
and the maximum and minimum stress levels. An equivalent 
stress range given by the following expression is used to 
determine the fatigue life of the details:

 (2)

in Eq. (2) Δsk is the stress range associated with the knee 
computed at N = 1·107, Ni is the number of stress cycles Δsi i 
where Δsi > Δsk, Nj  is the number of stress cycles Δsj where Δsi 
< Δsk, m is the slope of S-N curve above the knee point, m ‘= 
2m-1 is the slope of S-N curve below the knee point and D is the 
damage sum, e.g., D = 0,5. Yildirim and Marquis [39] show that 
Eq. (2) can be used to correlate variable stresses of constant and 
variable amplitudes for HFMI treated welds.
In the case of HFMI treated welds, a significant proportion 
of fatigue strength improvement is related to favourable 
compressive stresses. Therefore, any change in residual stress 
during variable amplitude loading can have a significant effect 
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on fatigue strength. For HFMI treated details of high-strength 
steel, changes in failure mode have been reported depending 
on whether the fatigue load is of constant or variable amplitude 
[75]. In the case of variable amplitudes, the stress range 
spectrum consists of individual cycles with large stress ranges, 
which results in a failure in the HFMI produced groove, whereas 
a constant amplitude load results in failure at other locations. 
In paper [76] the results of laboratory tests with constant 
amplitudes (R = 0,5 to 0,7) and limited variable amplitudes are 
compared with IIW guidelines[14]. It was confirmed that the 
slopes of the S-N curves vary from 4,4 to 9,6. It was concluded 
that a lower slope is more appropriate for designing treated 
weld toes for medium and high cyclic fatigue (104 to 107 cycles).

4.2. S-N approach based on hot spot stresses

Hot spot stresses are geometric stresses obtained by 
extrapolating stresses from reference points at a certain distance 
from the weld toe, as shown in Figure 11 [3]. The extrapolation 
is performed to exclude from calculation the nonlinear stress 
component that is taken into account indirectly through S-N 
curves, and extrapolation is performed from locations where 
the stress distribution is still linear. For plate elements, this 
location starts approximately at a distance of 0,4t from the 
weld toe, where t is the plate thickness. Recommendations for 
the determination of reference points and extrapolation can be 
found in [77].

Figure 11. Definition of hot spot stress according to [78]

The procedure proposed in [77] is recommended for fatigue 
assessment based on geometric hot spot stress. As in the 
case of nominal stresses, the characteristic curves of the 
HFMI improved details are defined for N = 2·106 and are 
based on an assumed slope of m = 5 in the range 104≤ N 
<107 and m’ = 9 for 107 ≤ N. In the context of the fatigue 
assessment approach based on nominal stresses for HFMI 
treated details, it was mentioned earlier that the maximum 
allowable S-N curve corresponds to the FAT180 class. The 
problem with ¸hot spot calculations can be found in welded 
details with relatively low-stress concentrations, where 
a very high detail category can be achieved but, in the 
guidelines, it is limited to FAT180.

The stress concentration in the hot spot method is defined as 
the ratio of the geometric ss to the nominal stress snom by the 
following equation:

 (3)

As was the case with nominal stresses, the fatigue strength 
reduction factor due to thickness should be used, and guidelines 
for variable amplitudes must be used in conjunction with the 
hot spot approach. Examples of fatigue life calculations for 
improved welded joints based on the hot spot approach can be 
found in [79, 80].

4.3.  S-N method based on effective notch stress 
approach

This approach is currently increasingly used in the industry, and 
guidelines for fatigue assessments by this approach can also be 
found in standards [81, 82]. The basic concept of this approach 
is numerical modelling of the weld root or toe with notches of a 
certain reference radius, Figure 12. The effective notch stress is 
the total stress at the weld root obtained from the calculation 
assuming linearly elastic behaviour of the material [3].

Figure 12. Calculation of notch stress with reference radii [3]

There are two commonly used fictive radii of 1 mm and 0,05 
mm for fatigue assessment based on the notch stress approach 
[81, 83]. Each notch in the root or weld toe is modelled without 
discontinuity assuming linearly elastic behaviour of the material. 
A reference radius of 1 mm is used for panels thicker than 5 
mm, and so this method can be applied for civil engineering 
structures. The notch stress fatigue assessment follows the 
same procedure as the nominal stress approach, with the 
consideration of the local effective notch stress instead of global 
stress. The estimation procedure is based on a comparison of 
the effective fatigue stress range with the corresponding S-N 
curve representing resistance. Such curves are proposed in the 
IIW recommendations [83] for plated structures loaded with 
longitudinal forces and bending moments. In 2008, IIW approved 
guidelines for fatigue assessment of post-weld treated details 
using “notch” stresses [84]. The calculation proposal is based 



Građevinar 5/2020

430 GRAĐEVINAR 72 (2020) 5, 421-436

Boris Fuštar, Ivan Lukačević, Darko Dujmović

on stress analysis using a fictive notch radius ρf = 1 mm and 
the procedure described by Fricke [83]. The slope of S-N curves 
of the HFMI treated details is the same as that of the hot spot 
approach. As was the case with the nominal stress method, 
characteristic curves are defined for N = 2·106. For HFMI treated 
welds, the corresponding S-N curves for various steel grades 
are given in [12], There is also a limitation, i.e. the improved 
detail category can not exceed FAT 180.
Fricke [83] defines the effective notch stress concentration as 
the ratio of the effective notch stress sw to geometric stress sS 
according to the following equation:

 (4)

Fricke [12] also proposes that the minimum KW could be 1.6 for 
details with a low-stress concentration, even if a smaller factor 
is obtained by calculation. Additional requirements for HFMI 
treated details are not necessary as KW is defined with respect 
to the geometric stress sS, where certain constraints and 
requirements already apply. Fatigue strength recommendations 
given in [12] are based on the assumption that Δs is calculated 
in terms of the maximum principal notch stress. As with nominal 
stress range, a reduction in FAT class is required regarding the 
stress ratio, and also according to variable-amplitude guidelines. 
As this method is extremely local in nature, no reduction is 
required for element thickness [12].
Nominal and hot spot stresses do not take into account local HFMI 
influences, and include global geometry influences only [30]. An 
analysis considering local weld-toe improvements using the Notch 
stress method was performed in [85] but, to simplify calculation, it 
was concluded that the HFMI groove could be neglected.

4.4. Crack initiation-propagation model

4.4.1. General

An unconventional fatigue assessment method based on a 
combination of crack initiation and propagation models will 
be presented in this section. The method can be applied for 
assessing fatigue of welds improved by the HFMI method [86]. 
The crack initiation is modelled by the notch strain approach, 
where the number of stress ranges of a certain amplitude 
is determined until a crack of a given size occurs. The crack 
propagation is modelled by fracture mechanics, which gives 
the required number of stress cycles for crack propagation to 
a critical value when failure occurs. Although this approach has 
not been adopted in standards, it enables efficient evaluation 
of fatigue life of treated and as-welded steel joints [3, 86]. The 
fatigue process consists of a crack initiation period and crack 
propagation period, and so it is appropriate to consider these 
two stages separately. The S-N method does not distinguish 
these two phases but instead observes the total fatigue life.
Since HFMI treatment only relates to the crack initiation period, 
it is possible to estimate the extension of the crack initiation 

period using the notch strain approach. In this way, the change 
in geometry, compressive residual stresses, and increase of 
hardness, can be taken into account.

4.4.2. Crack initiation model – Notch strain model

The Notch strain approach was proposed by Seeger et al. [87]. 
Resistance estimation consists of determining the stresses and 
deformations at the weld toe under elastoplastic conditions and 
comparing it with the S-N deformation curve of the miniature 
material specimen (Ø = 6-8 mm) until its complete failure 
(Figure 13). An introduction to the Notch strain approach can 
be found in [88].

Figure 13. Similarity concept for notch strain method

Stresses and deformations at the weld toe within the 
welded detail are calculated from the stress-strain curve and 
using the Neuber equation from [89]. The residual stresses 
introduced by HFMI treatment are also taken into account. 
Stresses and deformations at the weld toe can also be 
obtained by using a stress concentration factor in the notch 
Kt. The “Notch” factor for fatigue is derived from the stress 
concentration factor according to Peterson [90, 91]. The 
value of the notch factor for fatigue decreases compared to 
the value of stress concentration factors, especially for sharp 
notches. For a more conservative calculation, the stress 
concentration factor, through which it is possible to take into 
account the change in geometry after HFMI treatment of the 
weld toe, is taken into account. Stresses and deformations in 
the weld notch in the elastoplastic state according to Neuber 
are given as:

 (5)

 (6)

where Kt is the elastic stress concentration factor, Kts is the 
elastoplastic stress concentration factor, Ktε is the elastoplastic 
stress concentration factor, sk is the maximum stress in the 
notch, εk is the maximum deformation in the notch, sn is the 
nominal stress, and εn is the nominal deformation (εn = sn/E).
The calculation of stress and deformation in the notch is based 
on a stabilized cyclic stress-strain curve. Local stresses and 
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deformations follow a cyclic stress-strain curve approximated 
by the Ramberg-Osgood equation [92]:

 (7)

where εa is the total strain amplitude, εa,el is the elastic strain 
amplitude, εa,pl is the plastic strain amplitude, sa is the stress 
amplitude, E is the modulus of elasticity, K’ is the cyclic strain 
hardening coefficient, and n’ is the cyclic strain hardening 
exponent.
The cyclic stress-strain curve forms a hysteresis loop in the 
stress-strain diagram. Individual sections of the curve are 
approximated by doubling instantaneous amplitudes of the 
primary cyclic stress-strain curves. Hysteresis loop branches, 
which rise or fall down from endpoints, include the Bauschinger 
effect [93] and are described by the double strain curve [94] as:

 (8)

Failure or crack initiation is described by the S-N deformation 
curve, which includes the elastic and plastic parts. The curve 
according to Manson and Coffin, together with the correction 
effect of the mean stress according to Morrow [95-97] is:

 (9)

where sf’ is the coefficient of fatigue strength, εf’ is the 
coefficient of fatigue ductility, b is the fatigue strength exponent, 
c is the fatigue ductility exponent, sm is the stress, and 2N is the 
number of cycles until cracking. The crack initiation period ends 
when the crack size becomes ai = 0,5 – 0,8 mm [98]. 
For the fatigue life estimation, i.e. for variable amplitude stress 
ranges¸ the Rainflow method [73] is used to determine the 
nominal stress amplitudes Δsnom,1, Δsnom,2, Δsnom,i, etc. from the 
stress spectrum. Subsequently, local stress amplitudes Δslocal,1, 
Δsocal,2, Δslocal, 3, etc. are determined from these systems of 
equations. The fatigue life until crack initiation is estimated by 
the Miner’s rule so that contribution of each individual stress 
amplitude to the total damage is observed, as shown in Figure 
14. The crack occurs when the sum of all contributions to the 
damage reaches 1.0, Eq. (10). The Coffin-Manson equation is 
used for calculating for each stress range the total maximum 
number of cycles until failure (Ni).

 (10)

The application of the local strain approach requires definition 
of material parameters, which are determined through 
appropriate tests. Several methods are used for determining 
material parameters [99], including the “uniform material 

law” and “hardness method”. These methods can be used to 
determine parameters for the notch strain approach and thus 
to accurately estimate fatigue life of the welded detail, as 
confirmed by experimental results [99]. The “uniform material 
law” was proposed by Bäumel and Seeger [100]. Only the 
modulus of elasticity and tensile strength of steel are required 
for the estimation of parameters.
The above-mentioned “hardness method” also deserves 
mentioning in this paper since it is essential for the assessment 
of HFMI treatment by taking into account the hardness of 
material. It was proposed by Roessle and Fatemi [101].  Some 
parameters are estimated from Brinell hardness, which must be 
between 150 HB and 700 HB. Brinell hardness and modulus of 
elasticity of steel are required for parametric estimation by this 
method.

Figure 14. Sum of damage for crack initiation period

4.4.3. Crack propagation model – fracture mechanics

The crack propagation period is modelled using principles of 
fracture mechanics. This approach is based on a number of 
assumptions with some degree of uncertainty and can be used 
to estimate the crack propagation period if used with model 
calibration [3]. Calibration means that the model first adjusts to 
a specific S-N curve and then extrapolates to the required detail. 
In order to estimate the fatigue life of the details as accurately 
as possible, the initial and final crack size, the parameters of 
the crack propagation, and the corresponding S-N curve, should 
accurately be determined.
The degree of crack growth is proportional to the stress range, 
which is expressed via the stress intensity factor. It describes 
the state of stress near the tip of a crack caused by external 
load, and is expressed as:

 (11)

where Y is the correction factor dependent on crack geometry, 
a is the crack size, and Δs is the stress range. Fatigue crack 
propagation occurs if the stress intensity factor exceeds the 
critical stress intensity factor. More information about this topic 
can be found in [3].
ZTo estimate the crack propagation period for fatigue-exposed 
welded details with constant amplitudes, the use is made of 
the Paris-Erdogan equation, which approximates the cyclic 
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crack growth rate under plane deformation conditions at the 
crack tip. In this case, it is assumed that the crack propagates 
perpendicular to the direction of loading. The Paris equation is:

 (12)

where a is the crack size, N is the number of load cycles, C and m 
are the experimentally determined material constants, and ΔK is 
the stress intensity factor. Material parameters m and C depend 
on the material microstructure, the mean stress, environmental 
conditions, temperature, degree of corrosion, etc. The values of 
these constants, as well as a list of literature where they can 
be found, are presented in [3]. Figure 15 shows a typical crack 
propagation curve according to Paris law.
The propagation process consists of slow propagation, a stable 
and unstable crack propagation, which is followed by failure. The 
Paris equation is related to the linear stable crack propagation. 
Fatigue life is assessed by integrating the Paris equation:

 (13)

where N is the number of stress cycles from ai to aj. During 
crack propagation assessment based on this method, the 
estimation of the initial crack size ai is of major significance 
for determining the crack propagation period. Initial crack size 
values are usually in the range from ai = 0,01 to 0,05 [102] or 
even 0.15, as recommended by IIW [7]. These crack sizes are 
approximations of microstructural properties of the material. 
The grain size typical for steel is approximately 0,01 mm, and so 
it does not make sense to assume a crack size below this value. 
An initial crack size equal to the crack size at the end of the 
crack initiation period is selected in the case of a crack initiation-
propagation model. According to the Notch strain analysis, the 
fatigue life up to crack length of 1 mm and a depth of about 
0,5 mm is observed. For the calculation of crack propagation, 
BS7910 [103] recommends an initial crack size ai between 0,1 
and 0,25 mm.

4. Conclusions

Based on the review of available literature on the HFMI 
treatment of welded joints exposed to fatigue, the following 
can be concluded:
 - The HFMI treatment of welded joints is a simple and cost-

effective method for improving the fatigue resistance of 
fatigue loaded welded joints and, in some cases, it can even 
be the only solution when a sufficient fatigue resistance can 
not be achieved with conventional design rules.

 - Improvement of fatigue resistance involves increasing the 
weld toe radius (reducing stress concentration), introducing 
compressive residual stresses that reduce or eliminate 
unfavourable tensile residual stresses generated by welding, 
and material hardening due to cold forming where the 
material yield strength increases locally (in proportion to an 
increase in steel grade).

 - Unlike as-welded joints, steel grade contributes to the 
fatigue resistance of the improved fatigue loaded welded 
joints, which is especially important in high-strength steel 
applications.

 - The reliability of improved welded details, as related to 
constant and variable stress amplitudes occurring in real 
structures, should be further investigated.

 - The combined effect of residual stresses and the level 
of relaxation due to different types of loading, weld toe 
geometry, and material hardening due to cold forming, 
should be further investigated in order to assess more 
accurately the level of improvement of fatigue resistance of 
welded details.

 - A better understanding of all above mentioned issues will 
continue to promote the HFMI method implementation in 
civil engineering and other industries, and will allow progress 
in standardisation process, as well as the development of 
new guidelines for fatigue assessment of post-weld treated 
details.

 - It should be noted that, due to insufficient laboratory test 
results for various details, there is still a certain level of 
uncertainty in fatigue assessment. Therefore, in addition to 
additional laboratory testing, probabilistic models need to 
be developed to asses the level of uncertainty for everyday 
engineering applications.

 - Particular attention should be paid to individual loads that 
can significantly relax compressive residual stresses and thus 
influence the level of resistance improvement. This should be 
taken into account in fatigue assessment, especially when 
considering variable stress amplitudes obtained from stress 
spectrum.

 - Previous studies have shown the benefit of the HFMI method 
in increasing the fatigue strength of welds at constant 
amplitudes and low-stress ratios. However, there is limited 
knowledge about the effect of high-stress ratios and 
variable amplitudes, and various mechanisms such as the 
residual stress relaxation, geometry improvement, and strain 
hardening, on the fatigue resistance improvement level.

 - Understanding the combined and joint effect of residual 
stresses, local weld toe geometry, and strain hardening, is of 
crucial significance for determining the effect of high-stress 
ratios and peak stresses on the level of improvement of 
welded structures by the HFMI method.



Građevinar 5/2020

433GRAĐEVINAR 72 (2020) 5, 421-436

High-Frequency mechanical impact treatment of welded joints

REFERENCES
[1] Schijve, J.: Fatigue of Structures and Materials. Kluwer Academic 

Publishers, 2004.
[2] Ye, X., Su, Y., Han, J.: A State-of-the-Art Review on Fatigue 

Life Assessment of Steel Bridges, pp.1-13, 2014, https://doi.
org/10.1155/2014/956473.

[3] Radaj, D., Sonsino, C.M., Fricke, W.: Fatigue Assessment of Welded 
Joints by Local Approaches, 2nd Edition, Abington, Cambridge, UK: 
Woodhead Publishing, 2006

[4] Fuštar, B., Lukačević, I., Dujmović, D.: Review of fatigue 
assessment methods for welded steel structures Fatigue of 
welded joints. Hindawi Adv Civ Eng, pp.1-16, 2018, https://doi.
org/10.1155/2018/3597356.

[5] Cui, W.: A state-of-the-art review on fatigue life prediction 
methods for metal structures, J Mar Sci Technol, 7 (2002), pp.43-
56, https://doi.org/10.1007/s007730200012.

[6] Yıldırım, H.C.: Recent results on fatigue strength improvement 
of high-strength steel welded joints. Int J Fatigue, 101 (2017), 
pp.408-420, https://doi.org/10.1016/j.ijfatigue.2016.10.026.

[7] Hobbacher, A.: Recomendations for Fatigue Design of Welded 
Joints and Components, 2016, https://doi.org/10.1007/978-3-
319-23757-2.

[8] EN 1993-1-9: Eurocode 3: Design of steel structures, Part 
1-9: Fatigue. Brussels, Belgium: European Committee for 
Standardization CEN.; 2005.

[9] American Bureau of Shipping. Commentary on the guide for the 
fatigue assessment of offshore structures; January 2004-updated 
2010. n.d.

[10] Recommended practice Det Norske Veritas, DNV-RP-C203 
fatigue design of offshore steel structures; April 2016. n.d.

[11] British Standards Institute. Steel, concrete and composite bridges: 
Part 10- Code of practice for fatigue. London: BSI; 1980. n.d.

[12] Marquis, G.B., Barsoum, Z.: IIW Recommendations on High 
Frequency Mechanical Impact (HFMI) Treatment for Improving 
the Fatigue Strength of Welded Joints. In: IIW Recommendations 
for the HFMI Treatment. IIW Collection. Springer, Singapore n.d., 
2016.

[13] Ghahremani, K., Walbridge, S.: Fatigue testing and finite element 
analysis of bridge welds retrofitted by peening under load. Struct 
Congr 2012 - Proc 2012 Struct Congr, 2012, pp. 648-56, https://
doi.org/10.1061/9780784412367.058.

[14] Haagensen, P.J., Maddox, S.J.: IIW Recommendations On Methods 
for Improving the Fatigue Strength of Welded Joints: IIW-2142-
10. 2013.

[15] Kolstein M.H.: Fatigue Classification of Welded Joints in Orthotropic 
Steel Bridge Decks, Faculty of Civil Engineering and Geosciences, 
Delft, Netherlands, 2007, Ph.D. thesis.

[16] Dahle, T.: Design fatigue strength of TIG-dressed welded joints 
in high-strength steels subjected to spectrum loading, Int J 
Fatigue, 20 (1998), pp. 677-681, https://doi.org/10.1016/S0142-
1123(98)00031-0.

[17] Ramalho, A.L., Ferreira, J.A.M., Branco, C.A.G.M.: Fatigue behaviour 
of T welded joints rehabilitated by tungsten inert gas and plasma 
dressing. Mater Des, 32 (2011), pp. 4705-4713, https://doi.
org/10.1016/j.matdes.2011.06.051.

[18] Huther, I., Lieurade, H.P., Souissi, R., Nussbaumer, A., Chabrolin, B., 
Janosch, J.J.: Analysis of results on improved welded joints. Weld 
World, 37 (1996) 5, pp. 242-266.

[19] Yıldırım, H.C., Marquis, G., Sonsino, C.M.: Lightweight Design with 
Welded High-Frequency Mechanical Impact (HFMI) Treated High-
Strength Steel Joints from S700 under Constant and Variable 
Amplitude Loadings, Int J Fatigue, 2015, https://doi.org/10.1016/j.
ijfatigue.2015.11.009.

[20] Statnikov, E.S., Shevtsov, U.M., Kulikov, V.F.: Ultrasonic impact 
tool for welds strengthening and reduction of residual stresses, 
Publications Scientific Works: Metallurgy, SEVMASH, USSR, 92 
(1977), pp. 27-29.

[21] Kudryavtsev, Y.F., Trufyakov, V.I., Mikheev, P., Burenko, A.G.: 
Ultrasonic impact tool for welds strengthening and reduction of 
residual stresses, Int Inst Weld IIW Doc XIII, pp. 1596-94, 1993.

[22] Zhao, X., Wang, D., Huo, L.: Analysis of the S-N curves of welded 
joints enhanced by ultrasonic peening treatment. Mater Des, 32 
(2011), pp. 88-96, https://doi.org/10.1016/j.matdes.2010.06.030.

[23] Wang, T., Wang, D., Huo, L., Zhang, Y.: Discussion on fatigue design 
of welded joints enhanced by ultrasonic peening treatment (UPT), 
Int J Fatigue, 31 (2009), pp. 644-650, https://doi.org/10.1016/j.
ijfatigue.2008.03.030.

[24] Roy, S., Fisher, J.W., Yen, B.T.: Fatigue resistance of welded details 
enhanced by ultrasonic impact treatment (UIT), Int J Fatigue, 
25 (2003), pp. 1239-1247, https://doi.org/10.1016/S0142-
1123(03)00151-8.

[25] Lihavainen, V.M., Marquis, G., Statnikov, E.S.: Fatigue strength of a 
longitudinal attachment improved by ultrasonic impact treatment, 
Weld World, 48 (2004), pp. 67-73, https://doi.org/10.1007/
BF03266434.

[26] Leitner, M., Stoschka, M., Eichlseder, W.: Fatigue enhancement 
of thin-walled, high-strength steel joints by high frequency 
mechanical impact treatment, Weld World, 2013, https://doi.org/
http://dx.doi.org/10.1007/s40194-013-0097-4.

[27] Bousseau, M., Millot, T.: Fatigue life improvement of welded 
structures by ultrasonic needle peening compared to TIG dressing. 
IIW Doc XIII-2125-06; 2006 n.d.

[28] Walbridge, S.: A probabilistic study of fatigue in post-weld treated 
tubular bridge structures (EPFL Phd Thesis No. 3330). Phd thesis, 
EPFL. Wampler n.d., 2005.

[29] Abdullah, A., Malaki, M., Eskandari, A.: Strength enhancement 
of the welded structures by ultrasonic peening, Mater Des, 38 
(2012), pp. 7-18, https://doi.org/10.1016/j.matdes.2012.01.040.

[30] Mikkola E.: A study on effectiveness limitations of high-frequency 
mechanical impact, Aalto University School of Mechanical 
Engineering, Espoo, Finland, 2016, Ph.D. thesis.

[31] Marquis, G., Barsoum, Z.: Fatigue strength improvement of steel 
structures by high-frequency mechanical impact: Proposed 
procedures and quality assurance guidelines, Weld World, 58 
(2014), pp. 19-28, https://doi.org/10.1007/s40194-013-0077-8.

[32] Ghahremani, K., Walbridge, S., Topper, T.: High cycle fatigue 
behaviour of impact treated welds under variable amplitude 
loading conditions, Int J Fatigue, 81 (2015), pp. 128-142, https://
doi.org/10.1016/j.ijfatigue.2015.07.022.

[33] Vilhauer, B., Bennett, C.R., Matamoros, A.B., Rolfe, S.T.: Fatigue 
behavior of welded coverplates treated with Ultrasonic Impact 
Treatment and bolting, Eng Struct, 34 (2012), pp. 163-72, https://
doi.org/10.1016/j.engstruct.2011.09.009.

[34] Roy, S., Fisher, J.W.: Modified AASHTO design S-N curves for post-
weld treated welded details, Bridg Struct, 2 (2006), pp. 207-222, 
https://doi.org/10.1080/15732480601103630.



Građevinar 5/2020

434 GRAĐEVINAR 72 (2020) 5, 421-436

Boris Fuštar, Ivan Lukačević, Darko Dujmović

[35] DEUTSCHER AUSSCHUSS FUR STAHLBAU - Fatigue design of 
welded joints subjected to High Frequency Mechanical Impact 
Treatment - DASt- Guideline, 2019. n.d.

[36] Harati, E., Svensson, L., Karlsson, L., Hurtig, K.: Effect of HFMI 
treatment procedure on weld toe geometry and fatigue properties 
of high strength steel welds, Procedia Struct Integr, 2 (2016), pp. 
3483-3490, https://doi.org/10.1016/j.prostr.2016.06.434.

[37] Barsoum, Z., Jonsson, B.: Influence of weld quality on the fatigue 
strength in seam welds, Eng Fail Anal., 18 (2011), pp. 971-979, 
https://doi.org/10.1016/j.engfailanal.2010.12.001.

[38] Mikkola, E., Remes, H., Marquis, G.: A finite element study on 
residual stress stability and fatigue damage in high-frequency 
mechanical impact (HFMI)-treated welded joint, Submitt to 
Int J Fatigue, 94 (2017), pp. 16-29, https://doi.org/10.1016/j.
ijfatigue.2016.09.009.

[39] Yildirim, H.C., Marquis, G.B.: A round robin study of high-frequency 
mechanical impact (HFMI)-treated welded joints subjected to 
variable amplitude loading, Weld World, 57 (2013), pp. 437-447, 
https://doi.org/10.1007/s40194-013-0045-3.

[40] Leitner, M.: Influence of effective stress ratio on the fatigue 
strength of welded and HFMI-treated high-strength steel joints, 
Int J Fatigue, 102 (2017), pp. 158-170, https://doi.org/10.1016/j.
ijfatigue.2017.03.008.

[41] Cheng, X., Fisher, J.W., Prask, H.J., Gnäupel-Herold, T., Yen, B.T., 
Roy, S.: Residual stress modification by post-weld treatment and 
its beneficial effect on fatigue strength of welded structures, Int 
J Fatigue, 25 (2003), pp. 1259-1269, https://doi.org/10.1016/j.
ijfatigue.2003.08.020.

[42] Turski, M., Clitheroe, S., Evans, A.D., Rodopoulos, C., Hughes, 
D.J., Withers, P.J.: Engineering the residual stress state and 
microstructure of stainless steel with mechanical surface 
treatments, Appl Phys A Mater Sci Process, 99 (2010), pp. 549-
556, https://doi.org/10.1007/s00339-010-5672-6.

[43] Liu, C., Ge, Q., Chen, D., Gao, F., Zou, J.: Residual stress variation in 
a thick welded joint after ultrasonic impact treatment, Sci Technol 
Weld Join, 21 (2016), pp. 624-631, https://doi.org/10.1080/1362
1718.2016.1149932.

[44] Foehrenbach, J., Hardenacke, V., Farajian, M.: High frequency 
mechanical impact treatment (HFMI) for the fatigue improvement: 
numerical and experimental investigations to describe the 
condition in the surface layer, Weld World, 60 (2016), pp. 749-
755, https://doi.org/10.1007/s40194-016-0338-4.

[45] Dekhtyar, A.I., Mordyuk, B.N., Savvakin, D.G., Bondarchuk, 
V.I., Moiseeva, I.V., Khripta, N.I.: Enhanced fatigue behavior of 
powder metallurgy Ti-6Al-4V alloy by applying ultrasonic impact 
treatment, Mater Sci Eng A, 641 (2015), pp. 348-359, https://doi.
org/10.1016/j.msea.2015.06.072.

[46] Kuhlmann, U., Dürr, A., Günther, H.P.: Improvement of fatigue 
strength of welded high strength steels by application of post-
weld treatment methods, 92 (2006), pp. 25-32.

[47] Weich, I., Ummenhofer, T., Nitschke-Pagel, T., Chalandar, H.E., 
Dilger, K.: Fatigue behaviour of welded high-strength steels after 
high frequency mechanical post-weld treatments, Weld World, 53 
(2009), https://doi.org/10.1007/BF03263475.

[48] Okawa, T., Shimanuki, H., Funatsu, Y., Nose, T., Sumi, Y.: Effect 
of preload and stress ratio on fatigue strength of welded joints 
improved by ultrasonic impact treatment, Weld World, 57 (2013), 
pp. 235-241, https://doi.org/10.1007/s40194-012-0018-y.

[49] Weich, I.I.: Henry Granjon Prize Competition 2009 Winner Category 
C:“Design and Structural Integrity” EDGE Layer Condition and 
Fatigue Strength of welds improved by mechanical post-weld 
treatment. Weld World, 55 (2011), pp. 3-12.

[50] Ghahremani, K., Safa, M., Yeung, J., Walbridge, S., Haas, C., Dubois, 
S.: Quality assurance for high-frequency mechanical impact 
(HFMI) treatment of welds using handheld 3D laser scanning 
technology, Weld World, 59 (2015), pp. 391-400, https://doi.
org/10.1007/s40194-014-0210-3.

[51] Zheng, J., Ince, A., Tang, L.: Modeling and simulation of weld 
residual stresses and ultrasonic impact treatment of welded joints, 
Procedia Eng., 213 (2018), pp. 36-47, https://doi.org/10.1016/j.
proeng.2018.02.005.

[52] Guo, C., Wang, Z., Wang, D., Hu, S.: Numerical analysis of the 
residual stress in ultrasonic impact treatment process with 
single-impact and two-impact models, Appl Surf Sci, 347 (2015), 
pp. 596-601, https://doi.org/10.1016/j.apsusc.2015.04.128.

[53] Mordyuk, B.N., Iefimov, M.O., Prokopenko, G.I., Golub, T.V., 
Danylenko, M.I.: Structure, microhardness and damping 
characteristics of Al matrix composite reinforced with AlCuFe or Ti 
using ultrasonic impact peening, Surf Coatings Technol, 204 (2010), 
pp. 1590-1598, https://doi.org/10.1016/j.surfcoat.2009.10.009.

[54] Sonsino, C.M.: Effect of residual stresses on the fatigue behaviour 
of welded joints depending on loading conditions and weld 
geometry, Int J Fatigue, 31 (2009), pp. 88-101, https://doi.
org/10.1016/j.ijfatigue.2008.02.015.

[55] Ghahremani, K., Walbridge, S.: Fatigue testing and analysis of 
peened highway bridge welds under in-service variable amplitude 
loading conditions, Int J Fatigue, 33 (2011), pp. 300-312, https://
doi.org/10.1016/j.ijfatigue.2010.09.004.

[56] McClung, R.C.: A literature survey on the stability and significance 
of residual stresses during fatigue, Fatigue Fract Eng Mater 
Struct, 30 (2007), pp. 173-205, https://doi.org/10.1111/j.1460-
2695.2007.01102.x.

[57] Manteghi, S., Maddox, S.J.: Methods for Fatigue Life Improvement 
of Welded Joints in Medium and High Strength Steels. International 
Institute of Welding, IIW document XIII-2006-04, Paris, 2004.

[58] Ishikawa, T., Shimizu, M., Tomo, H., Kawano, H., Yamada, K.: Effect 
of compression overload on fatigue strength improved by ICR 
treatment, Int J Steel Struct, 213 (2013), pp. 175-181. https://doi.
org/10.1007/s13296-013-1016-7.

[59] Farajian-Sohi, M., Nitschke-Pagel, T., Dilger, K.: Residual Stress 
Relaxation of Quasi-Statically and Cyclically-Loaded Steel Welds. 
Weld World 54, R49–R60 (2010), https://doi.org/10.1007/
BF03263484

[60] Khurshid, M., Leitner, M., Barsoum, Z., Schneider, C.: Residual stress 
state induced by high frequency mechanical impact treatment 
in different steel grades - Numerical and experimental study, 
Int J Mech Sci, 123 (2017), pp. 34-42, https://doi.org/10.1016/j.
ijmecsci.2017.01.027.

[61] Harati, E., Svensson, L.E., Karlsson, L., Widmark, M.: Effect of high 
frequency mechanical impact treatment on fatigue strength of 
welded 1300 MPa yield strength steel, Int J Fatigue, 92 (2016), pp. 
96-106, https://doi.org/10.1016/j.ijfatigue.2016.06.019.

[62] Mikkola, E., Marquis, G., Lehto, P., Remes, H., Hänninen, H.: 
Material characterization of high-frequency mechanical impact 
(HFMI)-treated high-strength steel, Mater Des, 89 (2016), pp. 
205-214, https://doi.org/10.1016/j.matdes.2015.10.001.

[63] Zhang, H., Wang, D., Xia, L., Lei, Z., Li, Y.: Effects of ultrasonic 
impact treatment on pre-fatigue loaded high-strength steel 
welded joints, Int J Fatigue, 80 (2015), pp. 278-287, https://doi.
org/10.1016/j.ijfatigue.2015.06.017.

[64] Yıldırım, H.C., Marquis, G.B.: Overview of Fatigue Data for High 
Frequency Mechanical Impact Treated Welded Joints, Weld World 
World, 56 (2013) 82, https://doi.org/https://doi.org/10.1007/
BF03321368.



Građevinar 5/2020

435GRAĐEVINAR 72 (2020) 5, 421-436

Obrada zavarenih priključaka metodom mehaničkog udara visokom frekvencijom

[65] Yin, D., Wang, D., Jing, H., Huo, L.: The effects of ultrasonic peening 
treatment on the ultra-long life fatigue behavior of welded joints, 
Mater Des, 31 (2010), pp. 3299-3307, https://doi.org/10.1016/j.
matdes.2010.02.006.

[66] Shams Hakimi, P., Al-Emrani, M.: Post weld treatment-
Implementation on bridges with special focus on HFMI. Chalmers 
University of Technology; 2014.

[67] Shams-Hakimi, P., Yıldırım, H.C., Al-Emrani, M.: The thickness 
effect of welded details improved by high-frequency mechanical 
impact treatment, Int J Fatigue, 99 (2017), pp. 111-124, https://
doi.org/10.1016/j.ijfatigue.2017.02.023.

[68] Lotsberg, I.: Assessment of the size effect for use in design 
standards for fatigue analysis, Int J Fatigue, 66 (2014), pp. 86-
100, https://doi.org/10.1016/j.ijfatigue.2014.03.012.

[69] Fricke, W.: Recent developments and future challenges in fatigue 
strength assessment of welded joints, Proc Inst Mech Eng 
Part C J Mech Eng Sci, 229 (2015), pp. 1224-1239, https://doi.
org/10.1177/0954406214550015.

[70] Mashiri, F.R., Zhao, X.L.: Thickness Effect In Welded Joints-A 
Review. International Society of Offshore and Polar Engineers. 
2005.

[71] Ghahremani, K., Ranjan, R., Walbridge, S., Ince, A.: Fatigue Strength 
Improvement of Aluminum and High Strength Steel Welded 
Structures using High Frequency Mechanical Impact Treatment, 
Procedia Eng, 133 (2015), pp. 465-76, https://doi.org/10.1016/j.
proeng.2015.12.616.

[72] Yildirim, H.C., Marquis, G.B.: Fatigue strength improvement factors 
for high strength steel welded joints treated by high frequency 
mechanical impact, Int J Fatigue, 44 (2012), pp. 168-76, https://
doi.org/10.1016/j.ijfatigue.2012.05.002.

[73] Downing, S.D., Socie, D.F.: Simple rainflow counting algorithms, 
Int J Fatigue, 4 (1982), pp. 31-40, https://doi.org/10.1016/0142-
1123(82)90018-4.

[74] Miner, M.A.: Cumulative damage in fatigue, J Appl Mech, 12 (1945), 
pp. 159-64.

[75] Marquis, G.: Failure modes and fatigue strength of improved HSS 
welds, Eng Fract Mech, 77 (2010), pp. 2051-2062, https://doi.
org/10.1016/j.engfracmech.2010.03.034.

[76] Mikkola, E., Doré, M., Khurshid, M.: Fatigue strength of HFMI 
treated structures under high R-ratio and variable amplitude 
loading, Procedia Eng., 66 (2013), pp. 161-70, https://doi.
org/10.1016/j.proeng.2013.12.071.

[77] Niemi, E., Fricke, W., Maddox, S.J.: Fatigue Analysis of Welded 
Components: Designer’s Guide to the Structural Hot-Spot Stress 
Approach, 2018, https://doi.org/10.1533/9781845696665.

[78] Hobbacher, A.: IIW document IIW-1823-07 Fatigue Design of 
Welded Joints and Components, 2008.

[79] Deng, C., Liu, Y., Gong, B., Wang, D.: Numerical implementation 
for fatigue assessment of butt joint improved by high frequency 
mechanical impact treatment: A structural hot spot stress 
approach, Int J Fatigue, 92 (2016), pp. 211-219, https://doi.
org/10.1016/j.ijfatigue.2016.07.008.

[80] Deng C, Niu Y, Gong B, Liu Y, Wang D. Numerical assessment of 
fatigue design curve of welded T-joint improved by high-frequency 
mechanical impact (HFMI) treatment. Adv Eng Softw, 114 (2017), 
pp. 154-162, https://doi.org/10.1016/j.advengsoft.2017.06.017.

[81] Sonsino, C.M., Fricke, W., De Bruyne, F., Hoppe, A., Ahmadi, A., 
Zhang, G.: Notch stress concepts for the fatigue assessment of 
welded joints - Background and applications, Int J Fatigue, 34 
(2012), pp. 2-16, https://doi.org/10.1016/j.ijfatigue.2010.04.011.

[82] Fricke, W.: Fatigue strength assessment of local stresses in 
welded joints, Fract Fatigue Welded Joints Struct, pp. 115-138, 
2011, https://doi.org/10.1533/9780857092502.2.115.

[83] Fricke, W.: IIW recommendations for the fatigue assessment of 
welded structures by notch stress analysis: IIW-2006-09 2012, 
https://doi.org/10.1533/9780857098566.3.

[84] Hobbacher, A.F.: The new IIW recommendations for fatigue 
assessment of welded joints and components - A comprehensive 
code recently updated, Int J Fatigue, 31 (2009), pp. 50-58, https://
doi.org/10.1016/j.ijfatigue.2008.04.002.

[85] Yildirim, H.C., Marquis, G.B.: Notch stress analyses of high-
frequency mechanical impact-improved welds by using ρf = 1 mm 
and ρf = ρ + 1 mm approaches, Fatigue Fract Eng Mater Struct, 37 
(2014), pp. 561-569, https://doi.org/10.1111/ffe.12139.

[86] Leitner, M., Simunek, D., Shah, S.F., Stoschka, M.: Numerical 
fatigue assessment of welded and HFMI-treated joints by 
notch stress/strain and fracture mechanical approaches, Adv 
Eng Softw, 120 (2016), pp. 96-106, https://doi.org/10.1016/j.
advengsoft.2016.01.022.

[87] Seeger, T., Grundlagen für Betriebsfestigkeitsnachweise 
(Fundamentals for service fatigue strength assessments)’, 
Stahlbau Handbuch (Handbook of Structural Engineering), Köln, 
Stahlbau-Verlagsges, 1B (1996), pp. 5-123.

[88] Dowling, N.E.: Mechanical Behaviour of Materials - Engineering 
Methods for Deformation, Fracture and Fatigue, Englewood Cliffs, 
NJ, Prentice Hall, 1993. n.d.

[89] Neuber, H.: Kerbspannungslehre, Berlin, Springer-Verlag, 1937, 
1958, and 1985. 253 Neuber H, Theory of Notch Stresses, Ann 
Arbor Mich, Edwards, 1946. n.d.

[90] Peterson, R.E.: Stress Concentration Factors, New York, John 
Wiley, 1953 and 1974. n.d.

[91] Peterson, R.E.: Notch sensitivity, Metal Fatigue, New York, 
McGraw Hill, 1959, pp. 293-306.] n.d.

[92] Ramberg, W., Osgood, W.R.: Description of stress-strain curves by 
three parameters, Techn Rep 902, NACA, 1943. n.d.

[93] Bauschinger, J.: Über die Veränderung der Elastizitätsgrenze und 
der Festigkeit des Eisens und Stahls durch Strecken, Quetschen, 
Erwärmen und Abkühlen und durch oftmals wiederholte 
Belastung, Mitt Mech-Tech Lab, 1886, 13, Munich. n.d.

[94] Masing, G.: Eigenspannungen und Verfestigung beim Messing’, 
Proceedings International Congress of Applied Mechanics, Zürich, 
1926, pp. 332-335. n.d.

[95] Manson, S.S.: Fatigue - a complex subject - some simple 
approximations, Exp Mech, 5 (1965) 7, pp. 193-226. 

[96] Coffin, L.F.: A study of the effects of cyclic thermal stresses on a 
ductile metal, Trans ASME, 76 (1954) 6, pp. 931-950. 

[97] Coffin, L.F.: Fatigue in machines and structures - power generation, 
Fatigue and Microstructure, Materials Park, ASM, 1979, pp 1-27., 
Morrow J D, Cylic plastic strain energy and fatigue of metals, 
ASTM STP 378, Philadelphia Pa, ASTM, 1965, pp. 45-87.

[98] Chattopadhyay, A., Glinka, G., El-Zein, M., Qian, J., Formas, R.: 
Stress Analysis and Fatigue of welded structures, Weld World, 55 
(2011), pp. 2-21, https://doi.org/10.1007/BF03321303.

[99] Kim, K.S., Chen, X., Han, C., Lee, H.W.: Estimation methods for 
fatigue properties of steels under axial and torsional loading, Int J 
Fatigue, 24 (2002), pp. 783-793, https://doi.org/10.1016/S0142-
1123(01)00190-6.

[100] Baumel, A.Jr., Seeger, T.: Materials data for cyclic loading, Sup- 
plement I. Amsterdam: Elsevier Science Publishers, 1990. 



Građevinar 5/2020

436 GRAĐEVINAR 72 (2020) 5, 421-436

Boris Fuštar, Ivan Lukačević, Darko Dujmović

[101] Roessle, M.L., Fatemi, A.: Strain-controlled fatigue properties of 
steels and some simple approaximations, International Journal of 
Fatigue, 22 (2000; ), pp. 495-511.

[102] Lassen, T., Recho, N.: Fatigue Life Analyses of Welded Structures. 
London: Iste, 2006.

[103] British Standards Institution, Guidance on Methods for the 
Acceptance of Flaws in Structure, PD 6493, BS 7910, Appendix J, 
2005. n.d.


