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Abstract
One common method to strengthen existing steel bridges is the addition of cover plates to various bridge elements. Currently, 
using bolted connections is preferred to welded due to the poor fatigue performance of welded connections. The use of HFMI 
treatment to increase the fatigue strength of welded cover plates is investigated so that welding is used instead of bolting, 
which will have considerable savings in terms of site work and costs. This study explores how the geometry of beams and 
cover plates affects the fatigue life of welded cover plates in steel bridges, particularly those treated with HFMI treatment. 
The effective notch stress method was employed to analyze the effects of cover plate thickness, flange thickness, and weld 
throat size on the stresses at the toe and root of welded cover plates. Based on the results, expressions were developed to 
calculate stress concentration factors at the toe and weld root for various beam and cover plate dimensions. It was found that 
the weld throat size plays a significant role in the stress distribution at the weld and thus on the fatigue life of welded cover 
plates. Furthermore, the presence of shear stress at the weld toe increases the stress concentration factor at the root, making 
the weld root more susceptible to root cracking. Evaluating our experimental tests and previous tests in the literature indicates 
that HFMI treatment significantly enhances fatigue life at the weld toe; however, if the weld root deteriorates faster than the 
toe, HFMI treatment becomes less effective.

Keywords  Cover plate · Notch stress method · HFMI treatment · Fatigue life

1  Introduction

Many existing bridges require strengthening to accommo-
date the demands of heavier vehicles and increased traffic 
intensity, both now and in the future. Various methods can 
be applied to enhance the load-bearing capacity of exist-
ing bridges [1]. The addition of cover plates is a prevalent 
technique for reinforcing and upgrading steel bridges [2]. 
This method effectively raises the load-bearing capacity 
of structural elements by increasing their cross-sectional 
area and moment of inertia. Using bolted connections and 
welding cover plates to beams are usually utilized to con-
nect cover plates to existing members. Bolted connection 

requires using fitted bolts to ensure complete load transfer 
between the existing member and the cover plate. Therefore, 
this method requires on-site drilling of both the cover plate 
and the strengthened component, such as a beam flange, in 
a single operation. In Figure 1, the beam and cover plate 
after hole drilling and before bolting is illustrated. While 
this strengthening technique is highly effective, it is also 
labor-intensive and costly due to the precise on-site drilling 
requirements [3]. Additionally, this strengthening approach 
has another potential drawback: the risk of crevice corrosion 
within the connection. This concern has been highlighted 
as an additional factor to consider when implementing this 
method. Welded cover plates are, however, vulnerable to 
fatigue crack growth and have lower categories in standards 
such as AASHTO [4] and Eurocode [5]. This situation has 
prompted a study into the viability of employing welded 
cover plates in conjunction with HFMI methods [6] to help 
mitigate this issue. High-frequency mechanical impact treat-
ment (HFMI) refers to a range of high-frequency peening 
methods and tools, which are available under various brand 
names such as ultrasonic impact treatment (UIT), ultrasonic 
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peening (UP), and high-frequency impact treatment (HiFIT), 
among others. HFMI treatment is a technique that enhances 
the fatigue performance of welded steel components [7]. 
The HFMI treatment is applied to the critical weld toes to 
improve the fatigue performance of structural details [8]. 
This method operates by reducing stress concentrations 
and inducing beneficial compressive residual stresses at the 
weld toes [9]. The process effectively counteracts or elimi-
nates detrimental tensile residual stresses in these critical 
areas [9]. Additionally, HFMI treatment leads to localized 
cold working of the material at the weld toe, resulting in 
increased tensile strength in this region [7]. The fundamental 
principles and mechanisms underlying the HFMI method 
have been extensively documented in the scientific literature 
[8, 10].

Numerous previous studies have demonstrated that HFMI 
treatment is an effective technique for improving the fatigue 
resistance of welded connections [11–13]. Furthermore, sev-
eral methods are used to estimate the fatigue life of welded 
details improved through HFMI treatment [14–16]. Mar-
quis and Barsoum [10] have proposed different S-N fatigue 
curves for HFMI-treated welds for various steel types. The 
majority of fatigue tests done on HFMI-treated details were 
done on transversal butt welds or attachments and on longi-
tudinal attachments. Very few tests have been reported on 
HFMI-treated welded cover plates.

Roy and Fisher [17] conducted experimental research 
on fatigue strength improvement of welded cover plates 
through HFMI treatment. According to their experimen-
tal results, applying HFMI treatment can enhance the 
fatigue resistance of cover plate connections. Their find-
ings also indicated that this improvement becomes more 
pronounced when larger transverse fillet welds are used 
in the construction of these details. Hui et al. [18] inves-
tigated fatigue life improvement of welded cover plates 
subjected to 4-point bending utilizing ultrasonic impact 
treatment. In their study of the twenty cover plate ends 

that underwent HFMI treatment, twelve experienced fail-
ures originating from the weld root, while only three ends 
developed cracks starting at the weld toe. Consequently, 
these test results suggest that designers should carefully 
consider the possibility of root cracking when employing 
HFMI-treated welded cover plates. Leitner and Stoschka 
[19] conducted an experimental investigation to evalu-
ate the IIW-recommended fatigue assessment procedures 
for HFMI-treated high-strength steel cover plates under 
various stress ratios. The loading condition was tension 
loading in their study. They found that the effective notch 
stress approach may underestimate fatigue damage at 
higher stress ratios (R = 0.5). Therefore, they suggested 
a more pronounced reduction in the FAT-class for high 
R-ratios to ensure conservative design. Vilhauer et al. 
[20] examined the potential synergies between various 
repair techniques applied to welded cover plates sub-
jected to 3-point bending. Fifteen fatigue tests were car-
ried out in their study, revealing that ultrasonic impact 
treatment significantly enhanced the fatigue life of cover 
plate end details. This significant improvement effec-
tively elevated the fatigue performance of these details 
from an AASHTO fatigue Category E classification 
(corresponding to Eurocode detail category 56) to that 
of an AASHTO fatigue Category A (corresponding to 
Eurocode detail category 160), standing for a substantial 
enhancement in durability and structural integrity. Al-
Emrani et al. [3] conducted both experimental and numer-
ical studies to investigate the fatigue life improvement 
of beams strengthened with cover plates welded in the 
middle of the beam using HFMI treatment. Their experi-
mental results showed that HFMI treatment enhances the 
fatigue strength of welded cover plates by more than four 
detail categories.

Excluding the tests reported by Leitner and Stoschka 
[19] and Vilhauer [20], which were conducted on simple 
plates strengthened with welded cover plates, there still 
exist very few tests that can be used to verify the fatigue 
life improvement that can be achieved by HFMI treatment 
of welded cover plates. Furthermore, some tests report 
failure originating from the weld root, which might put an 
upper limit on what fatigue strength improvement can be 
accounted for from HFMI treatment of these details. This 
gap in research shows a need for further comprehensive 
investigations into the specific conditions that influence 
the fatigue strength of HFMI-treated cover plates and par-
ticularly those leading to toe cracking or root cracking 
being the governing cracking mode. Additionally, factors 

Fig. 1   An example of a beam cover plate that has been prepared for 
bolting onto an existing bridge girder

Table 1   The chemical 
composition of S355 steel

C Si Mn P S

0.23 0.05 1.6 0.05 0.05
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such as cover plate thickness, beam flange thickness, and 
weld throat size should be examined further. Designers 
also need reliable models to estimate the fatigue strength 
of HFMI-treated cover plates without the need for complex 
finite element analyses.

2 � Method

2.1 � Experimental tests

The experimental tests were done on welded cover plates 
made of S355 steel. The chemical composition of S355 is 
presented in Table 1.

HEA 200 beams were used in the experimental tests. 
The configuration and dimensions are illustrated in Fig-
ure 2. The cover plate was welded to beam with spray arc 
using ESAB Autrod 12.51 1.2-mm solid wire. The experi-
mental tests are summarized in Table 2.

Eight specimens were HFMI treated by HiFit HFM21R1 
machine at a controlled speed using a 3-mm pin diameter. 
The process was performed manually in a single pass. It 
started 200 mm from the cover plate corner in the longitu-
dinal weld and applied continuously around the cover plate 
end, ending 200 mm from the other corner. The HFMI treat-
ment speed was 5–30 mm/s. The average speed was about 
15 mm/s; the treatment speed changed only in the corners 
of cover plate. Figure 3 shows the specimen after HFMI 
treatment. The groove dimensions were measured using 3D 
scanning. The average groove depth is about 0.15 mm, and 
the average diameter is about 3.2 mm. It should be noted that 
the groove diameter is a little larger than the pin diameter 
due to aberration and lateral movement of the pin [21]. Four 
specimens were tested without any treatment (as-welded 
condition).

Fig. 2   The configuration and dimensions in the experimental tests

Table 2   The geometry dimensions of experimental tests

Beam Type No. of tests tf tc aw Treatment

HEA 200 8 10 15 7 HFMI
HEA 200 4 10 15 7 As welded

Fig. 3   The HFMI-treated specimen [3]
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The fatigue tests were conducted using a dedicated fatigue 
testing machine designed for evaluating beams under bend-
ing loads which allows for testing 2 beams simultaneously. 
The hydraulic jack introduces force to the bottom beam, and 
due to roller supports and prestressed fixture, the same load-
ing is transferred to top beam. When the crack occurred in 
one of the specimens, the test was stopped, and the cracked 
specimen was replaced with a dummy beam and then the test 
continued to failure of the second beam. Constant amplitude 
loading (CAL) tests were conducted with an R-ratio of 0.1, 
and the loading frequency was 7 Hz. To facilitate early crack 
detection, all test specimens were instrumented with strain 
gauges. The fatigue loading stopped when the crack propa-
gated through the flange thickness, which is considered as 

failure. The crack growth was not measured during fatigue 
loading. The experimental setup for applying cyclic loading 
to the specimens is illustrated in Figure 4.

Furthermore, the experimental test available in the lit-
erature ([20] and [18]) were also analyzed to cover different 
thicknesses and weld throat sizes (see Table 3).

2.2 � Finite element modelling

The numerical investigation employed in the current study 
deals with S355 structural steel beams with welded cover 
plates. The dimensions of the beams and cover plates are 
illustrated in Fig. 5, in which Lb represents the beam length, 
Lc is the cover plate length, Hb is the beam height, Hw is 
the web height, Wc is the cover plate width, Wb is the beam 
flange width, tc is the cover plate thickness, tf  is the beam 
thickness, and aw is the weld throat size.

The effective notch stress (ENS) method is used to assess 
the local stresses at the weld toe and root sides of the cover 
plate. To compute these stresses, numerical methods such as 
the finite element method (FEM) or the boundary element 
method (BEM) are utilized.

The FE analysis was performed using the software 
Abaqus/CAE. Since the specimen exhibits symmetric geom-
etry and loading, only one-quarter of the specimen is mod-
elled. An efficient meshing approach is discussed by Baum-
gartner et al. [22]. In their study, the required mesh in the 
notch zone, which is appropriate for the notch stress method, 
is investigated. They provided some recommendations to 
create appropriate mesh for different element types. The 
mesh at the root and toe areas must be sufficiently refined. 
The IIW recommendation for element size is provided in 
Table 4. Mesh sensitivity analysis was performed to ensure 
that the mesh size is appropriate (Fig. 6). Figure 6 shows the 
convergence of the stress concentration factor at the weld 
root, Kroot , for different element sizes. The mesh configura-
tion used in the finite element model is illustrated in Fig. 7. 

Fig. 4   The set-up for fatigue testing of beams

Table 3   The geometry dimensions of experimental tests in literature

Reference tf tc aw Treatment

Vilhauer et al. [20] 25.4 25.4 7.94 HFMI
Hui et al. [18] 28 25.4 9 HFMI

Fig. 5   The dimensions of the beam and cover plate
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C3D8R (eight-node brick with reduced integration) elements 
are used near the toe and the root regions in these analyses.

The ENS was performed on 122 models with different 
geometrical properties. For each case, the load applied to 
the beam was determined so that the nominal stress at the 
weld toe is 1 MPa. Thus, the stresses at the toe and root 
notches are equal to stress concentration factors at these two 
locations ( �toe = Ktoe and �root = Kroot ). Therefore, in the fol-
lowing, reference will always be made to these stress con-
centration factors, i.e., Ktoe and Kroot . In Fig. 8, the effective 
notch stress (maximum principal) is illustrated. The fatigue 
crack tends to grow in the perpendicular direction to the 
maximum stress.

The root can be modelled as a keyhole shape or fillet-type 
[23]. In our analysis, the root is modelled as a keyhole shape, 
and it is tangential to the root location (Figure 9).

2.3 � Selection of parameters for parametric study

The numerical study comprised a total of 122 beams with 
various flanges, cover plates, and weld throat thicknesses. 
These values were chosen to cover what is typical for the 
application of cover plates in bridges. The analyses were 
done for different beam and cover plate dimensions and for 
different weld sizes. The analyses are presented in Table 5.

3 � Results

In the following, the results from the numerical study are 
analyzed to identify the most influential geometric parame-
ters on the stress concentration at the weld toe and root sides. 
The experimental results are also provided and discussed.

3.1 � The effect of loading conditions

 The effect of loading conditions was evaluated for four dif-
ferent cases, including pure bending (4-point bending where 
the cover plate is between loading points (Fig. 5)), tension 
loading, uniformly distributed loading, and a concentrated 
force at midspan of the beam (3-point bending). The beam 
length is 6 m, and the cover plate length is 2.4 m. The stress 
concentration factors at the toe and root for tc = 20, tf = 30 , 
and aw∕tc are presented in Table 6 for these four different 
loading conditions. As can be seen, the root and toe stress 
concentration factors for pure bending and tension loading 

Table 4   IIW recommendation for meshing according to ENS

Element type Relative size rref = 1 mm rref = 0.05 mm

Quadratic ≤
r

4
≤ 0.25 mm ≤ 0.012 mm

Linear ≤
r

6
≤ 0.15 mm ≤ 0.008 mm

Fig. 6   The mesh sensitivity 
analysis

Fig. 7   The applied mesh in FEM
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(which have no shear stress) are less than other loading situa-
tions. The stress ratio, Ktoe∕Kroot , is, however, bigger for pure 
bending and tension loading. The 3-point loading scheme 
provides the worst case (in terms of generating the highest 
stress concentration factors). This is reflected by the fact that 
this loading condition produces higher stress concentration 

at both toe and root and also the lowest Ktoe∕Kroot ratio which 
indicates higher risk for root cracking. Since shear stress 
has a major impact on stress concentration factors, the pure 
bending condition was used in our simulations to neglect the 
effect of shear stress.

3.2 � The effect of the existence of shear stress

The impact of the presence of shear stress at the weld toe on 
the stress concentration at the toe and root was analyzed by 
extending the cover plate to be terminated in the shear region 
(in the 4-point bending case with the load still being applied 
to obtain 1 MPa nominal stress at the end of the cover plate). 
The stress concentration factor at the weld toe and root is 
illustrated in Table 7. As can be seen, stress concentration 

Fig. 8   The effective notch stress (maximum principal) in the weld toe and root

Fig. 9   Keyhole shape at the root location

Table 5   Different parameters and dimensions in analyses

tf tc∕tf aw∕tc

15 0.66, 0.8, 1, 1.66, 2 0.25 to 0.7
20 0.5, 0.6, 0.75, 1, 1.5 0.25 to 0.7
30 0.4, 0.5, 0.66, 0.83, 1, 1.33 0.25 to 0.7
40 0.3, 0.5, 0.75, 1 0.25 to 0.7
50 0.24, 0.4, 0.6 0.25 to 0.5

Table 6   Stress concentration factors at weld toe and root for different 
loading conditions

�∕� Ktoe Kroot Ktoe∕Kroot

Pure bending 0 5.481 4.043 1.356
Tension loading 0 5.042 3.813 1.322
Uniformly distributed load 0.117 5.617 4.401 1.276
3-point bending 0.205 5.866 4.838 1.212

Table 7   The impact of the existence of shear stress

Ktoe Kroot  Ktoe∕Kroot 

Shear Stress 6.615 5.474 1.208
No Shear Stress 5.481 4.043 1.356
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factors increase when there is shear force to be transferred 
to the cover plate. In addition, the ratio Ktoe∕Kroot is reduced 
when the cover plate is terminated in the shear region. This 
is because the increase in Kroot is more than the increase in 
Ktoe . Decreasing the Ktoe∕Kroot increases the possibility of 
root cracking.

3.3 � The effect of cover plate length

A set of analyses were done for three different cover lengths 
to investigate the effect of cover plate length. The loading 
condition is uniformly distributed loading, so the studied 
cases would be indicative of the ratio of shear to bending 
stresses at the cover plate end. In Figure 10, the effect of 
cover plate length on the stresses at the weld toe and root is 

illustrated. As can be seen, increasing the cover plate length 
leads to an increase in the stresses at the weld toe and root. 
The stress ratio is, however, not changed.

3.4 � The effect of flange thickness

The impact of flange thickness on the fatigue performance 
of welded cover plates was analyzed. In this study, various 
flange thicknesses (20, 30, 40, and 50 mm) were examined 
while keeping all other dimensions unchanged ( tc = 20mm , 
aw∕tc = 0.5 ). The Ktoe , Kroot , and the ratio of Ktoe to Kroot , 
Ktoe∕Kroot , for different values of flange thickness are shown 
in Fig. 11. As can be seen, the change in flange thickness 
results only in a minor change in stress concentration factor 
at toe, root, and the ratio Ktoe∕Kroot.

Fig. 10   The effect of the cover 
plate length on the Ktoe , Kroot , 
and the ratio

Fig. 11   Ktoe,Kroot , and the ratio 
of Ktoe to Kroot versus the flange 
thickness ( tf)
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3.5 � The effect of weld throat size

The influence of weld throat size ( aw ) on stresses at the 
weld toe and root was examined. In this study, only the weld 
throat size was varied while all other dimensions remained 
unchanged. Three different weld throat sizes to cover plate 
thickness ratios are considered (0.25, 0.35, and 0.5). The FE 
analyses were done for two different flange thicknesses. The 
stress concentration factors at the toe, root, and their ratio, 
Ktoe∕Kroot , for different values of aw∕tc are shown in Fig. 12. 
As can be seen, the change of the weld size results in a major 
change in stress concentration factors at the weld toe and 
root. Increasing the weld throat size results in a reduction 
in stress concentration factors. The rate of reduction in the 
root being larger than it is in the toe. So, decreasing the weld 
throat size leads to a reduction in Ktoe∕Kroot.

3.6 � The effect of cover plate thickness

As the stress concentration at weld toe and root was found 
to be highly influenced by the ratio aw∕tc , the variation of 
Ktoe and Kroot as a function of the ratio of cover plate thick-
ness to flange thickness ( tc∕tf ) was studied for different 
aw∕tc , which is illustrated in Figs. 13 and 14. As observed, 
the stress concentration factors at the root do not show 
any significant correlation with tc∕tf  (it is however highly 
dependent on aw∕tc ). It seems that the stress concentration 
factors at the toe are, on the other hand, slightly influenced 
by the ratio tc∕tf  specially for smaller values of aw∕tc . The 
stress concentration factors at toe and root are greater for 
smaller values of aw∕tc.

Consequently, Ktoe∕Kroot becomes also dependent on the 
ratio tc∕tf  particularly for smaller values of aw∕tc (Fig. 15).

Fig. 12   Ktoe , Kroot , and the ratio 
of Ktoe to Kroot versus the weld 
throat size to cover plate thick-
ness ratio

Fig. 13   Variation of Ktoe as a 
function of tc∕tf for different 
aw∕tc



1645Welding in the World (2025) 70:1637–1654	

The Ktoe and Kroot as a function of the ratio of cover 
plate thickness to flange thickness for aw∕tc = 0.5 for vari-
ous flange thicknesses is illustrated in Figs. 16 and 17. 
The stress concentration factor at toe, Ktoe , for the 15 mm 
flange thickness is greater than other flange thicknesses. 
The stress concentration factor at root, Kroot , for the 15 
mm flange thickness is less than other flange thicknesses.

The ratio, Ktoe∕Kroot , for different tc∕tf  and aw∕tc = 0.7 is 
shown in Fig. 18. This ratio is bigger for 15 mm flange thick-
ness than other thicknesses but otherwise is insensitive to tc∕tf .

3.7 � Experimental results

Fatigue testing was stopped when the crack had propagated 
through the beam flange thickness. The failure mode of both 
as-welded and HFMI-treated specimens was toe-cracking 
(see Figure 19). The fatigue test results are summarized in 
Table 8.

 The fatigue test results for both as-welded and HFMI-
treated samples are plotted in Figure20. For the HFMI-
treated results, statistical evaluation was made enforcing 

Fig. 14   Variation of Kroot as a 
function of tc∕tf for different 
aw∕tc

Fig. 15   The ratio of Ktoe to Kroot 
versus the cover plate thickness 
( tc∕tf ) for different aw∕tc
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a slope of 5; a detail category (95% fractile) of 81.4 
MPa is obtained with a standard deviation of 0.174. The 
closest detail category in EN 1993-1−9 is 80 MPa. The 
number of tests conducted in the as-welded condition is 
too small to support a valid statistical assessment of the 
detail category. These tests are presented with reference 
to detail category 50, deemed suitable in accordance with 
EN 1993-1−9. The findings indicate that HFMI treatment 
led to a fatigue strength improvement equivalent to four 
detail categories. This is one category lower than the 

enhancement recommended by the IIW for steels with 
yield strengths ranging from 355 to 550 MPa [3].

4 � Stress concentration factors with respect 
to weld toe and root

The results of the 122 beams analyzed are used to fit 
expressions for estimating the stress concentration fac-
tors at the weld toe and root as well as the ratio of stress 

Fig. 16   Variation of Ktoe as a 
function of tc∕tf for aw∕tc = 0.5

Fig. 17   Variation of Kroot as a 
function of tc∕tf for aw∕tc = 0.5
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concentration factors. These expressions would be needed 
to perform fatigue design of HFMI-treated welded cover 
plates without the need for detailed ENS analysis of the 
strengthened structure-member.

The stress concentration factors for different geometri-
cal parameters such as weld throat thickness ( aw ), cover 
plate thickness ( tc ), flange thickness ( tf  ), moment of inertia 
of Beam and cover plate ( Ib and Ic ), the width of cover 
plate and beam flange ( Wc and Wb ), and area of cover plate 
and beam ( Ac and Ab ) are determined using ENS finite 
element analysis. Since stress concentration factors are 
unitless, the effective parameters analyzed as the ratio to 
have a unitless expression. Curve fitting was conducted 
using genetic algorithms optimization in MATLAB [24] 

recognizing that the geometrical properties that have the 
most influence on the stress at the weld toe and root are 
weld throat thickness in addition to flange and cover plate 
thickness, expressed in ratios, i.e., aw∕tc and tc∕tf  . Other 
presumably influencing ratios, such as the ratio of moment 
of inertia and area of the cover plate to that of the beam 
( Ic∕Ib and Ac∕Ab ), were also examined but were found to 
have very small and ambiguous influence and were there-
fore disregarded. Various combinations of parameters such 
as the power equation and multiplication of factors were 
examined to find the best expression to estimate stress 
concentration factors. Different expressions were derived 
and compared with each other. The difference between 
our simple expressions and other more comprehensive 
formulas was negligible. Furthermore, a machine learn-
ing algorithm was developed to find a better solution. The 

Fig. 18   The ratio of Ktoe to Kroot 
versus tc∕tf for aw∕tc = 0.5

Fig. 19   Fatigue cracks in the as-welded (C03) and HFMI-treated 
(C06) specimens [3]

Table 8   Fatigue test results [3]

Beam No Type ∆σ (MPa) Nfailure ( ×1000)

C01 As-welded 67.5 1299
C02 As-welded 67.5 1139
C03 As-welded 67.5 1320
C04 As-welded 67.5 1490
C05 HFMI 96.4 3054
C06-1 HFMI 96.4 Run-out
C06-2 HFMI 115.4 1685
C07 HFMI 115.4 759
C08 HFMI 115.4 541
C09 HFMI 105.8 950
C10 HFMI 105.8 1850
C11 HFMI 105.8 1480
C12 HFMI 105.8 1001
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accuracy of that algorithm is better, but it was much more 
complicated, so it was neglected. In the following, the last 
simple formulation that gave the best fit to FE results is 
presented.

An expression for estimating the root stress concentration 
factor, Kroot , with R2 = 0.927 (Fig. 21) is derived as follows:

where A = 0.119

(

tc

tf

)

− 0.855 
This formula is in good agreement with the results 

obtained in the previous section. The stress concentration 
factor at the root mainly depends on the aw∕tc.

The stress concentration factor at toe, Ktoe , is as follows:

(1)Kroot = 2.4

(

aw

tc

)A

(2)Ktoe = A

(

aw

tc

)B

The A and B coefficients are found to be different depend-
ing on flange thickness and can be expressed in terms of the 
ratio tc∕tf  , with the values given in Table 9.

These formulas are in good agreement with the results 
obtained in the previous section. The stress concentration 
factor at the toe mainly depends on the aw∕tc but also on the 
tc∕tf  . Furthermore, it is different for various flange thick-
nesses especially for thinner flanges.

In Fig. 21, the regression plot of predicted data versus the 
actual data for Ktoe is plotted.

The derived expression for estimating stress ratio with R2 
= 0.82 (Figure 22) is as follows:

This formula is in good agreement with the results 
obtained in the previous section. The stress concentration 
ratio mainly depends on the aw∕tc . It shows a minor rel-
evance to tc∕tf .

In order to more clearly demonstrate the influence of vari-
ous geometric entities on the stress concentration factors 
and their ratio, the derived expressions for Ktoe , Kroot , and 
Ktoe∕Kroot are used in the following.

The stress concentration factor at the weld toe, Ktoe , 
for various flange thicknesses for tc∕tf = 0.75 is plotted 
in Fig. 23. It is illustrated that Ktoe decreases when weld 
throat size increases. Ktoe is greater for smaller flange 
thickness. This result is in agreement with results obtained 
in previous section (Figs. 13 and 16).

(3)
Ktoe

Kroot

= 1.84

(

aw

tc

)0.5

+ 0.057

(

tc

tf

)3

Fig. 20   Fatigue test results for 
the as-welded and HFMI-treated 
specimens [3]

Table 9   Coefficient of A and B 

tf A B

15
5×

(

tc

tf

)0.11

−0.25×
(

tc

tf

)2

+ 0.25 ×
(

tc

tf

)

− 0.776

20
4.65×

(

tc

tf

)0.21

−0.4×
(

tc

tf

)2

+ 1.15 ×
(

tc

tf

)

− 1.04

30–50 4.67  − 0.26
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The stress concentration factor at the weld toe, Ktoe , for 
flange thicknesses of 15 and 20 mm is plotted in Figs. 24 
and 25. As can be seen, the slope of the curve is greater for 
smaller values of tc∕tf  . This indicates that when the thick-
ness of the cover plate is smaller than the flange thick-
ness, Ktoe is more sensitive to weld throat size, or—in other 
words—larger tc∕tf  requires smaller aw∕tc to produce the 
same stress concentration factor at the weld toe.

The stress concentration factor at the weld root, Kroot , 
for flange thickness in the range of 15 to 50 mm is plotted 
in Fig. 26. As can be seen, the stress concentration factor 
at the weld root is strongly dependent on aw∕tc and tc∕tf  has 
only a minor effect for smaller aw∕tc values (below 0.5). 
This result is in agreement with Figs. 14 and 17.

In Fig. 27, the ratio of Ktoe∕Kroot is plotted as a function 
of aw∕tc for different values of tc∕tf  . It can be seen that tc∕tf  
has a moderate effect on the stress concentration ratio, which 
increases slightly when this ratio increases, but that this ratio 
is primarily influenced by aw∕tc.

5 � Estimation of cracking mode and fatigue 
life of HFMI‑treated cover plates

The fatigue life of the welded cover plate details can be 
calculated based on Eqs. (4) and (5) with respect to root 
and toe, respectively. In these formulas, � = Δ�toe∕Δ�root 
is the stress ratio, Δ�c_root is the detail category for root 

Fig. 21   The predicted data 
versus the FE-analysis data for 
Kroot

Fig. 22   The predicted data ver-
sus the FE-analysis data for Ktoe
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cracking (225 MPa), and Δ�c_toe is the detail category for 
HFMI-treated (320, 360, etc., based on the yield stress), 
both in the effective notch stress system. Constant ampli-
tude loading (CLA) and R < 0.15 are assumed. Higher R 
ratio would result in FAT reduction. This study is concerned 
with welded cover plates on existing structures. Previous 
studies on bridge loading have shown that the influence of 
varying R-ratios from traffic loads on road bridges is very 
limited [25, 26]. Therefore, the results presented are valid 
for application on existing structures.

(4)Nroot = 2 × 10
6

(

Δ�c_root

1

�

Δ�toe

)3

For different values of � , the stress at which the cracking 
mode changes from toe to root cracking can be expressed 
as follows:

As seen, Δ�∗
toe

depends on the detail category for toe and 
root cracking as well as on the ratio of stress concentra-
tion factors, � = Δ�toe∕Δ�root . This is illustrated in Fig. 28, 

(5)Ntoe = 2 × 10
6

(

Δ�c_toe

Δ�toe

)5

(6)Δ�∗
toe

=

√

�
3Δ�c_root

3Δ�c_toe
5

�
3Δ�c_root

3

Fig. 23   The predicted data 
versus the FE-analysis data for 
Ktoe∕Kroot

Fig. 24   The Ktoe versus the weld 
size to cover plate thickness 
ratio for tc∕tf = 0.75
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where the S–N curves for different values of � are plotted. 
The governing cracking mode will change from toe to root 
cracking at different stress ranges, dependent on the value 
of �.

Using Eq. (6), one can construct a toe-to-root failure 
chart, for a given Δ�c_toe ( Δ�c_root being 225 MPa always). 
This is done in Fig. 29 for Δ�c_toe = 360MPa (correspond-
ing to HFMI-treated welds in steel S355 according to IIW 
recommendation). The curve shows the relation of Δ�toe 
vs. Δ�root in log–log scale at which fatigue cracking will 
turn from toe to root cracking (above the curve, the failure 
mode is root cracking, and below the curve, the failure mode 
is toe cracking) (Fig. 30). Furthermore, some points from 
the experimental test in the literature (indicated as Hui and 

Vilhauer) and our experimental tests are shown. As can be 
seen, below the line the failure mode is toe cracking. One 
point above the line has toe cracking. Toe failure may be 
because of inappropriate HFMI treatment. Hui et al. [18] 
mentioned in their paper that in one case, the HFMI treat-
ment was not performed correctly. It could also be the case 
that the weld residual stress at the root is compressive, and 
of course, there is a degree of weld penetration that is not 
modelled in the ENS models which will give lower stress 
concentration at the root side. The failure mode in our analy-
sis was from root to the weld surface. In the region near the 
line, both root cracking and root cracking are observed. We 
suspect that the points marked as “run out” would result in 
root cracking if the fatigue tests were continued.

Fig. 25   The Ktoe versus the weld 
size to cover plate thickness 
ratio for tf = 15

Fig. 26   The Ktoe versus the weld 
size to cover plate thickness 
ratio for tf = 20
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6 � Conclusion

In this study, FE modelling was used to investigate how 
cover plate thickness, flange thickness, and weld throat 
size impact the fatigue life of welded cover plates, when 
the ends of these plates are treated with high-frequency 
mechanical impact (HFMI) treatment. Furthermore, the 
effect of the presence of shear stress and loading condi-
tions on the stresses at the weld toe and root were inves-
tigated. Based on more than 120 cases analyzed using the 
effective notch stress method, expressions for estimating 
stress concentration factors at the weld toe and root for 
pure bending conditions were derived. These expressions 
can be used in the design of HFMI-treated cover plates to 

estimate the fatigue life of these details with reference to 
different failure modes. The key findings are as follows:

•	 The weld throat size is the factor that most significantly 
affects the stress concentration factors both at weld 
toe and root. A reduction in the weld throat size leads 
to an increase in both Ktoe and Kroot and a decrease in 
Ktoe∕Kroot , indicating higher risk for root cracking.

•	 The stress concentration factor at the toe also depends on 
tc∕tf  especially when smaller weld throat sizes are selected.

•	 When the welded cover plate is subjected to loading at 
low-stress levels, HFMI treatment has little to no effect 
on the fatigue life of welded cover plates. The failure 
mode for low-stress loading is root cracking.

Fig. 27   The Kroot versus the 
weld size to cover plate thick-
ness ratio for all tf

Fig. 28   The ratio of Ktoe to Kroot 
versus the weld throat size to 
cover plate thickness ratio
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•	 HFMI-treated cover plates should be checked for 
both toe and root cracking. The risk of root cracking 
depends on the geometrical parameters, the material, 
and the stress range.

•	 Connections can be designed, either to avoid root 
cracking by selecting plate thicknesses and weld sizes 
that mitigate this failure mode, or by verifying both toe 
and root failure.

•	 If possible, aw∕tc should be greater than 0.5. When it 
exceeds 0.5, the stress concentration factor at the root 
becomes lower, and the risk of root failure decreases. 
Furthermore, the dependency of stress concentration 
factors at the toe and root to thickness ratio becomes 
negligible for aw∕tc greater than 0.5 (as shown in 
Figs. 24, 25, and 26).
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