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Abstract
Structural design of bridges in Europe should be carried out in accordance with Eurocode regulations. However, there is no 
guideline demonstrating how the fatigue design is to be conducted when high-frequency mechanical impact (HFMI) is used 
to enhance welded joints in steel bridges. The aim of this paper is to present the different design rules and equations and apply 
them to some example bridges enhanced by HFMI treatment. Fatigue verification of some welded details in these bridges 
is carried out via either “damage accumulation” or “λ-coefficients” methods in the Eurocode. Four fatigue load models are 
used in the fatigue verification (FLM3 and FLM4 for road bridge assessment, and LM71 and traffic mix, for railway bridge 
assessment). The effect of steel grade, mean stresses, self-weight, variation in stress ratios, and maximum stress on the 
treatment efficiency is considered in both examples. It is found that HFMI treatment causes a significant increase in fatigue 
lives in all studied cases.

Keywords  IIW · Eurocode · Fatigue · HFMI · Design · Steel bridges · Road bridges · Railway bridges · Mean stress · Stress 
ratio · High-frequency mechanical impact · Bridge design · Fatigue load model · DASt

1  Introduction

Steel bridges constitute a large portion of the bridges con-
structed in Europe. In Sweden alone, more than 1000 metal-
lic and 450 composite concrete-steel bridges were built over 
the last 20 years [1]. Since bridges are typically designed for 
relatively long service life (80–120 years), fatigue damage 
in welded joints is one of the most important criteria that 
engineers should consider in the design or assessment of 
steel or steel–concrete composite bridges. Therefore, fatigue 
is one limiting criterion that should be checked next to the 
serviceability and ultimate limit states.

In many cases, fatigue of connections is a criterion that 
limits the allowable stresses acting on bridges [2]. Accord-
ingly, the conventional way to cope with this phenomenon 
is to increase the dimensions of the steel plates, which leads 
to both self-weight and material consumption increases. 

Alternatively, increasing the fatigue strength is another solu-
tion which leads to less material consumption and keeps 
the self-weight stress of the bridge relatively low. Shams-
Hakimi et al. found that more than 20% savings in materi-
als can be achieved if fatigue strength is improved by three 
classes [3]. However, the fatigue strength is not necessarily 
dependent on the steel grade in the as-welded condition.

Several post-weld treatment methods have been suggested 
by the International Institute of Welding (IIW) to improve 
the fatigue strength of welded joints. For instance, mechani-
cal treatment using burr grinding or thermal remelting using 
tungsten electrode (TIG remelting) causes a 50% increase in 
fatigue strength according to the IIW recommendations for 
post-weld treatment in steel and aluminum structures [4]. 
This corresponds to tripling the fatigue life of the treated 
detail, providing no change in the slope of the considered 
fatigue strength curve. However, these recommendations 
are outdated, and a newer version of the IIW recommen-
dations for fatigue design of welded connections assigns a 
lower improvement fatigue strength improvement of 30% 
instead [5]. Both methods (burr grinding and TIG remelt-
ing) contribute to improving local weld geometry by increas-
ing the weld toe radius as shown in Fig. 1. However, they 
require highly skilled operators and take a relatively long 
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time (average speed is less than 150 mm/min according to 
[6]) which makes them usually less feasible for applications 
on bridges.

High-frequency mechanical impact (HFMI) treatment 
is a leading technology in enhancing the fatigue life of 
metallic weldments. This method has gained wide interest 
among researchers from different fields in the last decades 
[8–13]. Firstly, HFMI treatment introduces compressive 
residual stress at the weld toe, which suppresses the crack 
initiation and decelerates the crack propagation rate [8]. In 
addition to this primary effect, the treatment improves the 
local weld’s topography by increasing the weld toe radius 
and increases the steel hardness which further improves 
the fatigue resistance [13]. These three effects are shown 
in Fig. 2 before and after treatment. These three effects 
were studied numerically, and all of them are proven to 
have a positive effect on fatigue strength as they reduce 
the fatigue damage. It is found that even after relaxation 
of the beneficial compressive residual stresses, the fatigue 
life is still longer in comparison to as-welded details. How-
ever, the assessment is only qualitative, and the quantita-
tive level of improvement by each of these effects was 
described to be “uncertain” [9]. For design purposes, the 
fatigue strength of HFMI-treated details cannot be claimed 
under the effect of high overloads which causes relaxation 
of residual stresses [2, 5]. In addition to that, the treatment 
causes an increased fatigue strength for high-strength steel 
[14]. In addition to that, the ease of application, the rela-
tively low cost, the limited environmental impact, and the 

speed of treatment (which can exceed 250 mm/min [6]) 
make this method a competitive solution when compared 
to other post-weld treatment methods mentioned before 
(TIG remelting or burr grinding). Besides, HFMI treat-
ment is found to be capable of enhancing the fatigue resist-
ance in both new and existing bridges [13].

High tensile residual stresses are assumed at the weld 
toe in as-welded conditions. This makes the fatigue design 
independent of the loading conditions which may affect the 
status of residual stresses. On the other hand, since HFMI 
treatment efficiency is very reliant mainly on the introduced 
compressive residual stress, the stability of the residual 
stress field should be ensured along the service life of the 
treated details. For instance, the beneficial compressive 
residual stress might be diminished or decreased due to 
overloads [15]. In addition, the application of loading cycles 
with high stress ratios might also cause a relaxation of the 
compressive residual stress, which causes a reduction of the 
treatment efficiency [16].

In order to perform a full design or assessment of HFMI-
treated detail, the abovementioned aspects shall be taken 
into account. Nonetheless, to the author’s knowledge, these 
aspects are not yet compiled in research articles or guide-
lines which makes it difficult for engineers to make use of 
them. The various design standards and rules are compiled 
in this publication from numerous research articles and stud-
ies. Besides, in accordance with the Eurocode regulations, 
examples of fatigue assessment of HFMI-treated weldments 
in road and railway bridges are provided in this paper.

Fig. 1   Weld profile in as-
welded, burr ground, and TIG-
dressed states [4]

Fig. 2   Weld toe region before 
and after HFMI treatment
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2 � Design guidelines for HFMI treatment

The design of different welded connections in road and 
railway bridges in Europe must be done in accordance 
with Eurocode. The relevant fatigue load models should 
be selected from Eurocode 1-part 2 [17], while the design 
methods and parameters are to be obtained from Euroc-
ode 3-part 2 [18], and the fatigue strength of the relevant 
detail categories can be found in Eurocode 3 part 1–9 
[21]. Moreover, additional rules need to be collected from 
other reports and articles to consider HFMI treatment in 
the designs. These additional regulations are compiled in 
this section from various standards and academic works.

The first design aspect that needs consideration is the 
improved fatigue strength curve due to HFMI treatment. 
The International Institute of Welding (IIW) suggested 
improving all the steel detail categories with fatigue 
strength (FAT class) less than or equal to 90 MPa, to 
a new FAT class of 125 MPa after hammer, or needle 
peening [4]. Another provision suggested fatigue class 
improvement by a factor of 1.3 or 1.5 for steels with yield 
strength less than and greater than 355 MPa, respectively 
[5]. The slopes of the S–N curve should not be altered 
due to treatment according to [4, 5]. Both recommen-
dations are outdated and based on a relatively limited 
accumulated knowledge of HFMI treatment at that time.

Based on the results of more fatigue testing, the new-
est provision of the IIW recommendations for HFMI 
treatment suggested better improvement of the fatigue 
strength class (i.e., FAT class) depending on the steel 
grade. Unlike as-welded details, the improvement in 
fatigue strength due to HFMI treatment is found to be 
dependent on the steel grade as shown in Fig. 3. This is 
explained by the better-introduced compressive residual 

stress and more intensive cold working effect which fur-
ther increases the microhardness in higher steel grades 
[14]. It should be noted that a penalty factor should be 
applied on the fatigue strength to account for the plates 
thicker than 25  mm [5, 23]. Moreover, the slopes of 
HFMI-treated details (m1, m2) are adjusted to be 5 and 9 
instead of 3 and 22 [23] as shown in Fig. 4.

The above-mentioned FAT classes are applicable if the 
design is to be made using the “nominal stress approach” 
which is the most common fatigue assessment method. On 
the other hand, if the local stresses (evaluated from finite 
element analyses) are used in fatigue design, different FAT 
classes are to be assigned [5, 21, 23]. In the hot spot method, 
the FAT class of non-load carrying details is improved from 
90 to 140–225 MPa depending on the steel grade and from 
10 to 100–250 MPa for load carrying details. [23]. In the 
effective notch method, the FAT value used is improved 
from 225 to 320–500 depending on the steel grade. None-
theless, the corresponding FAT value should not exceed 180 
in the nominal stress method.

The maximum allowable stresses, σmax, that can be 
applied are to be limited to attain the stability of the com-
pressive residual stress at the weld toe as stated earlier. 
Shams-Hakimi et al. [8] found that the fatigue strength 
assigned for HFMI treatment can be claimed if the maxi-
mum applied compressive stress is less than 0.46fy.

The fatigue strength improvement considered in the IIW 
recommendations is obtained by increasing the assigned 
fatigue strength for as-welded details with a specific num-
ber of FAT classes, depending on many factors as mentioned 
before. This means that it can be used regardless of the detail 
type according to [5]. On the other hand, more intensive 
experimental work has been conducted in several research 
projects to obtain the fatigue strength of the three most com-
mon weldments used for bridges. The first is the butt-welded 
details which are used to for splicing several manufactured 
segments of the bridge. The second type of details is the 

Fig. 3   Maximum possible improvement in fatigue strength (expressed 
by the number of FAT classes using nominal stress approach) due to 
HFMI treatment [4, 5, 23]

Fig. 4   The schematic shows the difference between the S–N curves of 
the as-welded and HFMI-treated details
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transverse attachments which are important to provide sta-
bility against buckling. The detail type is the longitudinal 
attachments which are widely used in truss bridges. The 
results of the work are summarized in [25]. Figure 5 shows 
the number of fatigue tests conducted for each detail type.

The obtained fatigue strength values for several steel 
qualities are summarized in Table 1. Moreover, the maxi-
mum allowable stresses that can be applied to claim these 
values are given in the same table. The limit for longitudinal 
attachment is close to the value recommended by Shams-
Hakimi (0.46fy) [8]. This implies that the limits presented in 
Table 1 give more allowance for designers when designing 
butt-welds or transverse attachments.

The knee point (where the slope changes from m1 = 5 to 
m2 = 9) of the proposed S–N curve corresponds to fatigue 
endurance of 5 million cycles instead of the 10 million 
cycles proposed by the IIW recommendations [23]. This is 
in line with the knee in the S–N curve corresponding to the 
as-welded details in Eurocode 3 part 1–9 [21]. Moreover, 
the cut-off limit at which the stress ranges do not cause any 
fatigue damage is proposed at 100 million cycles. Besides, 
the as-welded fatigue strength curve is suggested for details 
subjected to stress range above the point where the curves 
correspond to as-welded and HFMI treatment intersects 
[21, 25]. All the above-mentioned aspects are considered 

in the guidelines made by the German committee for steel 
construction (DASt-Richtlinie) [25]. Besides, more detailed 
design rules of HFMI-treated weldments will be included in 
the upcoming Eurocode (Annex F- prEN 193–1-9). However, 
these rules are not being published yet. The schematics of the 
proposed S–N curves by the IIW recommendations [23], and 
DASt guidelines [25] are shown in Fig. 6.

Unlike as-welded details, high stress ratio may cause 
relaxation of the beneficial compressive residual stresses 
induced by HFMI treatment. This may include both the self-
weight which increases the minimum stresses and the vari-
ation of the stress ratio due to traffic loading [2]. An impor-
tant question is how to consider this aspect in the design of 
HFMI-treated weldments in steel structures. The IIW recom-
mendations assigned a penalty factor on the FAT class from 
0–3 depending on the R-ratio [23]. No reduction is assigned 
for R ≤ 0.15. While 1, 2, and 3 class reductions are proposed 
for R ≤ 0.28, 0.4, 0.52, respectively. On the other hand, DASt 
guidelines have assigned lesser FAT classes for higher R 
ratios. Both these recommendations can be used if the weld-
ments are subjected to constant amplitude loading. Nonethe-
less, this is not often the case on bridges which are subjected 
to traffic loading consisting of several trucks or trains.

In the case of measured traffic, the designer can make 
use of the extension of the IIW recommendations made in 

Fig. 5   Composition of the collected test data in [21], which are used 
to derive new fatigue strength curves of HFMI-treated most common 
constructional welded details

Table 1   Reference fatigue 
strength (FAT value) for butt-
weld transverse and longitudinal 
attachment

* The given values correspond to details with l < 50 mm. For longer details, the fatigue strength should be 
reduced by one fatigue class
** No fatigue strength improvement due to missing data

Detail type fy < 355 MPa 355 < fy < 550 MPa 550 < fy MPa Maximum 
allowable 
stress

Butt-welds X** 160 160  − 0.9fy–1.0fy
Transverse attachment 100 160 160  − 0.7fy–1.0fy
Longitudinal attachment* X** 112 125  − 0.5fy–1.0fy

Fig. 6   Fatigue strength curves for HFMI-treated details according to 
the IIW recommendations [23] and DASt guidelines [25]
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[10] to account for different R-ratio stresses acting on the 
weldments. Equation 1 gives a modification factor, fi that 
accounts for R-ratio, which is used to magnify the stress 
range. Ri gives the stress ratio of each loading cycle in the 
measured traffic [21, 23]. However, the stress ratios gener-
ated by the different load models underestimate the mean 
stress effect in road or railway bridges. It should be remem-
bered that the permanent load (self-weight) might have a 
significant influence on the mean stress (or R-ratio) if HFMI 
treatment is performed before bridge erection [10, 12]. On 
the other hand, if the treatment is performed on-site (i.e., 
after self-weight application), the mean stress effect is only 
attributed to the traffic load variation [2]. Therefore, the 
self-weight should not be accounted for in the mean stress 
consideration. 

Based on analyzing traffic data including millions of 
trucks and hundreds of trains, a factor to account for the 
stress ratio effect in road and railway bridges was derived 
in [21, 23] and presented in Eqs. 2, 3, 4, and 5. This factor, 
λHFMI, is to be used to magnify the loading effect in fatigue 
verification. In these equations, the midsupport section is 
defined to be within 0.15 L from the middle support, and the 
midspan section is defined elsewhere in continuous bridges 
according to the Eurocode [18]. In simply supported bridges, 
the equations assigned for the midspan section should be 
used regardless to the position of the treated detail.

The parameter λHFMI in the above equations denotes the 
intensity of the R-ratio (or mean stress) effect acting on 
the weldment. Φ in these equations takes the self-weight 

(1)fi = 0.95R2

i
+ 0.5Ri + 0.5

(2)
�HFMI =

2.38Φ+0.64

Φ+0.64
, �HFMI ≥ 1 Midspan in road bridges

(3)
�HFMI =

2.38Φ+0.06

Φ+0.40
, �HFMI ≥ 1 Midsupport in road bridges

(4)
�HFMI =

2.375Φ+1.183

Φ+1.074
, �HFMI ≥ 1 Midspan in railway bridges

(5)
�HFMI =

2.564Φ+1.116

Φ+1.608
, �HFMI ≥ 1 Midsupport in railway bridges

stress, SSW into account. Previous calibrations have shown 
that it should be taken as SSW/2ΔSP for road bridges and 
SSW/0.73ΔSLM71 or SSW/0.90ΔSmax5 for railway bridges. ΔSP 
and ΔSLM71 is the maximum stress range generated by fatigue 
load models 3 and 71, respectively. ΔSmax5 is the maximum 
stress range generated due to the passage of train type 5 
defined in Eurocode 1 [17] (see Fig. 7).

The fatigue design should be performed using either the 
λ-coefficients or the damage accumulation methods. In the 
former one, λHFMI is to be multiplied by the stress range gen-
erated by the passage of the considered load model on the 
bridge’s influence line. Afterwards, the fatigue verification 
can be made using Eq. 6. γMf and γFf are the partial safety 
factors for fatigue strength and fatigue load, respectively. λ 
gives the multiplication of damage equivalent factors (λ1, λ2, 
λ3, and λ4) which are defined for road and railway bridges in 
Eurocode 1 [18]. It should be noted that the exponent used 
for λ2 and λ3 should not be changed despite the change in 
S-N curve slopes since they are expressed in the Eurocode 
using the exponent value of 5. ΔSLM is the stress range gen-
erated by the used load model (ΔSLM71 or ΔSP). Finally, the 
verification should be made via Eq. 7. In these equations, 
FATHFMI gives the fatigue strength at 2 million cycles. 

If the damage accumulation method is used for fatigue 
design, the fatigue damage is calculated with respect to 
the magnified equivalent stress range ΔSEQV using the 
parameter λHFMI to consider the R-ratio effect (see Eqs. 8 
and 9), which give the equivalent endurance and fatigue 
damage, respectively. ΔSEQV is calculated via Eq. 10. i 
and j in the equations refer to the cycles which have a 
stress range above and below the S–N curve knee point, 
respectively. NRef and ΔσD,HFMI refer to the fatigue 
strength and the endurance of the used S–N curve, 
respectively. NRef is the reference fatigue endurance of 
10 million cycles in the IIW curves and 5 million cycles 

(6)Δ�E.�Ff = �.�HFMI.ΔSLM .�Ff ≤
FATHFMI

�Mf

(7)
Δ�E.�Ff
FATHFMI

�Mf

≤ 1

Fig. 7   The load configuration of 
Eurocode train type 5 [17]
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in DASt curves. ΔσD,HFMI is the fatigue strength corre-
sponding to the reference fatigue endurance.

It should be remembered that all the generated cycles 
(identified using rainflow counting method) should be con-
sidered regardless of their amplitude if the FAT values are 
obtained from the IIW recommendations. This is because 
the S–N curve of HFMI-treated details proposed by the 
IIW has no cut-off limit [23]. On the other hand, only the 
cycles with a stress range greater than cut-off limits are 
to be considered if DASt fatigue strength curves are to be 
used [25].

If the bridge is subjected to the same type of train, such 
as “Malmbanan” railway line in Sweden, the mean stress 
should be included explicitly via the stress ratios gener-
ated by the passage of the train on the bridge and not via 
Eqs. 4 and 5 since λHFMI expressions were derived using 
mixed traffic. The interested readers are referred to [21] for 
more details about the mean stress effect in HFMI-treated 
railway bridges.

In addition to the high stress ratio, the fatigue life 
improvement may be significantly affected by overload 
peaks which may cause relaxation of the beneficial intro-
duced compressive residual stresses [12]. Therefore, the 
maximum allowable stresses on HFMI-treated details in 
road bridges have been investigated for design purposes 
[25]. It is found that the designers should verify that the 
characteristic combination of the stress in the service-
ability limit state should not exceed the limits given in 
Table 1. The characteristic combination includes self-
weight stress (SW), thermal stress (TK), stress rises due 
to concrete shrinkage (S), wind load (Fw), and traffic load. 
For road bridges, load model 1, LM1, which consists of 
both concentrated (TS) and uniformly distributed loads 
(i), is used to represent traffic load. The verification 

(8)

NEQV =

⎧
⎪⎪⎨⎪⎪⎩

NRef

�
Δ𝜎D,HFMI

𝛾Mf

𝜆HFMI.Δ𝜎EQV.𝛾Ff

�5

,
Δ𝜎D,HFMI

𝛾Mf

≤ 𝜆HFMI.ΔSEQV

NRef

�
Δ𝜎D,HFMI

𝛾Mf

𝜆HFMI.Δ𝜎EQV.𝛾Ff

�9

,
Δ𝜎D,HFMI

𝛾Mf

> 𝜆HFMI.ΔSEQV

(9)DEQV =
n

NF

(10)

ΔSEQV =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

5

����Σ(niS
5

i )+
�

Δ𝜎D,HFMI

𝛾Mf

�−4

.Σ(nj.DS
9

j
)

Σ(ni+nj)
,
Δ𝜎D,HFMI

𝛾Mf

≤ ΔSEQV

9

����Σ(niS
5

i ).
�

Δ𝜎D,HFMI

𝛾Mf

�4

+Σ(nj.DS
9

j
)

Σ(ni+nj)
,
Δ𝜎D,HFMI

𝛾Mf

> ΔSEQV

format is given in Eq. 11. C in the equation gives the 
limit factor given in Table 1 for different types of welded 
details. It must be noted that other traffic load models 
should be checked. However, LM1 is expected to give the 
maximum stresses.

Unlike road bridges, there is no—to the best of the 
author’s knowledge—study for the allowable stresses in 
HFMI-treated railway bridges. Therefore, it is suggested to 
use the characteristic combination here also. This might be 
on the safe side as trains are less likely to induce overloading 
when compared to truck traffic. Moreover, LM71 is sug-
gested to represent traffic load. However, this needs further 
verification. Equation 12 presents the proposed verification 
format for railway bridges.

3 � Eurocode relevant load models for HFMI 
treatment

3.1 � Models for the λ‑coefficient method

Fatigue load model 3 (FLM3) consists of one standard truck 
with four equally loaded axles with a point load = 120 kN. 
The relative distances between the axles are 1.2, 8.4, and 
1.2 m. This truck is transported along the bridge’s influ-
ence line, and the largest generated stress range, ΔSP, is the 
one used in design using Eqs. 6 and 7 as mentioned in the 
previous section. The dynamic amplification factor, ∅, is 
already embedded in this model. On the other hand, LM71 
is the most common to be used for the fatigue design of 
railway bridges. The model consists of 4 equal concentrated 
force of 120 kN spaced by 1.6 m. In addition, the model 
also includes a distributed load of 80 kN/m that is to be 
considered elsewhere to produce the maximum load action 
(bending moment) (see Fig. 8). Alternatively, the designers 
are allowed to use only distributed loads for the design of 
continuous bridges using load models SW/0 or SW/2. The 
dynamic amplification factors for these train load models 
should be included explicitly.

3.2 � Models for the damage accumulation method

Fatigue load model 4 (FLM4) consists of five standard trucks 
with predefined axle loads and configurations as shown in 
Fig. 9. The trucks are combined with several percentages 
depending on the traffic type as given in Table 2. For rail-
way bridges, Eurocode defines 12 standard trains with also 
three combinations: heavy, medium, and light combinations. 

(11)SW + (1 or 0) × S + TS + UDL + 0.6 ×max(Fw, Tk) ≤ C × fy

(12)SW + LM71 + 0.6 × max(Fw, Tk) ≤ C × fy
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These trains include passengers, freight, high-speed, subur-
ban, and underground trains. The number of trains passing 
daily, the mass of each train, and traffic volume are given in 

Table 3. These trains are moved along the bridge’s influence 
line, and the moment response is used in design. It should be 
noted that in both models (FLM4 and train mixes), the axle 
loads include the dynamic amplification factor [17].

3.3 � Load model, LM1, for maximum stress 
verification

LM1 is used for the verification of maximum allowable 
stresses in road bridges. The model consists of both con-
centrated and distributed loads. The magnitude of these 
loads and the distance between them are given in Fig. 1. It is 

Fig. 8   Fatigue load models 
for the design of road bridges, 
adopted from Eurocode 1 [17]

Fig. 9   Fatigue load model 4, 
adopted from Eurocode 1 [17]

Table 2   Truck distribution in FLM4, adopted from Eurocode 1 [17]

Traffic type Truck type

Traffic type 1 2 3 4 5
Long traffic 20 5 50 15 10
Medium traffic 40 10 30 15 5
Local traffic 80 5 5 5 5
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noteworthy that the loads should be positioned transversally 
to give the maximum load action.

4 � Worked example

In this section, bridge assessment examples are presented to 
illustrate how the guidelines and rules given in Sect. 2 can be 
implemented. Fatigue verification of several as-welded and 
HFMI-treated details in road and railway case study bridges 
is performed using both the “λ-coefficients” and “damage 
accumulation” methods. The safe life approach with a low 
consequence of failure is assumed for all studied details 
(γMf = 1.15 and γFf = 1.0). It is noteworthy that all weldments 
are assumed to be HFMI treated despite that this might not 
be the case in real bridges where only fatigue-critical details 
are to be treated. Design life of 80 years is to be considered 
for both examples.

4.1 � Road bridge

The studied example is a continuous double-span symmetric 
composite concrete-steel bridge as shown in Fig. 10. The 

Table 3   Truck distribution in FLM4, adopted from Eurocode 1 [17]

Train type Number of 
trains per day

Mass of train 
(tonne)

Traffic volume 
(million tonne/
year)

Heavy traffic mix with 25 t axles
5 6 2160 4.73
6 13 1431 6.79
11 16 1135 6.63
12 16 1135 6.63
Light traffic mix with axles < 22.5 t
1 10 663 2.4
2 5 530 1.0
5 2 2160 1.4
9 190 296 20.5
Standard traffic mix with axles < 22.5 t
1 12 663 2.90
2 12 530 2.32
3 5 940 1.72
4 5 510 0.93
5 7 2160 5.52
6 12 1431 6.27
7 8 1035 3.02
8 6 1035 2.27

Fig. 10   Load model 1 configu-
ration (adopted from [18])

Fig. 11   Elevation of the studied 
road bridge, together with the 
welded details
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bridge is made of twin I-girders made of S700 structural steel 
supporting a concrete slab with strength class of C35/45. An 
elevation of the studied road bridge, together with the welded 
detail is shown in Fig 11. The self-weight- and section mod-
ulus-calculated distributions along the bridge are given in 
Fig. 12. The stresses are calculated at the top and bottom of 
the upper and lower flanges, respectively (Fig. 12).

Fatigue verification is to be made for three welded details 
shown in Fig. 11. The details are in order from right to left: 
cope-hole detail at x = 14 m (FATAW = 71 MPa), connection 
of vertical stiffener to the top flange over the middle support 
(FATAW = 80 MPa), and connection of welded stiffener to the 
web at x = 32 m (FATAW = 80 MPa). The IIW recommenda-
tions are used to obtain the FAT values after treatment since 
they can be used regardless to the detail type including cope-
holes, while DASt guidelines can only be used for detail 2.

The characteristic stresses are evaluated at the top and 
bottom flanges along the bridge in Fig. 13. The maximum 
tensile and compressive stresses do not exceed 43% and 23% 
of the yield strength of the used steel, respectively. This is 
significantly below the limits specified in Table 1 for all 
studied welded details which indicate no risk of residual 
stress relaxation due to overloads.

The bridge is designed to be the main road with a low 
flow of heavy lorries (Nobs = 50,000 vehicles/year). The aver-
age weight of the lorry is assumed to be 410 kN according 

to the Swedish road administration (Trafikverket). This 
value is lower than the reference European traffic weight of 
480 kN [17]. The calculated parameters for both as-welded 
and HFMI-treated details are given in Table 4. The dam-
age equivalent factors, λ, are estimated in accordance with 
Eurocode 1–3 part 2 [18]. Φ is calculated to be SSW/2ΔSP as 
suggested in Sect. 2, and λHFMI is estimated via Eq. 2, for 
details 1 and 3 (midspan section), and via Eq. 2 for detail 
2 (midsupport section). The verification is then made via 
Eq. 6 considering the relevant fatigue strength (FAT value).

In damage accumulation method, the equivalent stress 
range, ΔSEQV, should be magnified using λHFMI to consider 
the mean stress effect as given in Eq. 8. The fatigue damage 
is then calculated via Eq. 9 for both cases. The equivalent 
stress range, ΔSEQV, and fatigue damage are given in Table 5.

4.2 � Railway bridge

A single-tracked S700 structural steel railway bridge with a 
double equal span length of 28.3 m. The bridge is designed 
to transport 25 million tons yearly. Rail traffic with 25 t axels 
is used for fatigue verification. The same welded details, 
with the same coordinates, are considered here. The bridge 

Fig. 12   Section moduli and 
self-weight distributions along 
the bridge length [2]

Fig. 13   Calculated characteristic stresses at the top and bottom fibers 
of the road bridge

Table 4   Fatigue verification of the road bridge details using the 
λ-coefficient method and FLM3

Detail 1 2 3

Section modulus, W (m3) 0.042 0.048 0.042
x-coordinate (m) 14.0 28.3 42.5
Damage coefficient factor, λ 1.22 0.89 1.22
Moment range, ΔM (kN.m) 2841 1319 2841
Model stress range, ΔSP (MPa) 66.7 31 67.3
FATAW (MPa) 71 80 80
Verification factor, AW 1.32 0.40 1.18
Self-weight stress, SW (MPa) 111 179 111
FATHFMI (MPa) 140 160 160
Φ 0.83 2.89 0.83
λHFMI 1.76 2.11 1.76
Verification factor, HFMI 1.19 0.42 1.04
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girder together with the self-weight distribution at the top 
and bottom flanges are shown in Fig. 14. Unlike the previous 
example, the section modulus is constant along the bridge 
length due to the absence of concrete deck which has dif-
ferent stiffness depending on the concrete status (cracked 
or not).

Table 6 gives the fatigue verification results of the as-
welded and HFMI-treated details via the λ-coefficients 
method in conjunction with LM71. Φ is calculated to be 

SSW/0.73ΔSLM71 as proposed in Sect. 2. λHFMI is calcu-
lated via Eq. 4 for details 1 and 3 (midspan section) and 
Eq. 5 for detail 2 (midsupport section). The distributed 
load in FLM71 shown in Fig. 8 is placed only when it 
contributes to a positive moment (in details 1 and 3) or a 
negative moment (in detail 2). The dynamic amplification 
factor used in verification is found to be 1.076, calculated 
according to [18] for continuous bridges with the given 
dimensions.

The fatigue damage calculated using the damage accu-
mulation method is given in Table 7. The parameter Φ is 
assumed to be equal to SSW/0.9ΔSmax5 as proposed in [21]. 
ΔSmax5 is the maximum stress range generated by the pas-
sage of Eurocode train number 5 (shown in Fig. 7) over the 
influence line of the bridge. This train is selected because 
of two reasons. Firstly, it exists in all train mixes (heavy, 
standard, and light mixes). It also produces the absolute 
maximum stress range when compared to the other eleven 
trains. It should be noted here that the dynamic amplifica-
tion factor is already included in Eurocode train axle loads.

The maximum stress verification for the three details 
should be made considering Eq. 12. Nonetheless, owing 
to the relatively low self-weight of this bridge and the use 
of high strength steel, the stress limits given in Table 1 

Table 5   Fatigue verification of 
the road bridge details using the 
damage accumulation method

Detail 1 2 3

Traffic type ΔSEQV DAW DHFMI ΔSEQV DAW DHFMI ΔSEQV DAW DHFMI

Local 52.1 0.48 0.48 20.4 0.00 0.00 53.1 0.34 0.19
Medium 59.8 1.23 0.96 24.2 0.01 0.00 61.0 0.91 0.54
Long 63.1 1.65 1.18 25.5 0.02 0.00 64.5 1.32 0.71

Fig. 14   Railway bridge girder 
and self-weight distribution 
along the bridge length

Table 6   Fatigue verification of the road bridge details using the 
λ-coefficient method and LM71

Detail 1 2 3

Section modulus, W (m3) 0.086 0.129 0.086
Damage coefficient factor, λ 0.62 0.62 0.62
Moment range, ΔM (kN.m) 11,330 5460 11,330
Model stress range, ΔSLM71 (MPa) 131.4 43.0 134.2
Fatigue verification, AW 1.42 0.41 1.28
Self-weight stress, SW (MPa) 8.3 9.9 8.3
Φ 0.087 0.314 0.085
λHFMI 1.42 1 1.11
Verification factor, HFMI 0.80 0.20 0.71

Table 7   Fatigue verification 
of the railway bridge details 
using the damage accumulation 
method

Detail 1 2 3

Traffic type ΔSEQV DAW DHFMI ΔSEQV DAW DHFMI ΔSEQV DAW DHFMI

Heavy 66.3 1.35 0.12 52.0 0.22 0.003 68.4 0.91 0.035
Standard 65.4 1.18 0.06 50.2 0.15 0.002 67.2 0.77 0.028
Light 51 0.27 0.02 49.2 0.028 0.000 53.1 0.17 0.006
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are not likely to be exceeded. Therefore, this verification 
is judged to be unnecessary.

5 � Discussion

HFMI treatment is a promising post-weld treatment 
method that has the potential to be used for fatigue 
strength enhancement in steel bridges. In this work, design 
guidelines were collected from several research articles to 
cover the different important effects on HFMI treatment 
efficiency such as steel grade, self-weight, R-ratio varia-
tion, and maximum stress range. The design can be per-
formed in accordance with the Eurocode standard methods 
if these aspects are taken into account.

Fatigue assessment examples of three HFMI-treated 
details in road and railway bridges are presented in this 
paper. The assessment is made via either “λ-coefficients” 
or “damage accumulation” methods. The general picture 
is that the treatment causes a significant reduction in 
fatigue damage in most of the studied cases. The degree 
of improvement varies depending on several factors such 
as yield strength, member thickness, self-weight, detail 
type, type of bridge (road vs railway), and the position of 
the studied detail (midspan vs midsupport sections) [23].

It is noticeable from the presented examples that the 
self-weight effect (which is incorporated via Φ) is larger 
for details existing in the midsupport section than those 
existing in the midspan section defined in Sect. 2. This 
is because the stress range is usually smaller over the 
midsupport as given in Tables 4, 5, 6, and 7. Therefore, 
despite that λHFMI can be relatively large in the midsup-
port section, and HFMI treatment is not significantly 
rewarding here, the fatigue damage is not large, and 
treatment is not even needed as these details are not 
critical. On the other hand, Φ is relatively smaller for 
sections with high-stress ranges which is more gov-
erning for design. It should be noticed that even if the 
calculated damage factors are similar for as-welded 
and HFMI-treated details, the remaining fatigue life of 
HFMI-treated detail is longer since the endurance of the 
treated details is longer.

The examples given in Sect. 5 have demonstrated that 
HFMI treatment is more rewarding in the studied railway 
bridge than on road bridge. The reason is that the treat-
ment is assumed to be performed in the workshop before 
the self-weight application, which indicates that the 
self-weight affects the mean stresses and the degree of 
improvement. In addition, road bridges are considerably 
heavier than railway bridges (due to the heavy concrete 
deck and pavement layer as shown in Fig. 12). Therefore, 
Φ and λHFMI calculated in Table 4 are significantly larger 
than those calculated in Table 6.

Performing HFMI treatment on-site is more demand-
ing for several reasons. Firstly, assurance of HFMI 
groove quality (which includes but is not limited to 
observing the groove smoothness, shininess and uniform-
ity, and freeness of crack-like defects) and sufficiency 
(e.g., groove depth = 0.2–0.5 mm [23]) is easier if done 
in a workshop. Besides, the treatment should be made 
before paint layer application, and even if the paint is 
already applied, it shall be removed before treatment. In 
addition, painting is easier and less expensive if made in 
a workshop. On the other hand, transportation and erec-
tion of HFMI-treated bridge welded segments (treated 
in a workshop) shall be made in a way so the maximum 
nominal stress in the welded details does not exceed the 
allowable limits given in Table 1 or causes local yielding 
in the treated welds.

Owing to the difficulty of performing the treatment 
on-site, workshop application can be an alternative pro-
viding that the calculated mean stress effect (represented 
by λHFMI) is limited such as the case given in the 2nd 
example (railway bridge) in the previous section. On the 
other hand, composite road bridges are advised to be 
treated on-site (despite of the mentioned difficulties) so 
that the mean stress effect would be limited, and HFMI 
treatment is better utilized.

One of the benefits of HFMI treatment is the uti-
lization of the steel strength in increasing the fatigue 
resistance. The direct correlation between steel grade 
and fatigue strength class (FAT value) allows for a more 
lightweight design as given in Tables 6, and 7. In fact, 
the fatigue limit state becomes less governing for bridge 
design due to HFMI treatment. Therefore, the steel 
grade should be selected so that another failure criterion 
becomes more governing.

The assessment of fatigue-prone weldments is mainly 
made through procedures based on the S–N curve as 
explained in this paper. Nonetheless, other assessment 
methods based on crack propagation are allowed [5]. In 
this case, Paris power law for crack propagation should 
also be adjusted to take the HFMI treatment into account. 
This can be done by incorporating the HFMI-introduced 
compressive residual stress in the definition of the effec-
tive stress ratio given in Eq. 12, which alters the crack 
propagation rate as given in Eq. 13. More information 
about the assessment of HFMI-treated weldments using 
Paris law can be found in [13, 23].

(13)Reff =
Kmin + KRes

Kmax + KRes

(14)
da

dN
= C ×

(
ΔK

1.5 − Reff

)m
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6 � Conclusions and summary

Guidelines for the design and evaluation of HFMI-treated 
weldments in road and railway bridges are compiled 
from various research articles in this article. Besides, 
this paper presents a fatigue assessment of steel weld-
ments in the road and railway bridges using the collected 
guidelines. The following conclusions could be made:

1.	 The effect of steel grade is considered by assigning 
different fatigue strength classes for steels with differ-
ent yield strengths. These values can be obtained from 
either the IIW recommendations or DASt guidelines.

2.	 One important verification is that the characteristic 
stresses acting on the bridge do not exceed a fraction 
of the steel’s yield strength assigned in DASt guide-
lines. Moreover, the IIW recommendations and DASt 
guidelines specified that the maximum stress range 
should not exceed 1.5fy so that the fatigue strength 
improvement can be claimed.

3.	 If the traffic is measured, the mean stress can be 
included via the R-ratios generated by the traffic 
according to Eq. 1. Otherwise, if load models are used 
to consider traffic load, Eqs. 2 and 3 for road bridges 
and Eqs. 4 and 5 for railway bridges are to magnify the 
stress range to account for the mean stress effect.

4.	 Eqs. 2, 3, 4, and 5 are only to be used in case of 
workshop application of HFMI treatment which takes 
the self-weight and traffic variation into account. On 
the other hand, if the treatment is applied after bridge 
erection, the mean stress effect is only attributed to 
the variation of traffic R-ratio, and the self-weight 
stress effect can be neglected.

5.	 Weldments existing in midsupport sections (within 
0.15 L from the support) are typically subjected to 
a higher mean stress effect. However, these sections 
are not usually subjected to high stresses, which 
implies that they are not governing for design.

6.	 Two worked examples on the assessment of bridges 
enhanced by HFMI treatment are presented. In all cases, 
the treated details exhibit considerably less fatigue dam-
age than untreated details.

7.	 Performing HFMI treatment in a workshop is favored 
in railway bridges as the mean stress due to self-weight 
is very limited. This reduces the complexity and cost of 
painting, sandblasting, and quality assurance. On the other 
hand, composite road bridges shall be treated on-site to 
reduce the mean stress effect.
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