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Abstract
Europe had an expansion in infrastructure during the 20th century, which led to the
construction of a large number of bridges. The majority of bridges in service today
are over 50 years old, meaning that they have either surpassed or are approaching
their expected service life span. Additionally, due to increased traffic and traffic
loads, old bridges are burdened significantly more than what they were originally
designed for. A common way to reinforce steel beam bridges is by adding cover-
plates to the bottom flange. Currently, these cover plates are connected using bolts.
This is because the more attractive welding method contributes to poor fatigue
performance, resulting in shorter bridge service lives. Hence, post-weld treatment
techniques are being studied as a possible solution to fatigue-related issues in welded
details. High-frequency mechanical impact (HFMI) is one of today’s most promising
methods. However, there is a lack of research on HFMI-treated cover-plates fatigue
performance. But this is currently an area of interest. Therefore, this master’s thesis
assesses whether HFMI-treated cover plates are a viable solution for strengthening
steel bridges.

The research was conducted by reviewing and re-analysing previous studies on
HFMI-treated cover-plated structures. This was done by performing Finite Element
analyses in Abaqus. Maximum principal stresses were obtained at weld toe and
root to perform fatigue assessment according to the Effective Notch Stress method.
Additionally, the stress behaviour of different cover-plated structures was examined
and compared. Finally, the cover-plates have been modified to expand the study.
The study concluded that HFMI-treatment is an effective solution to increase fatigue
performance of welded cover-plated structures subjected to bending. Furthermore,
it was found that treated cover-plates have the potential to provide fatigue strength
comparable to, or even exceeding, bolted ones. It was also concluded that, unlike
as-welded and axially loaded cover-plates, the most likely failure location for HFMI-
treated cover-plates subjected to bending is at the weld root. A solution to increase
the fatigue strength of the weld root was investigated in this study. It was shown
that changing the root position results in additional improvement in the fatigue
strength of treated cover-plates.

Keywords: Cover-plates, HFMI, UIT, Effective Notch Stress method, Weld, S-N
curve, Fatigue, Cover-plates in bending, bridges, Finite Element analysis, Abaqus.
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Notations

Dictionary

As-welded Non post treated welds

Fillet weld A weld that connects two metals positioned at right an-
gles to each other

Leg-length Idealistic length between weld toe and root

Throat thickness The shortest distance between the weld root and the weld
surface.

Residual stresses Stresses caused by welding process as a result of gradually
cooling

Detail category A classi�cation to de�ne the fatigue strength of a detail.

S-N curve Fatigue design curve

FAT-class Detail category/Characteristic fatigue strength

Characteristic load cycles Load cycles calculated using fatigue S-N curve

Knee-point The point where the S-N curve changes slope (occurring
at N = 107)

Cut-of-limit The minimum nominal stress range where fatigue failure
occurs/Maximum stress where no fatigue failure occurs

Run-out Specimens that did not experience any cracks until the
test was completed

Stress ratio (R-ratio) The relation between the maximum and minimum ap-
plied stress

Crack propagation The process by which a fatigue crack in the detail grows

Failure mode The location where fatigue cracks initiate and propagate
causing failure

Acronyms

AASHTO American Association of State Highway and Transportation

HFMI High Frequency Mechanical Impact post welding treatment

SMAW Shielded Metal Arc Weld

IIW International Institute of Welding

SCF Stress Concentration Factor

CAFL Constant Amplitude Fatigue Limit

ENS E�ective Notch Stress

NS Nominal Stress

FE Finite Element

FEM Finite Element Method

BEM Boundary Element Method

ISR Intermidiate stress range

HDR High stress range
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Greek symbols

� Stress

� � / Sr Stress range

� � C Stress range atN = 2 � 106 (Detail category)

� � D Stress range at knee-pointN = 1 � 107 (CAFL)

� � L Stress range atN = 1 � 108 (Cut-of-limit)

� n Normal Nominal stress

� m Normal nominal stress calculated with normal load,N

� b Normal nominal stress calculated with bending moment,M

� n:w Nominal stress transverse through weld

� ? Perpendicular normal nominal stress

� ? Perpendicular shear nominal stress

� max / Smax Maximum (amplitude) stress

� min / Smin Minimum (amplitude) stress

� Diameter

� Angle degree

� De�ection

� Poisson's ratio

Roman symbols

a Weld throat thickness

t Plate thickness

tc Cover-plate thickness

tb Base-plate thickness

b Width

L Length

c Distance to neutral axis

M Bending moment

V Shear force

I Moment of inertia

W Section modulus

E Elastic modulus

P Applied load

Pmin Minimum load

f y Yeild stress

N Number of load cycles

m Slope of fatigue design curve at� � i > � � C

m' Slope of fatigue design curve at� � C > � � i > � � D

r ref Reference radius
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r Ratio between calculated design load cycles at weld toe and
root

kf =K f Stress concentration factor (SCF)

K w E�ective notch stress concentration factor

R Stress ratio (R-ratio)

f (t) Thickness reduction factor

tef f E�ective thickness

n Correction factor

Ps Survival probability

U Transnational degree of freedom

UR Rotational degree of freedom

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 VII





Contents

Abstract I

Acknowledgement III

Notations VII

Contents IX

List of Figures XIII

List of Tables XXIII

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.5 Limitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Literature review 5
2.1 Cover-plates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Fatigue strength of welded cover-plates . . . . . . . . . . . . . . . . 7
2.2 Welding treatments to improve fatigue life of welded structures . . . . . . . 12

2.2.1 HFMI-treatment of welded joints . . . . . . . . . . . . . . . . . . . . 13
2.3 Fatigue life assessment methods . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.1 Nominal Stress method . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1.1 Nominal Stress method for as-welded joints . . . . . . . . . 17
2.3.1.2 Nominal Stress method for HFMI-treated joints . . . . . . 19
2.3.1.3 Modi�cations to fatigue strength when designing with Nom-

inal Stress method . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.2 E�ective Notch Stress method (ENS) . . . . . . . . . . . . . . . . . 22

2.3.2.1 Finite element modeling based on the E�ective Notch Stress
method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3.2.2 E�ective Notch Stress method for as-welded joints . . . . . 24
2.3.2.3 E�ective Notch Stress method for HFMI-treated joints . . 24

3 Previous tests on cover-plates treated with HFMI 27
3.1 Leitner and Stoschka, 2020 . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 IX



Contents

3.2 Vilhauer et al, 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3 Roy and Fisher, 2006 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Hui et al, 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Finite element modeling 43
4.1 Leitner and Stoschka, 2020 . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.2 Loading and boundary conditions . . . . . . . . . . . . . . . . . . . . 46
4.1.3 Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Vilhauer et al, 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.2 Loading and boundary conditions . . . . . . . . . . . . . . . . . . . . 50
4.2.3 Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Hui et al, 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.3.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.2 Loading and boundary conditions . . . . . . . . . . . . . . . . . . . . 54
4.3.3 Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5 Results 57
5.1 Leitner and Stoschka, 2020 . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.1.1 Fatigue study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.1.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Convergence study of element size for cover-plated structures loaded in
bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Villhauer et al, 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3.1 Fatigue study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.3.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.4 Hui et al, 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.4.1 Fatigue study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.4.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.5 Comparison of stress distribution in welds subjected to bending and axial
loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6 Discussion 81
6.1 Cracking mode for treated and untreated cover-plates loaded axially and in

bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.2 Comparing test results with design S-N curves . . . . . . . . . . . . . . . . 82

6.2.1 Axially loaded cover-plates (Leitner and Stoschka, 2020) . . . . . . . 82
6.2.1.1 Comparison between the FE modeling procedure used in

this thesis with that used by Leitner and Stoschka . . . . . 83
6.2.2 Cover-plates loaded in bending (Vilhauer et al, 2012 and Hui et al,

2018) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.2.2.1 As-welded cover-plates . . . . . . . . . . . . . . . . . . . . 84
6.2.2.2 HFMI-treated cover-plates . . . . . . . . . . . . . . . . . . 85

6.3 Stress �elds of di�erent cover-plates . . . . . . . . . . . . . . . . . . . . . . 86
6.4 HFMI-treated cover-plates as a promising alternative to bolted ones . . . . 87

7 Exploratory studies 89
7.1 E�ect of cover-plate position . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.1.1 FE results and fatigue study . . . . . . . . . . . . . . . . . . . . . . 91

X CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



Contents

7.1.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.2 Thickness e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

7.2.1 FE results and fatigue study . . . . . . . . . . . . . . . . . . . . . . 95
7.2.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

7.3 Length e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
7.3.1 FE results and fatigue study . . . . . . . . . . . . . . . . . . . . . . 101
7.3.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7.4 The e�ect of optimizing end weld . . . . . . . . . . . . . . . . . . . . . . . . 110
7.4.1 Root position e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.4.1.1 FE results and fatigue study . . . . . . . . . . . . . . . . . 111
7.4.1.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.4.2 Weld size e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
7.4.2.1 FE results . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.4.2.2 Stress �eld . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8 Discussion of exploratory studies 117
8.1 E�ect of cover-plate position . . . . . . . . . . . . . . . . . . . . . . . . . . 117
8.2 Cover-plate thickness e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.3 Cover-plate length e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.4 E�ect of root position and weld size . . . . . . . . . . . . . . . . . . . . . . 122
8.5 Determination of load cycles using the existing design curves . . . . . . . . 124
8.6 Proposed modi�cations to design methods . . . . . . . . . . . . . . . . . . . 124

8.6.1 E�ective Notch Stress method . . . . . . . . . . . . . . . . . . . . . 124
8.6.2 Nominal Stress method . . . . . . . . . . . . . . . . . . . . . . . . . 125

9 Conclusion 127
9.1 Further studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

Bibliography 129

Appendix I

A Appendix A: Leitner and Stoschka, 2020 I
A.1 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
A.2 Stress through weld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV

B Appendix B: Vilhauer et al, 2011 V
B.1 Calculation of applied load . . . . . . . . . . . . . . . . . . . . . . . . . . . V
B.2 Classi�cation of mesh element size of specimen model . . . . . . . . . . . . VII
B.3 Convergence study of test results, detailed . . . . . . . . . . . . . . . . . . . IX
B.4 Calculation of characteristic load cycles . . . . . . . . . . . . . . . . . . . . X
B.5 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XI
B.6 Stress through weld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

C Appendix C: Hui et al, 2018 XV
C.1 Test matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XV
C.2 Calculation of applied load . . . . . . . . . . . . . . . . . . . . . . . . . . . XVI
C.3 Test results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XVIII
C.4 E�ective notch stress calculation . . . . . . . . . . . . . . . . . . . . . . . . XIX
C.5 Calculation of characteristic load cycles . . . . . . . . . . . . . . . . . . . . XX
C.6 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXII

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XI



Contents

C.6.1 Beam with short cover-plate . . . . . . . . . . . . . . . . . . . . . . . XXII
C.6.2 Beams with long cover-plates . . . . . . . . . . . . . . . . . . . . . . XXIV

C.7 Stress through weld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXVI

D Appendix D: Exploratory studies XXIX
D.1 Modi�ed beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXIX

D.1.1 Calculation of characteristic load cycles with original nominal stressesXXIX
D.1.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXX

D.2 Thickness e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXII
D.2.1 Details of studied cover-plate thicknesses . . . . . . . . . . . . . . . XXXII
D.2.2 Calculation of characteristic load cycles with original nominal stressesXXXIII
D.2.3 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXV

D.3 Length e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXIX
D.3.1 Calculation of applied load for each cover-plate length and loading

situation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXIX
D.3.2 Characteristic load cycles with original nominal stress . . . . . . . . XLII
D.3.3 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLIII

D.4 Root position e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLVI
D.4.1 Characteristic load cycles with original nominal stress . . . . . . . . XLVI
D.4.2 Stress �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLVII

D.5 Weld size e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLIX

XII CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

2.1 Cracks at as-welded cover-plate end from Yellow Mill Pond bridge. [Source: Table
5-3 from Kühn et al. (2008), p.68] . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Fatigue detail categories in the AASHTO for di�erent construction details in
welded beam with a cover-plate. Category E and category B, FAT 56 and FAT
125 in Eurocode 3, see Table 2.1. [Writers own �gure] . . . . . . . . . . . . . . . 7

2.3 Stress distribution at the end of welded cover-plate, illustrates stress concentration
at weld toe and anchorage length. [Writers own �gure] . . . . . . . . . . . . . . 8

2.4 Examples of welded cover-plates with di�erent geometries and end details. Detail
(h) has lower fatigue strength than other details. [Writers own �gure based from
Fisher et al.(1967), p.101] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.5 S-N relationship for beams with partial length squared cover-plates with di�erent
end details (g) and (a). [Writers own �gure based on data from Figure 7 from
Fisher et al.(1967), p.103] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.6 S-N relationship for beams with partial length cover-plates with di�erent end de-
tails (d), (e) and (c). [Writers own �gure based on data from Figure 6 from Fisher
et al. (1967), p.103] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.7 Fatigue detail category for cover-plates with a plate thicknesstc in relation to the
�ange thicknessest. [Source: Table 10.6 from European standard (2008)]. . . . . 11

2.8 Overview of di�erent weld improvement methods. The blue techniques are covered
by IIW and the green is the method covered in this master thesis. [Writers own
�gure based on Figure 1 from Marquis and Barsoum (2016),p.4] . . . . . . . . . 12

2.9 Example on HFMI application technique. [Writers own �gure based on Figure 6
from Fu²tar et al. (2020), p.424] . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.10 Di�erent examples of HFMI-treatment devices in (a), (b) and (c). Figure (d) shows
di�erent indenter modi�cations that can be manufactured. [Source: Figure 3 and
4 from Marquis and Barsoum (2016),pp.6-7] . . . . . . . . . . . . . . . . . . . 14

2.11 Global and Local fatigue life assessment approaches. [Writers own �gure based on
Figure 2 from Ka�enberger et al.(2012), p.288] . . . . . . . . . . . . . . . . . . 15

2.12 Illustration of concentration factor kf for four di�erent load and geometric e�ects,
where� is the nominal stress,kf is the concentration factor,A is the cross-sectional
area andF is the concentrated load. [Source: European Standard (2022),p.11] . . 17

2.13 IIW fatigue resistance S-N curve for normal stresses in steel, with standard appli-
cation. [Source: Figure 3.1 from Hobbacher (2016),p.38] . . . . . . . . . . . . . 18

2.14 Eurocode 3 fatigue resistance S-N curve for normal stresses in direct stress range.
[Source: Figure 7.1 from European standard (2008),p.15] . . . . . . . . . . . . . 19

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XIII



List of Figures

2.15 In Figure (a), (b), (c), (d) and (e) shows the complete characteristic nominal
stress S-N curve for HFMI-treated welded joints of di�erent steel strengths based
on stress ratioR � 0:15. The value within the "()" represents the FAT-class of the
corresponding joint in as-welded state. [Source: Figure 14, 17, 18, 19 and 20 from
Marquis and Barsoum (2016),pp.18-23] . . . . . . . . . . . . . . . . . . . . . . 20

2.16 Rounding of �llet weld root based on the E�ective Notch Stress method. a) Not
rounded, b) Keyhole shape and c) U-shape. [Source: Figure 3.2 from Fricke (2010),
p.9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.17 Recommendations for e�ective notch radius and meshing using the �nite element
method according to ENS method. [Source: Figures 6 and 7 from Ka�enberger
et al. (2012), p.289] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.18 S-N curves for all as-welded steel details based on the E�ective Notch Stress
method. [Source: Figure 6.5 from Al-Emrani and Aygül (2014),p.135] . . . . . . 24

2.19 Existing IIW Characteristic S�N curves for HFMI-treated welded details for R � 0.15
according to ENS method. For comparison, the as-welded FAT 200 S�N curve is
also shown. [Source: Figure 12 from Marquis et al. (2013),p.814] . . . . . . . . . 25

3.1 Dimension's of test specimen with a cover-plated plate-girder (all units are in mm).
[Writers own �gure based on Figure 1 from Leitner and Stoschka (2020)] . . . . . 28

3.2 Fatigue test results shown as dots and the statically evaluated fatigue S-N curves
for the three test series. [Writers own �gure based on Figure 5 and Table 5 from
Leitner and Stoschka (2020),p.4] . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3 The above Figure shows the set-up of the fatigue test and the bottom Figure
visualises the geometry of the specimen (all units are in mm). [Writers own �gure
based on Figure 1 and 3 from Vilhauer et al. (2012),pp.165-166] . . . . . . . . . 32

3.4 In Figure (a), (b) and (c) illustrates and visualises the complete crack propagation
of the three studied repair methods of Vilhauer et al. test specimens. [Writers own
�gures based on Figure 10, 11 and 12 from Vilhauer et al. (2012),pp.170-171] . . 34

3.5 Details of Roy and Fisher test specimens ( grade 345W beams) (all units are in
mm). [Writers own �gure based on Figure 2 from Roy and Fisher (2006),p.244] . 35

3.6 Fatigue test results for cover-plates detail CP1. [Writers own �gure based on
provided test data from Figure 6 from Roy and Fisher (2006),p.214] . . . . . . . 37

3.7 Fatigue test results for cover-plates detail CP3. [Writers own �gure based on
provided test data from Figure 7 from Roy and Fisher (2006),p.214] . . . . . . . 38

3.8 At the top �gure: Illustrates the �rst 6 beams (S1-S6) and shows the test set up.
Figure at the bottom: Illustrates the 8 remaining beams (S7-S14) and shows the
beams dimensions (all units are in mm). [Writers own �gure based on Figure 3:3-4
and 3:11-12 from Hui et al. (2018),pp.40-45] . . . . . . . . . . . . . . . . . . . 39

3.9 Illustrates section A-A from Figure 3.8 and the cover-plate end detailing (all units
are in mm). [Writers own �gure based on Figure 3:3-4 and 3:11-12 from Hui et al.
(2018), pp.40-45] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 The dimensions of the axially loaded Abaqus model, with the recreated details
illustrated in Detail A-A (1), and the details used by Leitner and Stoschka in
Detail A-A (2) (all units are in mm). [Writers own �gure] . . . . . . . . . . . . . 44

4.2 Visualization of FE model in Abaqus of the test specimen shown in Figure 4.1,
with root and toe notch details. . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.3 The applied load and boundary conditions for the axially loaded FE model (Leitner
and Stoschka). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

XIV CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

4.4 The created partitions and applied mesh for the axially loaded FE model (Leitner
and Stoschka). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5 Dimension's of the quarter test specimen modeled in Abaqus with a �ange-girder
and one sided cover-plate i bending (all units are in mm). [Writers own �gure
based on Figure 1 in Vilhauer et al. (2012)] . . . . . . . . . . . . . . . . . . . . 48

4.6 Visualization of FE model in Abaqus of the test specimen shown in Figure 4.5.. . 49
4.7 The applied load and boundary conditions for the �rst FE model subjected to

bending (Vilhauer et al.). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.8 The created partitions and applied mesh for the �rst FE model subjected to bend-

ing (Vilhauer et al.). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.9 The dimensions of the modeled specimen in Abaqus, illustrates a quarter of the

S7-S14 beams with the longer cover-plate (all units are in mm). [Writers own �gure] 52
4.10 Figure on the left illustrates the section of the S1-S6 beams with the shorter cover-

plate. Figure on the right illustrates the notch detailing of the weld presented as
Detail A-A in �gure 4.9 (all units are in mm). [Writers own �gure] . . . . . . . . 52

4.11 Visualization of FE model in Abaqus of the test specimen shown in Figures 4.9
and 4.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.12 The applied load and boundary conditions to the global-model and sub-model for
the second FE model subjected to bending (Hui et al.). . . . . . . . . . . . . . . 54

4.13 The applied mesh to the global-model and sub-model of the second FE model
subjected to bending (Hui et al.). . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1 Maximum principal stress results of the FE analysis for the axially loaded model
(Leitner and Stoschka) under a unit nominal stress of 1 Mpa applied at weld toe.. 58

5.2 E�ective notch stress ranges at weld toe from FE analysis applied to a S-N graph for
Leitner and Stoschka as-welded specimens loaded axially. With the recommended
S-N curve FAT 630. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3 E�ective nocth stress ranges at weld toe from FE analysis applied to a S-N graph
for Leitner and Stoschka HFMI-treated specimens loaded axially. With the rec-
ommended S-N curve FAT 630 and calculated S-N curve FAT 1,120. . . . . . . . 61

5.4 Maximum principal stress �eld distribution in 4 di�erent stress ranges for Leitner
and Stoschka test model loaded axially, under a unit nominal stress of 1 MPa. . . 62

5.5 Maximum principal stress results of the FE analysis for the �rst model subjected
to bending (Vilhauer et al.) under a unit nominal stress of 1 MPa applied at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.6 E�ective notch stress ranges at weld toe from FE analysis applied to a S-N graph
for Vilhauer et al. as-welded specimens loaded in bending.. . . . . . . . . . . . . 66

5.7 E�ective notch stress ranges at weld root form FE analysis applied to a S-N graph
for Vilhauer et al. UIT-treated specimens loaded in bending. . . . . . . . . . . . 67

5.8 Maximum principal stress �eld distribution in 4 di�erent stress ranges for Vilhauer
et al. test model loaded in bending, under a unit nominal stress of 1 MPa. . . . . 70

5.9 Absolute maximum principal stress �eld distribution in stress ranges -2.6 - 0 MPa
and 0 - 1 MPa for Vilhauer et al. whole test model loaded in bending, under a unit
nominal stress of 1 MPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.10 Maximum principal stress results of the FE analysis for the second model subjected
to bending (Hui et al.) under a unit nominal stress of 1 Mpa for beams S1-S6. . . 71

5.11 Maximum principal stress results of the FE analysis for the second model subjected
to bending (Hui et al.) under a unit nominal stress of 1 Mpa for beams S7-S14.. . 71

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XV



List of Figures

5.12 E�ective notch stress ranges at weld toe from FE analysis applied to a S-N graph
for Hui et al. as-welded specimens laded in bending. (Diamonds represent the
beams with shorter cover-plate specimens and the triangles the beams with longer
cover-plate specimens) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.13 E�ective notch stress ranges at weld toe from FE analysis applied to a S-N graph
for Hui et al. UIT-treated specimens laded in bending that failed at weld toe. (Di-
amonds represent the beams with shorter cover-plate specimens and the triangles
the beams with longer cover-plate specimens) . . . . . . . . . . . . . . . . . . . 73

5.14 E�ective notch stress ranges at weld toe from FE analysis applied to a S-N graph
for Hui et al. UIT-treated specimens laded in bending that failed at weld root. (Di-
amonds represent the beams with shorter cover-plate specimens and the triangles
the beams with longer cover-plate specimens) . . . . . . . . . . . . . . . . . . . 74

5.15 Maximum principal stress �eld distribution in 4 di�erent stress ranges for Hui et
al. test model with shorter cover-plates loaded in bending, under a unit nominal
stress of 1 MPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.16 Maximum principal stress �eld distribution in 4 di�erent stress ranges for Hui et al.
test model loaded in bending with longer cover-plate, under a unit nominal stress
of 1 MPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.17 Comparison of stress distribution through weld leg-length between root (x=0) and
toe (x=1) for all examined models. . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.1 Modi�cation of design S-N curves for axially loaded cover-plates based on FE
analysis results of Leitner and Stoschka test model presented in Figures 5.2 and 5.3.82

6.2 Assembled S-N graph from FE analysis results of Vilhauer et al. and Hui et al.
test models presented in Figures 5.6 and 5.12.. . . . . . . . . . . . . . . . . . . 84

6.3 Assembled S-N graphs from FE analysis results of Vilhauer et al. and Hui et al.
test models for UIT treated specimens presented in Figures 5.14, 5.13 and 5.7.. . 85

6.4 Overview of absolute maximum principal stress �eld of Vilhauer et al. whole
test model within the stress range of 0-1 MPa presented in Figure 5.9(b). . 87

7.1 Illustration of the modi�ed beam partitioned in half used in Abaqus. Figure a)
shows the original Hui beam for S7-S14 and b) shows the modi�ed beam. All
beams has the same weld detail (Detail A-A) as shown in Figure 4.10 (all units are
in mm). [Writers own �gure] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.2 The ratio (r) between the calculated design load cycles at weld toe and root for
HFMI-treated beam within the nominal stress ranges of 40-80 MPa. A ratior � 0:5
indicates cracking mode at weld root and for0:5 < r � 2 indicating undetermined
cracking mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

7.3 Maximum principal stress �eld distribution in 4 di�erent stress ranges for modi�ed
beam model loaded in bending, under a unit nominal stress of 1 MPa at weld toe. 93

7.4 Sub-models in Abaqus for the studied cover-plate thicknesses. only half of the
�ange thickness is included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

7.5 Graphs show the e�ect of cover-plate thickness has on the e�ective notch stresses
at weld root and toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

7.6 Maximum principal stress �eld distribution in 4 di�erent stress ranges for the
modi�ed beam with a cover-plate thickness of 15 mm, under a unit nominal stress
of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7.7 Maximum principal stress �eld distribution in 4 di�erent stress ranges for the
modi�ed beam with a cover-plate thickness of 50 mm, under a unit nominal stress
of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

XVI CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

7.8 Illustration of the studied lengths of cover-plated beams partitioned in half used
for Abaqus. The third beam is the modi�ed beam shown in Figure 7.1 and the
remaining four are the additional models. All cover-plated beams have the same
weld detail (Detail A-A) shown in Figure 4.10 (all units are in mm). . . . . . . . 100

7.9 Bar graph of the ratio between root and toe stresses for di�erent cover-plate to
beam length ratio (L C =LB ) for two loading positions. . . . . . . . . . . . . . . . 102

7.10 Graphs show the e�ect cover-plate length has on the e�ective notch stresses at
weld toe and root for the two loading positions. . . . . . . . . . . . . . . . . . . 103

7.11 Maximum principal stress �elds distribution in stress range of 0 - 1 MPa for the
modi�ed beam with the two loading positions, for 3 di�erent cover-plate lengths
(889 mm, 3,556 mm and 5,334 mm), under a unit nominal stress of 1 MPa at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

7.12 Maximum principal stress �elds distribution in stress range of 1 - 2 MPa for the
modi�ed beam with the two loading positions, for 3 di�erent cover-plate lengths
(889 mm, 3,556 mm and 5,334 mm), under a unit nominal stress of 1 MPa at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.13 Maximum principal stress �elds distribution in stress range of >2 MPa for the
modi�ed beam with the two loading positions, for 2 di�erent cover-plate lengths
(889 mm and 5,334 mm), under a unit nominal stress of 1 MPa at weld toe. . . . 109

7.14 Illustration of the modi�cation made to the edge of the cover-plate and the change
in root position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.15 The new root positions in the studied Abaqus models.. . . . . . . . . . . . . . . 111
7.16 Graphs show the e�ect of changing root position has on the e�ective notch stresses

at weld root and toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.17 Maximum principal stress �elds distribution in stress range of 0 - 1 MPa and 1

- 2 MPa for the modi�ed beam with the three di�erent root positions ( � = 90 � ,
� = 45 � and � = 26:6� ), under a unit nominal stress of 1 MPa at weld toe. . . . . 114

7.18 Illustration of weld details for the modi�ed Abaqus model with larger weld, (all
units are in mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.19 Maximum principal stress �elds distribution in 4 di�erent stress ranges for the
modi�ed beam with a weld leg-length equal to the cover-plate thickness (25.4
mm), under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . 116

8.1 Maximum principal stress �eld of stress ranges 0 - 1 MPa and 1 - 2 MPa, from
Figure 7.3 for modi�ed specimen and from Figure 5.16 for Hui et al. specimen,
under a unit nominal stress of 1 MPa. . . . . . . . . . . . . . . . . . . . . . . . 118

8.2 Graph shows the e�ect of cover-plate thickness has on the e�ective notch stresses
at both the weld root and toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

8.3 Illustration of the tensile stresses in�icted on the cover-plate for di�erent lengths,
caused by the beam's de�ection. . . . . . . . . . . . . . . . . . . . . . . . . . . 121

8.4 Moment and shear distribution for the tow load situations. . . . . . . . . . . . . 122
8.5 Graph show the e�ect of changing root position has on the e�ective notch stresses

at both weld root and toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.6 Bar graph summarising the maximum principal stress results for the FE analyses:

modi�ed beam model (Leg-length = 12.7 mm, � = 90 � ), root position models
(Leg-length = 12.7 mm, � = 45 � and Leg-length = 12.7 mm, � = 26:6� ) and large
weld model (Leg-length = 25.4 mm, � = 90 � ). . . . . . . . . . . . . . . . . . . . 123

8.7 The relationship between S-N design curve FAT 225 and HFMI S-N curve FAT 320.124

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XVII



List of Figures

8.8 S-N graph from FE analysis results for specimens that failed at weld root in Hui
et al. test, from Figure 5.14 in section 5.4.1. . . . . . . . . . . . . . . . . . . . . 125

8.9 characteristic nominal stress S-N curves for HFMI-treated welded joints of steel
strength f y < 355 MPa, under stress ratio R � 0:15. The value within the "()"
represents the FAT-class of the corresponding joint in as-welded state. [Source:
Marquis and Barsoum (2016. From Figure 2.13(a) in section 2.3.1.2] . . . . . . . 126

A.1 Maximum principal stress �eld distribution in stress range -2.6 - 0 MPa for Leitner
and Stoschka test model loaded axially, under a unit nominal stress of 1 MPa. . . I

A.2 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for Leitner
and Stoschka test model loaded axially, under a unit nominal stress of 1 MPa. . . II

A.3 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for Leitner
and Stoschka test model loaded axially, under a unit nominal stress of 1 MPa. . . II

A.4 Maximum principal stress �eld distribution in stress range -2 - 8.4 MPa for Leitner
and Stoschka test model loaded axially, under a unit nominal stress of 1 MPa. . . III

A.5 The "paths" applied to Leitner and Stoschka test model in Abaqus to obtain the
nodal stresses through the weld . . . . . . . . . . . . . . . . . . . . . . . . . . IV

A.6 Maximum principal stress distribution through weld leg-length between root (x=0)
and toe (x=1) for all "paths" of Leitner and Stoschka test specimen seen in Figure
A.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV

B.1 Classi�cation of the six main partition regions, where each region has the following
mesh element size: 2.5 mm, 5 mm, 7.5 mm and 12.7 mm [Writers own �gure basted
on the Vilhauer et al. (2012) specimen]. . . . . . . . . . . . . . . . . . . . . . . VII

B.2 The idealised version of toe and root notch cells used in Abaqus [Writers own �gure]VII
B.3 Maximum principal stress �eld distribution in stress range -0.6 - 0 MPa for Vilhauer

et al. test model loaded in bending, under a unit nominal stress of 1 MPa at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XI

B.4 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for Vilhauer
et al. test model loaded in bending, under a unit nominal stress of 1 MPa at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XI

B.5 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for Vilhauer
et al. test model loaded in bending, under a unit nominal stress of 1 MPa at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XII

B.6 Maximum principal stress �eld distribution in stress range 2 - 3.6 MPa for Vilhauer
et al. test model loaded in bending, under a unit nominal stress of 1 MPa at weld
toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XII

B.7 The "paths" applied to Vilhauer et al. test model in Abaqus to obtain the nodal
stresses through the weld. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

B.8 Maximum principal stress distribution through weld leg-length between root (x=0)
and toe (x=1) for all "paths" of Vilhauer et al. test specimen seen in Figure B.7. . XIII

C.1 Maximum principal stress �eld distribution in stress range -1 - 0 MPa for Hui et
al. test model with the shorter cover-plate specimens (S1-S6) loaded in bending,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXII

C.2 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for Hui et
al. test model with the shorter cover-plate specimens (S1-S6) loaded in bendingy,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXII

XVIII CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

C.3 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for Hui et al.
test model with the shorter cover-plate specimens (S1-S6) loaded in bending, under
a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . XXIII

C.4 Maximum principal stress �eld distribution in stress range 2 - 5.7 MPa for Hui
et al. test model with the shorter cover-plate specimens (S1-S6) loaded in bending,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXIII

C.5 Maximum principal stress �eld distribution in stress range -2.5 - 0 MPa for Hui
et al. test model with the longer cover-plate specimens (S7-S14) loaded in bending,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXIV

C.6 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for Hui et
al. test model with the longer cover-plate specimens (S7-S14) loaded in bending,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXIV

C.7 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for Hui et
al. test model with the longer cover-plate specimens (S7-S14) loaded in bending,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXV

C.8 Maximum principal stress �eld distribution in stress range 2 - 4.8 MPa for Hui et
al. test model with the longer cover-plate specimens (S7-S14) loaded in bending,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . XXV

C.9 The "paths" applied to Hui et al. test model in Abaqus to obtain the nodal stresses
through the weld. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXVI

C.10 Maximum principal stress distribution through weld leg-length between root (x=0)
and toe (x=1) for all "paths" of Vilhauer et al. test specimen with shorter cover-
plates, seen in Figure C.9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXVI

C.11 Maximum principal stress distribution through weld leg-length between root (x=0)
and toe (x=1) for all "paths" of Vilhauer et al. test specimen with longer cover-
plates, seen in Figure C.9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXVII

D.1 Maximum principal stress �eld distribution in stress range -1.6 - 0 MPa for modi�ed
beam model loaded in bending, under a unit nominal stress of 1 MPa at weld toe.XXX

D.2 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model loaded in bending, under a unit nominal stress of 1 MPa at weld toe.XXX

D.3 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model loaded in bending, under a unit nominal stress of 1 MPa at weld toe.XXXI

D.4 Maximum principal stress �eld distribution in stress range 2 - 7.8 MPa for modi�ed
beam model loaded in bending, under a unit nominal stress of 1 MPa at weld toe.XXXI

D.5 The notch detailing of the 6 additional studied cover-plate thicknesses that was
modeled in Abaqus. The originals detailing can be seen in Detail A-A in Figure 4.10.XXXII

D.6 Maximum principal stress �eld distribution in stress range -1.4 - 0 MPa for modi�ed
beam model with cover-plate thicknesstc = 15 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXV

D.7 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model with cover-plate thicknesstc = 15 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXV

D.8 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model with cover-plate thicknesstc = 15 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXVI

D.9 Maximum principal stress �eld distribution in stress range 2 - 6.3 MPa for modi�ed
beam model with cover-plate thicknesstc = 15 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXVI

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XIX



List of Figures

D.10 Maximum principal stress �eld distribution in stress range -2.1 - 0 MPa for modi�ed
beam model with cover-plate thicknesstc = 50 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXVII

D.11 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model with cover-plate thicknesstc = 50 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXVII

D.12 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model with cover-plate thicknesstc = 50 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXVIII

D.13 Maximum principal stress �eld distribution in stress range 2 - 9.0 MPa for modi�ed
beam model with cover-plate thicknesstc = 50 mm loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XXXVIII

D.14 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model loaded at third of beam with cover-plate lengthL c = 889 mm loaded
in bending, under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . XLIII

D.15 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model loaded in middle of beam with cover-plate lengthL c = 5 ; 334 mm
loaded in bending, under a unit nominal stress of 1 MPa at weld toe. . . . . . . . XLIII

D.16 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model loaded at third of beam with cover-plate lengthL c = 889 mm loaded
in bending, under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . XLIV

D.17 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model loaded in middle of beam with cover-plate lengthL c = 5 ; 334 mm
loaded in bending, under a unit nominal stress of 1 MPa at weld toe. . . . . . . . XLIV

D.18 Maximum principal stress �eld distribution in stress range 2 - 6.4 MPa for modi�ed
beam model loaded at third of beam with cover-plate lengthL c = 889 mm loaded
in bending, under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . XLV

D.19 Maximum principal stress �eld distribution in stress range 2 - 7.2 MPa for modi�ed
beam model loaded in middle of beam with cover-plate lengthL c = 5 ; 334 mm
loaded in bending, under a unit nominal stress of 1 MPa at weld toe. . . . . . . . XLV

D.20 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model with a changed root position of� = 45 � loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XLVII

D.21 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model with a changed root position of� = 45 � loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XLVII

D.22 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model with a changed root position of� = 26:6� loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XLVIII

D.23 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model with a changed root position of� = 26:6� loaded in bending, under a
unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . XLVIII

D.24 Maximum principal stress �eld distribution in stress range -1.2 - 0 MPa for modi�ed
beam model with a weld leg-length of 25.4 mm loaded in bending, under a unit
nominal stress of 1 MPa at weld toe.. . . . . . . . . . . . . . . . . . . . . . . . XLIX

D.25 Maximum principal stress �eld distribution in stress range 0 - 1 MPa for modi�ed
beam model with a weld leg-length of 25.4 mm loaded in bending, under a unit
nominal stress of 1 MPa at weld toe.. . . . . . . . . . . . . . . . . . . . . . . . XLIX

XX CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

D.26 Maximum principal stress �eld distribution in stress range 1 - 2 MPa for modi�ed
beam model with a weld leg-length of 25.4 mm loaded in bending, under a unit
nominal stress of 1 MPa at weld toe.. . . . . . . . . . . . . . . . . . . . . . . . L

D.27 Maximum principal stress �eld distribution in stress range 2 - 7.7 MPa for modi�ed
beam model with a weld leg-length of 25.4 mm loaded in bending, under a unit
nominal stress of 1 MPa at weld toe.. . . . . . . . . . . . . . . . . . . . . . . . L

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XXI



List of Figures

XXII CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Tables

2.1 AASHTO detail categories converted to the characteristic nominal stress ranges.
[Source: Table 5 from Bowman et al. (2012)]. . . . . . . . . . . . . . . . . . . . 11

2.2 IIW minimum FAT-class reduction for HFMI-treated welded joints based on stress
ratio (R-ratio). [Source: Table 4 from Marquis and Barsoum (2016),p.23] . . . . 21

2.3 IIW recommendation for element size for di�erent reference radiusr ref and element
type (r in table indicates r ref ). [Writers own table based on Table 3.1 from Fricke
(2010), p.12] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 Existing IIW S-N curves for as-welded and HFMI-treated details for plates thicker
than 5 mm according to ENS method. [Source: Table 6 from Marquis and Barsoum
(2016), p.27] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Each test series plate thickness, weld properties and fatigue strength from Nominal
Stress method for high strength steelf y � 700MPa. [Writers own table combined
from data provided from Leitner and Stoschka (2020)] . . . . . . . . . . . . . . . 29

3.2 Summary of Vilhauer et al. four test series with treatment speci�cation and number
of tested specimens. [Writers own table] . . . . . . . . . . . . . . . . . . . . . . 31

3.3 Material data and geometry of the three components composing the steel specimen.
[Writers own table based on data provided from Vilhauer et al. (2012),pp.164-165] 31

3.4 Details of Grade 345W specimens, weld properties and treatments type. [Writers
own table assembled form data provided from Roy and Fisher (2006)]. . . . . . . 36

3.5 Test matrix for Grade 345W beams (only cover-plates). G refers to girder, Arabic
numbers refer to beam serial number, Roman numbers refer to specimens group.
[Writers own table based on data in Table 1 from Roy and Fisher (2005),p.244] . 36

5.1 E�ective notch stress ranges at toe and root for each nominal stress range from
Leitner and Stoschka test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.2 Number of load cycles the specimens reach during Leitner and Stoschka practical
test, based on provided data in Figure 3.2. [Writer own table] . . . . . . . . . . . 59

5.3 Average maximum principal stress at toe and root of each convergence study per-
formed for Vilhauer et al. model subjected to bending under a unit nominal stresses
of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.4 E�ective notch stress at toe and root for each nominal stress for Vilhauer et al. test. 65
5.5 Stress range and load cycles of each specimen conducted by Vilhauer et al. test.

The coloured rows indicate the specimens utilized for this study. [Writers own
table based on values from Table 1 and 2 in Vilhauer et al. (2012),pp.166.167] . . 65

5.6 Calculated design load cycles for Vilhauer et al. as-welded specimens (CONTROL)
at weld toe and root, as well as the ratio (r) between load cycles of root and toe.. 68

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XXIII



List of Tables

5.7 Calculated design load cycles for Vilhauer et al. UIT-treated specimens (UIT) at
weld toe and root, as well as the ratio (r) between load cycles of root and toe. . . 68

5.8 Calculated design load cycles for Hui et al. as-welded specimens (CONTROL), the
ratio (r) between load cycles of root and toe and cracking modes from Hui et al.
test results are also included.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.9 Calculated design load cycles for Hui et al. UIT-treated specimens (UIT), the ratio
(r) between load cycles of toe and root and cracking modes from Hui et al. test
results are also included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.1 Summering of the FE analysis results (maximum principal stresses) for the modeled
tests under a unit nominal stress of 1 MPa at weld toe. Results extracted from
Tables 5.1, 5.4 and C.4, (all units in MPa). . . . . . . . . . . . . . . . . . . . . 81

7.1 Maximum principal stress results obtained from Abaqus for both the original and
modi�ed models assuming 1 MPa nominal stress at the weld toe. . . . . . . . . . 91

7.2 Calculated characteristic load cycles at weld toe and root for modi�ed HFMI-
treated beam within the nominal stress ranges of 40-80 MPa, as well as the ratio
(r) between load cycles of the toe and root. . . . . . . . . . . . . . . . . . . . . 91

7.3 Maximum principal stress results obtained from Abaqus for di�erent cover-plate
thicknesses (tc), assuming 1 MPa nominal stress at weld toe. The di�erence be-
tween the toe and root stresses are shown for each plate thickness.. . . . . . . . 95

7.4 The ratio between maximum principal stresses (at weld toe and root) for cover-
plates of di�erent thicknesses and the maximum principal stresses for the cover-
plate of the maximum thickness (tc = 50 mm). The stresses can be found in Table
7.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

7.5 Calculated characteristic load cycles at weld toe and root for HFMI-treated beams
with di�erent cover-plate thicknesses within nominal stress ranges of 40-80 MPa,
as well as the ratio (r) between load cycles of the toe and root. . . . . . . . . . . 96

7.6 Maximum principal stress results obtained from Abaqus for di�erent cover-plates
lengths (L c) and the ratio between root and toe stresses for two load situation,
under a unit nominal stress of 1 MPa at weld toe. . . . . . . . . . . . . . . . . . 101

7.7 The ratio between maximum principal stresses (at weld toe and root) for cover-
plates of di�erent lengths and the maximum principal stresses for the cover-plate
of the maximum thickness (L c = 5 ; 334mm). The stresses can be found in Table 7.6.102

7.8 Calculated characteristic load cycles at weld toe and root for HFMI-treated beams
with di�erent cover-plate lengths within nominal stress ranges of 40-80 MPa, as
well as the ratio between load cycles of the toe and root. For when the load is
placed at the third of the beam. . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.9 Calculated characteristic load cycles at weld toe and root for HFMI-treated beams
with di�erent cover-plate lengths within nominal stress ranges of 40-80 MPa, as
well as the ratio between load cycles of the toe and root. For when the load is
placed at the middle of the beam. . . . . . . . . . . . . . . . . . . . . . . . . . 105

7.10 Maximum principal stress results obtained from Abaqus for di�erent root positions,
assuming a unit nominal stress of 1 MPa at the weld toe. The di�erence between
the toe and root stresses are also shown. "d" indicates the distance that the root
has moved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.11 The ratio between maximum principal stresses (at weld toe and root) for di�erent
root positions and the maximum principal stresses for the original root position.
The stresses can be found in table 7.10.. . . . . . . . . . . . . . . . . . . . . . 111

XXIV CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Tables

7.12 Calculated characteristic load cycles at weld toe and root for HFMI-treated cover-
plates with di�erent root positions within the nominal stress ranges of 40-80 MPa,
as well as the ratio between load cycles of the toe and root.. . . . . . . . . . . . 112

7.13 Maximum principal stress results obtained from Abaqus for both the modi�ed
model (weld leg-length equals to 12.7 mm) and the model having a weld leg-length
equal to (25.4 mm) assuming 1 MPa nominal stress at the weld toe.. . . . . . . . 115

B.1 Collection of 5 maximum principal stresses and their average at weld toe and root
for all notch sizes (r ref = 0.3, 0.25, 0.2, 0.15 and 0.1) of Vilhauer et al. Abaqus
model loaded under a unit nominal stress of 1 MPa at the weld toe.. . . . . . . . IX

C.1 Vilhauer et al. planned test matrix for the piratical analysis of the cover-plated
beam loaded in bending. [Source: Table 3.2 from Hui et al. (2018),p.34] . . . . . XV

C.2 Vilhauer et al. applied test matrix for the piratical analysis of the cover-plated
beam loaded in bending. [Source: Table 4.1 from Hui et al. (2018),p.35] . . . . . XV

C.3 Hui et al. fatigue test results of piratically tested cover-plate specimens, includes
load cycles for termination details. The stars represent the beams with shorter
cover-plate specimens (S1-S6), the read colour represents the cover-plate specimens
that cracked at weld root and the blue collor represents the cover-plate specimens
that cracked at weld toe. [Source: Table 4.2b from Hui et al. (2018),p.37] . . . . XVIII

C.4 E�ective notch stress at toe and root for each nominal stress of Hui et al. test model
for both the short (above table) and long cover-plate (below table) specimens.
Identi�es also the beam and type och specimen. . . . . . . . . . . . . . . . . . . XIX

C.5 Calculated characteristic load cycles for Hui et al. as-welded specimens (CON-
TROL) at weld toe and root, as well as the ratio between load cycles of toe and
root. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XX

C.6 Calculated characteristic load cycles for Hui et al. UIT-treated specimens (UIT)
at weld toe and root, as well as the ratio between load cycles of toe and root.. . . XXI

D.1 Calculated characteristic load cycles at weld toe and root for modi�ed HFMI-
treated beam within the same nominal stress ranges used in Hui et al piratical
test, as well as the ratio (r) between load cycles of the toe and root.. . . . . . . . XXIX

D.2 Calculated characteristic load cycles at weld toe and root for HFMI-treated beams
with di�erent cover-plate thicknesses subjected to the same nominal stress ranges
used in Hui et al test, as well as the ratio (r) between load cycles of the toe and root.XXXIII

D.3 Calculated characteristic load cycles at weld toe and root for HFMI-treated beams
with di�erent cover-plate lengths subjected to the same nominal stress ranges used
in Hui et al test, as well as the ratio (r) between load cycles of the toe and root. . XLII

D.4 Calculated characteristic load cycles at weld toe and root for HFMI-treated beams
with Cover-plates having di�erent root positions subjected to the same nominal
stress ranges used in Hui et al test, as well as the ratio (r) between load cycles of
the toe and root. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLVI

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 XXV



List of Tables

XXVI CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30



1
Introduction

1.1 Background

Europe witnessed signi�cant growth in infrastructure (Haghani et al., 2012) including
bridges during industrial development in the 20th century and many of today's bridges
date from that period. A survey conducted in 2004 (6th Framework Programme of EU,
2007) found that 67 % of railway bridges across the continent are older than 50 years
with more than 35 % over 100 years old. This means that several current bridges have
already surpassed their designed lifespan. In addition, because of the increase in tra�c,
today's bridges experience more load. It has therefore became necessary to either build
new bridges that meet the current tra�c demands, or repair and strengthen the old ones
in order to remain steadfast and serve their purpose. Because constructing new bridges
(6th Framework Programme of EU, 2007) is a very expensive and non-environmental so-
lution, e�orts have been made to �nd e�ective ways to strengthen and upgrade old steel
beam bridges. One e�cient method for enhancing steel beam bridges is by increasing the
cross-section of structural members by adding additional material.

For this purpose, cover-plates are commonly fastened in highly loaded areas to reinforce,
upgrade, and extend the life of existing steel beam bridges. The methods (Hu, 2011)
by which the cover-plates are �xed to the attached elements have varied over the years
between bolted and welded connections and each method o�ers its own advantages and
challenges. Bolted connections are commonly used today but because one cover-plate can
have hundreds of bolts and a bridge thousands, the installation is very time-consuming
compared to welded cover-plates. Thus, welded cover-plates are still desirable as an alter-
native to bolted ones.

In the past and before there was su�cient knowledge about fatigue performance and fa-
tigue failure, many old steel beam bridges (Vilhauer et al., 2012) were strengthened using
welded cover-plates. But the use of welded cover-plates has dramatically decreased af-
ter many cases of bridges failing with welded cover-plates. The Yellow Mill Pond Bridge
in Connecticut and the King's Bridge in Melbourne are two examples of such bridges
(Haghani et al., 2012). Whose failures were caused by fatigue cracks developed at the
end of the welded cover-plates. So it was discovered that these welded cover-plates o�ered
poor fatigue performance, particularly at their ends. The reason for this (Haghani et al.,
2012) is explained by stress behaviour at the end, where the stress is concentrated due to
the change in the cross section.

Accordingly, it has been observed (Marquis & Barsoum, 2016) that the fatigue strength
of cover-plates can be enhanced, if the stress concentration at the end region is reduced.
Therefore, many research studies have been conducted to come up with e�cient methods
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for reducing stress concentrations, thus trying to extend the fatigue life of welded cover-
plates.

High-frequency Mechanical Impact (HFMI) treatment has drawn researchers' attention
as one of the most promising methods to increase fatigue strength for welded details.
The term HFMI has been used for about a decade. It was �rst introduced (Marquis &
Barsoum, 2016) by 2010 Commission XIII (Fatigue of welded components and structures)
of IIW (the International Institute of Welding) to refer to a number of applications. The
main principle of those applications (Shams-Hakimi, 2017) is to apply a high-frequency
impact of more than 90 Hz at the toe of the welds. A primary bene�t of this method is
the reduction of tensile residual stresses at the weld toe, as well as smoothing the surface
near the weld toe that reduces geometric stress concentration. Moreover, treated details
have better cracking resistance than untreated details because the treatment improves the
local hardness of the material.

1.2 Aim

The aim of this thesis is to evaluate if welded cover-plates treated with HFMI is a possible
solution for strengthening steel bridges, and examine if the current bolted solution can be
replaced.

1.3 Objective

To achieve the project's aim, the work is divided into the following steps:

1. Fundamental knowledge relevant to the �eld of study will be established through a
literature review.

2. Some previous tests conducted on HFMI-treated welded cover-plates under di�erent
load conditions (axially and in bending) will be studied and then modelled and anal-
ysed using Abaqus software according to the E�ective Notch Stress method (ENS).

3. The analysis results will be evaluated and compared to the existing design S-N
curves. Moreover, the interrelationship between cover-plates loaded axially and
those loaded in bending will be detected.

4. Factors that may a�ect fatigue performance of welded cover-plates will be investi-
gated in exploratory studies.

5. According to the evaluated results, suggestions will be made to adjust the existing
design method for HFMI-treated details to be applicable for HFMI-treated cover-
plates in beams loaded in bending.
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1.4 Method

To ful�ll the aim and objective of this master thesis, the thesis was divided into two phases,
containing a total of four parts. Which were as follows:

1. The �rst phase involves the collection of a variety of investigated and critically
reviewed scienti�c reports, arti cles, journals, etc, from authorised publications.
Where the objective was to gather knowledge about the main subject of study. This
was executed in two parts:

ˆ A literature study where the investigation focused on three main subjects.
The �rst subject being about welded cover-plates, the second being about post
welding treatments used to improve fatigue performance of welded details and
the third and last subject being about fatigue life assessment methods.

ˆ A collection and review of previous research on varied welded cover-plated
structures, which is to be studied and analysed for the second phase of the
masters thesis.

2. The second phase consists of performing numerical Finite Element analysis of di�er-
ent welded cover-plated structures. Thereafter, evaluate the potential of reinforcing
steel beam bridges with HFMI-treated cover-plates, from the perspective of fatigue
performance. This phase was also executed in two parts:

ˆ Firstly, FE analyses were performed by modeling the test specimens used in
the previous research in the computer software Abaqus. The obtained results
were evaluated to verify the potential of HFMI-treated details compared to
as-welded details for di�erent structures. Furthermore, the characteristic load
cycles were calculated to investigate if the generic designing method correlates
with the previous research test results.

ˆ Secondly, by utilizing a cover-plated beam model specimen from the previous
research. Exploratory studies were conducted to investigate the e�ects when
various changes are made to the cover-plate design. This includes changing the
location, thickness and length of the cover plate, as well as altering the end
weld. Theses studies were performed to further evaluate potential variables
that might need to be considered for designing HFMI-treated cover-plates.
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1.5 Limitation

This project focuses on the fatigue performance of as-welded and HFMI-treated cover-
plated steel structures, whose purpose is to strengthen load-carrying steel girders. In
order to conduct fatigue life assessment, load cycle data needs to be collected, which can
only be obtained by conducting practical tests. Hence, the �rst part of the project is lim-
ited to the use of previous tests. To simplify the procedure, four previous research projects
were selected. For which three test specimens were modeled in Abaqus. The specimens
of the previous research is limited to one axially loaded cover-plated structures and three
cover-plated structures loaded in bending, where one is a �ange-girder and the other two
are beam girders.

Furthermore, because fatigue design is included in Serviceability limit state (SLS), elastic
material properties are assumed. For the purpose of this project it is necessary to compute
the weld toe and root stresses. Therefore, the E�ective Notch Stress (ENS) method was
implemented for the FE analyses. Henceforth, the ENS method was also used for fatigue
life assessment and this means that a stress ratio (R-ratio) of< 0:15 is assumed for all
models.

The purpose of the exploratory studies is to further evaluate di�erent potential variables
that can a�ect the fatigue performance of treated cover-plated beams. In order to limit
the scope of the study, the exploratory studies were limited to four �elds. Which is then
limited to a set number of analyses, due to the time restriction of creating new models
in Abaqus. Moreover, because the exploratory studies do not have pre-existing practical
test results, the analyses are limited to evaluating stress changes at the weld notches and
calculating the theoretical cracking mode through load cycles.
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2
Literature review

In this chapter three subjects are studied for the literature review. Where the purpose is to
gather general and speci�c knowledge to reinforce and clarify the aim of this master thesis.
The three subjects relates to cover-plates (mainly as-welded), post welding treatments
(mainly HFMI) and fatigue life assessment methods (mainly Nominal Stress method and
E�ective Notch Stress method).

2.1 Cover-plates

Cover-plates are often used (Wang et al., 2015) for strengthening existing bridges which
have been damaged by structural aging, defected due to incorrect design or require addi-
tional capacity due to an increased in live-load. Thereby, the main purpose of cover-plates
(Mohammadzadeh & Bhowmick, 2022) is to increase the buckling and bending capacity
of steel beams constructing a bridge, by enhancing the sti�ness and durability, or chang-
ing the structural behaviour. Mohammadzadeh and Bhowmick (2022) further explains
that reinforcements are typically assembled while the structure is in service, implying
that cover-plates are applied under preloading conditions, which in�uences the capacity
of cover-plated beams.

An experiment conducted by Wang et al. (2015) on strengthening steel I-beams with
welded cover-plates on both the top and bottom �anges, determined that preloading has
little e�ect on the beam's lateral capacity as long as there are enough lateral supports. If
not, the beam's capacity decreases. Nevertheless, when reinforcing a preloaded I-beam,
the most economical choice is to weld the cover-plate to the bottom �ange, since it is the
easiest �ange to access. And the study performed by Mohammadzadeh and Bhowmick
(2022) showed that I-beams strengthened with welded cover-plates at the bottom �ange
under preloading conditions, experience a reduction in ultimate capacity. Despite that,
the ultimate capacity will be greater than for non-strengthened beams, regardless of the
preloading level.

Because of the inexpensiveness of increasing a steel beam bridge's life and capacity by
adding cover-plates to the beams �anges, they became popular (Wang et al., 2015), and
especially welded ones, due to being easy and fast to assemble. For this reason, after
WWII in the 1950s the construction of highway and railway bridges expanded all around
the world and cover-plated steel beam bridges were included. In the USA steel beam
bridges were designed using guidelines from before the 1940s (Fisher, 1997), which had
been developed from test data of small-scale specimens and with limited knowledge. In
these guidelines it was stated that 2 million cycles was the fatigue life limit for welded
cover-plates.
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But in the late 1960s, Fisher (1997) states that fatigue cracking was frequently observed
on these steel beam bridges built before and in the 50s. An example is the Yellow Mill
Pond bridge constructed in 1929 seen in Figure 2.1. Fisher also mentions that during
the 1960 AASHO Road Test, fatigue cracks were observed in welded cover-plated steel
beams. Because of these �ndings, experimental studies with full-scale specimens started
in 1967 to evaluate the cause of fatigue cracking. The test results concluded that the
provisioned fatigue resistance design codes of 2 million cycles used in the 1940s and 50s
were insu�cient and optimistic. This changed the understanding and concept of fatigue
design and new alterations to the design code were made, where more construction details
were changed to details with lower fatigue strength.

Henceforth, there are two common ways (Hu, 2011) to fasten cover-plates to the bottom
�ange of a beam, either by welding or by bolted joints, but both techniques introduce their
own challenges. For welded cover-plates the challenge is their fatigue strength (Haghani
et al., 2012) and it is known that the cover-plate transverse end weld has very low fatigue
strength. This concludes that bolted joints are used to fasten cover-plates, due to them
being less prone to fatigue cracking, which is further demonstrated in Eurocode 3. Where
the detail category of cover-plated beams connected with high-strength bolts has a detail
category of 80-90 MPa (European standard, 2008,Table 8.1). While the highest fatigue
detail category of welded cover-plates can reach a detail category of 56 MPa, which is
shown in Figure 2.7.

Figure 2.1: Cracks at as-welded cover-plate end from Yellow Mill Pond bridge. [Source: Table
5-3 from Kühn et al. (2008), p.68]
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2.1.1 Fatigue strength of welded cover-plates

Among all other welded details of a bridge (Haghani et al., 2012), the end of cover-plates
has the lowest fatigue strength and can be described as a lower bound on the fatigue
strength of welded elements. Figure 2.2 illustrates a typical example of a welded beam
with a partial cover-plate attached to the upper �ange. As can be seen in the �gure,
the cover-plate ends have a detail category of fatigue strength E (FAT 56, see Table 2.1)
while a higher fatigue strength can be found away from the edges in the longitudinal welds
(Fisher, 1977).

Figure 2.2: Fatigue detail categories in the AASHTO for di�erent construction details in
welded beam with a cover-plate. Category E and category B, FAT 56 and FAT 125 in Eurocode
3, see Table 2.1. [Writers own �gure]

The reason for this low performance of welded cover-plates is explained (Al-Emrani &
Åkesson, 2020) by the stress behaviour in the vicinity of the end of the cover-plate. In
general, it is well known that the nominal stress is evenly distributed across the �ange
unless the cross-section changes. It is therefore inevitable that at the end of the cover-plate
the stress distribution will change, as a result of the change in cross-sectional area. As
a part of the structure, the cover-plate is integrated as a load-carrying element. Thus, a
part of the load carried by the �ange is transferred to the cover-plate through the weld.
This causes the stress to be concentrated along a certain distance from the edge of the
plate, called "anchorage length", and the material in this area is subjected to a higher
stress level, as indicated in Figure 2.3. Due to the low section modulus of the weld, it is
the most stressed area within this anchorage length. It is also the region where fatigue
cracks are more likely to appear due to the existence of stress raisers at the toe of the
weld.

CHALMERS , Architecture and Civil Engineering, Master's Thesis ACEX30 7



2. Literature review

Figure 2.3: Stress distribution at the end of welded cover-plate, illustrates stress concentration
at weld toe and anchorage length. [Writers own �gure]

Because the sections with the lowest fatigue strength in welded cover-plates are the trans-
verse ends, numerous investigations have been carried out to determine whether altering
the end details could improve their fatigue strength. Fisher et al. (1967) published a review
of related studies that have been conducted up until 1967 in order to provide appropriate
recommendations for the design of welded cover-plates. The aforementioned review in-
volved a number of fatigue tests on beams with both rolled and welded sections of various
steel quality connected to cover-plates with di�erent end details.

Examples of end details that have been studied can be found in Figure 2.4. Some of the re-
sults in terms of S-N curves can be seen in Figure 2.5 for details (c), (b) and (d) and Figure
2.6 for squared cover-plates, details (a) and (g). As can be seen in the �gures, cover-plates
with non-squared ends reported higher fatigue strength than traditional cover-plates with
squared ends. However, the di�erences are not signi�cant, and the structures will not ex-
perience much longer fatigue life. In light of this, square-ended cover-plates were strongly
recommended in Fisher et al. (1967) report, as their fatigue life does not di�er signi�cantly
from other shapes. Thus, avoiding an unnecessary increase in the cost of manufacturing
other shaped cover-plates. The report also noted that cover-plates could be fastened to
beams with both rolled and welded sections without decreasing their fatigue strength.

Furthermore, in the study program conducted by Fisher et al. (1969), 374 rolled and
welded beams with di�erent welded details were examined. A total of 240 beams with
cover-plates of various thicknesses, geometries and steel qualities were tested to evaluate
their fatigue performance. All cover-plates were fastened to the beams by two longitu-
dinal welds and one transverse weld at one edge while the other edge was unwelded. It
has been observed from the test results that, as long as the cover-plate is narrower than
the attached �ange, the presence of transverse welds does not a�ect the fatigue strength
of welded cover-plates. In contrast, the test results showed that when the cover-plate is
wider than the �anges, beams without transverse end welds (Figure 2.4, detail(h)) exhib-
ited lower fatigue strength than beams with transverse end welds.

A further conclusion from Fisher et al. (1969) test was that the quality of steel has no
signi�cant e�ect on fatigue strength of welded cover-plates. So using steel with a higher
yield strength will not increase their fatigue life. In addition, results showed that specimens
with multiple cover-plates had the same fatigue strength as those with only one cover-plate.
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Figure 2.4: Examples of welded cover-plates with di�erent geometries and end details. Detail
(h) has lower fatigue strength than other details. [Writers own �gure based from Fisher et al.(1967),
p.101]

Figure 2.5: S-N relationship for beams with partial length squared cover-plates with di�erent
end details (g) and (a). [Writers own �gure based on data from Figure 7 from Fisher et al.(1967),
p.103]
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Figure 2.6: S-N relationship for beams with partial length cover-plates with di�erent end
details (d), (e) and (c). [Writers own �gure based on data from Figure 6 from Fisher et al. (1967),
p.103]

Although in some cases the end weld does not a�ect the fatigue strength of welded cover-
plates, it is still imperative to have an end weld (Haghani et al., 2012) to provide a
continuous seal around the cover-plate. This is necessary to prevent water and moisture
from getting between the cover-plate and the attached �ange and causing corrosion dam-
age to the beam. In such cases, if water gets between the cover-plate and the attached
�ange, corrosion damage is likely to occur as it takes a long time for such details to dry
out, as noted by Department of Transportation (2017).

Depending on the reinforcement requirements for di�erent structures, cover-plates can be
of various lengths. The e�ect of the cover-plate length on fatigue strength was investi-
gated, and research has shown (Fisher et al., 1974) that the length of the cover-plate does
not a�ect the stress concentration at the edge. In other words, fatigue strength remains
the same no matter the length of the cover-plate. There is, however, a tendency (Hui
et al., 2018) for fatigue resistance of cover-plates to decrease in large structures. This
conclusion was reached after several instances of fatigue damage were discovered in large
structures with cover-plates. In this case, the Yellow Mill Pond bridge is an excellent ex-
ample as many cracks were found at the edges of the cover-plates even though the bridge
was only 13 years old. The fatigue damages that have been discovered in this bridge
inspired Fisher et al. (1979) to conduct a test to investigate the fatigue performance of
cover-plates attached to large girders. In this test, rolled beams of 20 feet in length were
studied under constant cyclic fatigue loading. Based on the test results, these specimens
exhibited lower fatigue strength compared to the smaller beams tested by Fisher et al. in
1969. Accordingly, Fisher et al. (1979) proposed a fatigue category E' to account for the
decrease in fatigue strength of cover-plates in large structures.
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As a result of all studies and research, Eurocode 3 (European Standard, 2022) speci�ed one
fatigue strength class for all cover-plates regardless of their geometries, lengths and shapes.
The only factors to consider are the thickness of the cover-plate and the attached �ange.
However, it was mentioned by Albrecht et al. (2007) that the thickness of the element
where the cracks are propagated (typically the �ange in the case of bridge-strengthening
cover-plates) has the greatest in�uence on the fatigue strength of welded cover-plates. Fig-
ure 2.7 shows the Eurocode 3 fatigue detail category for cover-plates with various �ange
thicknesses.

Eurocode 3 (European standard, 2008) de�nes a minimum length of 300 mm for welded
cover-plates that are assigned according to the fatigue detail categories shown in Figure
2.7. Shorter attachments have higher fatigue strength and the fatigue detail category for
such details can be found in Table 8.1 (detail 10-12) in Eurocode 3 (2008). It is also worth
mentioning again that an end weld is required for cover-plates wider than the �anges to
achieve the same fatigue strength shown in Figure 2.7.

Figure 2.7: Fatigue detail category for cover-plates with a plate thicknesstc in relation to the
�ange thicknessest. [Source: Table 10.6 from European standard (2008)]

Table 2.1: AASHTO detail categories converted to the characteristic nominal stress ranges.
[Source: Table 5 from Bowman et al. (2012)]

Nominal stress range

Detail category ksi MPa

A 23.2 160

B 18.1 125

B' 14.5 100

C 13 90

D 10.3 71

E 8.1 56

E' 5.8 40
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2.2 Welding treatments to improve fatigue life of
welded structures

Welded details are highly susceptible to fatigue cracking accumulated from cyclic live-
loads, also known as load-induced fatigue, consequently (Hui et al., 2018) because of
defects and tensile residual stresses that's introduced during welding. This wasn't well
understood before the 1960s, explain Fisher (1997), where he specify that the tests com-
pleted in the 60s were the �rst tests to con�rm what initiates fatigue cracking. Which
is the results of the materials' initial discontinuities, such as defects, stress concentration
regions and tensile residual stresses.

It has been observed (Fisher, 1997) that defects caused by internal discontinuities, such
as porosity and trapped slag from incomplete fusion between base metal and weld metal,
can cause fatigue cracking. Other type of defects (Marquis & Barsoum, 2016), such as
imperfections in weld toe geometry, disturbs the stress �eld and introduce local stress
concentrations at the toe between weld and plate, causing micro-cracks that may grow
larger under tensile induced-loading. Furthermore, Hui et al. (2018) and Fisher (1997)
specify that tensile residual stresses are the result of the weldment gradually cooling. The
surface cools and hardens faster than the interior, which restrains the still contracting
interior, creating tensile stresses that are locked at the weld toe. These tensile residual
stresses can be as high as the weld metals yield strength. Hence, when cyclic tensile stresses
are introduced at the weld toe, fatigue cracking and low fatigue life can be anticipated.

Figure 2.8: Overview of di�erent weld improvement methods. The blue techniques are covered
by IIW and the green is the method covered in this master thesis. [Writers own �gure based on
Figure 1 from Marquis and Barsoum (2016),p.4]

There are two main post welding treatments (Marquis & Barsoum, 2016) to improve
welded connections, as seen in Figure 2.8. The �rst one is Weld Geometry Improvement
Methods, like Burr Grinding. Their intention is to reduce stress concentration and improve
surface transition from base-plate to weld toe by locally modify the weld toe geometry.

The second post treatment is the Residual Stress Method, which includes mechanical
techniques like Needle Peening and HFMI. Whose purpose is to reduce the tensile residual
stresses sealed at the weld toe by introducing compressive residual stresses. Thereby, the
tensile strength of the welded connection is improved and can withstand larger tensile
cyclic-loading, hence increasing its fatigue life.
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Furthermore, excluding post welding treatments, the �rst optimisation to improve a steel
structure's fatigue performance (Marquis & Barsoum, 2016) is by applying good design
practice during design process. Some practices include selecting joints with a low stress
concentration factor, or locating high stress regions so welded connections can be placed
in areas with low stresses.

2.2.1 HFMI-treatment of welded joints

The term HFMI was commissioned in 2010 to be the generic term for similar post welding
treatment technologies (Marquis & Barsoum, 2016), such as Ultrasonic impact treatment
(UIT), Ultrasonic penning (UP), High frequency impact treatment (HiFiT) and Pneumatic
impact treatment (PIT). See Figure 2.10(a-c). HFMI is mainly used to induce compressive
residual stresses at the weld toe to increase the fatigue strength of welded connections.
However, HFMI also has weld geometry improvement qualities, which improve local ge-
ometry by changing the micro-structure, eliminating defects and smoothing the transition
between plate and weld. Thus, HFMI has a double e�ect on improving fatigue strength,
as seen in Figure 2.9.

Figure 2.9: Example on HFMI application technique. [Writers own �gure based on Figure 6
from Fu²tar et al. (2020), p.424]

For how HFMI works and how to apply the treatment, it can be read in the guide line
� IIW Collection IIW Recommendations for the HFMI Treatment For Improving the Fa-
tigue Strength of Welded Joints�. Where IIW (Marquis & Barsoum, 2016) specify that the
main working principle of HFMI is to apply compressive stresses utilizing an accelerated
indenter with a high frequency over >90 Hz at the toe of the welded joints. There exists
many devices worldwide with similar operating principles, as seen in Figure 2.10(a-c),
which provide the same quality of fatigue improvement when accurately used. All ultra-
sonic devices contains a power unit and tools. The tools, called indenters, whose tip can be
customized by the manufacturer with di�erent diameters, con�gurations and geometries,
as seen in Figure 2.10(d).

To utilize the full e�ect of the treatment, IIW (Marquis & Barsoum, 2016) highlights
that HFMI-treatment is to be applied during construction. So that the tensile stresses
from the structures dead weight are taken into account when compressive residual stresses
are implemented, otherwise, the e�ect will be neglected. Additionally, IIW highlights
that when the weld toe is treated with HFMI, the possibility of fatigue failure shifting to
another location must always be taken into consideration during design. For an example,
shifting from toe failure to root failure. Because there is a possibility that the intended
improvement in fatigue performance may be insu�cient and the treatment will be rendered
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meaningless for some details. This is due to fatigue root failure being governed by a
di�erent design S-N curve than fatigue toe failure.

(a) High frequency impact treatment tool
(HiFiT)

(b) Pneumatic impact treatment tool (PIT)

(c) Ultrasonic impact treatment tool (UIT) (d) Di�erent indernters modi�cations

Figure 2.10: Di�erent examples of HFMI-treatment devices in (a), (b) and (c). Figure (d)
shows di�erent indenter modi�cations that can be manufactured. [Source: Figure 3 and 4 from
Marquis and Barsoum (2016),pp.6-7]

IIW 2016 does also gives guidelines on how to post treat welds with HFMI. It is explained
that some weld preparations and conditions are to be considered for treatment. This in-
cludes identifying fatigue-prone details of the structure, which is crucial for a cost-e�cient
procedure. Furthermore, if some defects prior to treatment are observed, some light grind-
ing can be necessary. However, IIW 2016 explain that crack-like defects due to insu�cient
contact between weld and base metal are unavoidable, but these dose not necessarily de-
crease the improved fatigue performance.

After the treatment is completed, additional recommendations are provided. IIW (Mar-
quis & Barsoum, 2016) 2016 establish that other post-weld treatments should not be
applied to HFMI-treated welds. What could occur is that the bene�ts of introducing
compressive residual stresses with HFMI may be reduced or eliminated by the bene�ts of
other treatments. It is therefore to be assumed that the fatigue strength acquired from
HFMI can not be accounted for, instead, only the fatigue strength acquired from the
other post-treatment can be considered. But for proper identi�cation, the weld's fatigue
strength should be determined by fatigue testing.
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2.3 Fatigue life assessment methods

Fatigue strength analysis (Ka�enberger et al., 2012) is often performed using S-N curves,
and a variety of assessment approaches can be used to estimate the fatigue life of welded
structures. Generally, the approaches are categorized into two main groups: Global ap-
proaches and Local approaches, see Figure 2.11. In addition to those two groups, the
Structural Stress approach (Heshmati et al., 2012) lies between the global and the local
approaches. This method considers stress concentrations caused only by overall geometry
and ignores the in�uence of weld geometry.

For global approaches, each component is evaluated using its own S-N curve based on the
assumption of a uniform or linear stress distribution as a result of external loads (Kaf-
fenberger et al., 2012). One example of a global approach (Heshmati et al., 2012) is the
Nominal Stress method which is the most dominant approach since it has been used for
a long time as the basis of most codes. This is a simpli�ed method since it considers only
the overall stress distribution and ignores stress concentration caused by many reasons,
such as a change in the cross-section or the presence of a weld. Thus, the results obtained
by this method might not be accurate. In addition, the method is not applicable to com-
plicated details that normally exist in large structures.

In comparison to global approaches, local approaches (Heshmati et al., 2012) o�er a more
realistic estimation of fatigue life, especially for complicated details. This is due to the
consideration of local stress concentrations caused by changes in geometries and loading
conditions. Thus, such approaches are more appropriate for fatigue life estimation of large
structures such as bridges where di�erent loads are applied and complex details exists.
However, analytical estimation of local stresses for some details can be very di�cult, so
a computer-based analysis method such as FEM is needed to determine the stresses at
critical points. Thus, di�erent computer-based local approaches have been developed to
estimate the fatigue life of various components with high accuracy and e�ciency.

Figure 2.11: Global and Local fatigue life assessment approaches. [Writers own �gure based
on Figure 2 from Ka�enberger et al.(2012), p.288]
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Overall there are three popular assessment methods (Hobbacher, 2016) to determine the
fatigue strength of as-welded joints. The three methods are: the Nominal Stress method,
the Structural Hot-Spot Stress method or the E�ective Notch Stress method. The same
assessment methods can be used for HFMI-treated welded joints (Marquis & Barsoum,
2016). The di�erence being that design resistance curves (S-N curves) and detail categories
of treated welded joints are signi�cantly higher than non-treated welded joints. This
master thesis will focus on the Nominal Stress method and E�ective Notch Stress method
when discussing the theory of designing HFMI-treated joints in this section, and the
E�ective Notch Stress method is used for the structural analyses performed in chapter 4.

2.3.1 Nominal Stress method

Nominal Stress method (Radaj et al., 2006) is a common global assessment method for
fatigue design, as stated in section 2.3, and is universally used within �elds of mechanical
and structural engineering. It can therefore be found in design guidelines such as IIW and
Eurocode 3. The �elds of engineering that do not use the Nominal Stress method are for
example, aircraft engineering (Radaj et al., 2006). Where, due to the high demands for
lightweight structures and exceptional tolerance against damage, the preferred assessment
method to apply being that of local approaches.

For non-welded construction details and construction details that are predetermined to
fail at the weld toe, the nominal stress (European Standard, 2022) is calculated as the
normal or shear stress at a sectional area of the base-metal that's in�uenced by a load.
Thereby, the nominal normal stress (Fricke, 2011) can be calculated with Equation 2.1 for
details loaded in axial force and Equation 2.2 for details loaded in bending.

� n:m =
F
A

(2.1)

� n:b =
M
W

(2.2)

When calculating nominal stress the increasing stress e�ects of the welded joint are not
taken into consideration (Hobbacher, 2016). However, it is important to consider the
e�ect of the micro-geometric shape of a member. Depending on the sectional shape of a
construction detail, the nominal stress may vary over di�erent sections and redistribution
of stresses may occur. In addition to micro-geometric shapes, this is also the case for
components in�uenced by concentrated loads. Redistribution is considered by calculating
the local modi�ed nominal stress of each section. Which according to European Standard
(2022) is accomplished by multiplying the nominal stress� n with a stress concentration
factor kf , as illustrated in Figure 2.12.
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Figure 2.12: Illustration of concentration factor kf for four di�erent load and geometric e�ects,
where � is the nominal stress,kf is the concentration factor,A is the cross-sectional area andF is
the concentrated load. [Source: European Standard (2022),p.11]

For construction details with predetermined weld root failure, the failure mode (Fricke,
2011) depends on the stress located in the weld rather than the parent steel plate. This is
shown in Figure 2.3, where the stresses from the parent plate are transferred through the
weld to the welded plate, which only occurs for load-carrying welds. The relevant nominal
stresses to consider for root failure are at the weld throat, which (European Standard,
2022) are the nominal stresses� wf transverse to the weld axis and the shear stresses� wf

longitudinal to the weld axis. By dividing these with the throat size a the stresses in the
weld can be calculated with Equation 2.3.

� n:w =
q

� 2
? + � 2

? (2.3)

2.3.1.1 Nominal Stress method for as-welded joints

For welded structures (Radaj et al., 2006), S-N curves are determined based on the joints
detailing, loading conditions and quality of manufacture, and can be found in IIW and
Eurocode 3. The data needed to determine the S-N curves (Hobbacher, 2016) are derived
from extensive experimental testing of small and large specimens subjected to constant or
variable amplitude loading. Each S-N curve is assigned a fatigue class in MPa, known as
FAT-class or as detail category in Eurocode 3. And the class is established by the detail's
characteristic fatigue strength at 2 million load cycles.

The S-N curves for normal stresses (Hobbacher, 2016) are linearised with a slope ofm = 3
up to the constant amplitude knee point of N = 107 load cycles. Thereafter, the common
assumption is that the slope changes to a horizontal line. In theory this corresponds to no
fatigue limit below the line where no failure will occur and is known as the constant am-
plitude fatigue limit (CAFL). Henceforth, the S-N curves for each construction detail with
a corresponding FAT-class (Radaj et al., 2006) are genially parallelised and equidistantly
positioned within a logarithmic scale graph, which can be seen in Figure 2.13.
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Figure 2.13: IIW fatigue resistance S-N curve for normal stresses in steel, with standard
application. [Source: Figure 3.1 from Hobbacher (2016),p.38]

The S-N curves for shear stresses di�er from the S-N curves for normal stresses. This is
due to the existence of only two FAT-classes for all construction details, FAT 80 and FAT
100. The slope of the curves is also di�erent. The slope is that ofm = 5 up to the knee
point of N = 108 load cycles (Hobbacher, 2016) and then continues as a horizontal line.
But the S-N curves for shear stresses are arranged the same within a logarithmic graph as
for normal stresses.

However, Hobbacher (2016) writes that the latest experimental data reveal that the com-
mon assumption of CAFL after the �rst knee point does not re�ect reality and technically
does not exist. Instead the S-N curves should have a decline of about 10% per load cycle
decade, which gives a slope ofm = 22, for both normal and shear S-N curves. Hobbacher
further highlights that these S-N curves are used for structures needed to withstand con-
stant amplitude loading, while for variable amplitude load the slope is that of m = 9 . On
the other hand, Eurocode 3 (2008 and 2022) includes a declining CAFL with a slope of
m = 5 up to the knee point of N = 108 in the normal stress S-N curve graph, as seen
in Figure 2.14. Thereafter, there should be a horizontal line known as the fatigue failure
cut-o� limit, where no fatigue failure occurs. However, European standard (2008 and
2022) does not include this in the S-N curves for shear stress.
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Figure 2.14: Eurocode 3 fatigue resistance S-N curve for normal stresses in direct stress range.
[Source: Figure 7.1 from European standard (2008),p.15]

2.3.1.2 Nominal Stress method for HFMI-treated joints

When applying HFMI-treatment to the toe of as-welded construction details the fatigue
strength will improve and the FAT-class increases. The FAT-classes for three construction
details improved by HFMI have been determined in the updated Eurocode 3 (European
Standard, 2022). However, Marquis and Barsoum (2016) writes that IIW has published
S-N curves for normal stress ranges of welds treated with HFMI, that has an as-welded
detail category of FAT 50 to FAT 90. Higher detail categories are not included because
they contain non-welded details, as well as details not governed by toe failure.

The slope of these S-N curves is that ofm = 5 up to the knee point of N = 107 load
cycles. For cases with constant amplitude loading, IIW recommend (Marquis & Barsoum,
2016) a slope change ofm0 = 22 at load cycles> N = 107, which is the same for as-welded
construction details. While for more common cases of variable amplitude loading, IIW
recommends a slope change ofm0 = (2 m� 1), which is equivalent to a slope ofm0 = 9 after
the knee point ofN = 107 load cycles. This change in slope fromm = 5 to m0 = 9 , does the
updated Eurocode 3 (2022) also recommend for construction details improved with HFMI.

When designating a S-N curve for HFMI-treated welded construction details, the steel
strength of the joint needs to be considered, which is not needed for as-welded joints. This
(Marquis & Barsoum, 2016) is because, for every 200 MPa increase in static yield strength
the fatigue strength will increase of about 12.5% in strength. Hence, the characteristic
nominal stress S-N curves for as-welded details of FAT 50 to FAT 90 have di�erent curves
for each interval of steel strength. S-N curves for joints of steel strength off y < 355MPa,
355 MPa � f y � 550 MPa, 550 MPa� f y � 750 MPa, 750 MPa� f y � 950 MPa and
f y � 950 MPa can be seen in Figure 2.15.
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(a) S-N curve for joints in steel strength f y <
355 MPa (includes as-welded curve of FAT 90
as reference to curve FAT 140)

(b) S-N curve for joints in steel strength 355
MPa � f y � 550 MPa

(c) S-N curve for joints in steel strength 550
MPa � f y � 750 MPa

(d) S-N curve for joints in steel strength 750
MPa � f y � 950 MPa

(e) S-N curve for joints in steel strength f y �
950 MPa

Figure 2.15: In Figure (a), (b), (c), (d) and (e) shows the complete characteristic nominal
stress S-N curve for HFMI-treated welded joints of di�erent steel strengths based on stress ratio
R � 0:15. The value within the "()" represents the FAT-class of the corresponding joint in as-
welded state. [Source: Figure 14, 17, 18, 19 and 20 from Marquis and Barsoum (2016),pp.18-23]
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2.3.1.3 Modi�cations to fatigue strength when designing with Nominal
Stress method

When designing the fatigue resistance of welded joints using the nominal stress approach
some design requirements must be considered for both as-welded and HFMI-treated welds.

The �rst factor is the e�ect of plate thickness. Which (Hobbacher, 2016) needs to be
considered in cases where fatigue failure is possible at the weld toe. The fatigue strength
of the S-N curves given by IIW are for members with a maximum plate thickness of 25 mm.
Hereby, the FAT-class of thicker members is to be multiplied with a thickness reduction
factor f (t), which is stated in Equation 2.4. Where the correction exponentn equals to
0.3 for as-welded joints (Hobbacher, 2016) and 0.2 for HFMI-treated joints (Marquis &
Barsoum, 2016). The e�ective thickness is the thickness of the membertef f = t for when
L
t � 2 and tef f = L

2 for when L
t < 2. For members thinner than 25 mm, or have atef f

value smaller than 25 mm, no reduction of the FAT-class is needed. But for very thin
members, the FAT-class can be increase with the same Equation.

f (t) =

 
25

tef f

! n

(2.4)

Another aspect to consider that in�uences the FAT-class of both as-welded and HFMI-
treated welded joints (Radaj et al., 2006) is the stress ratio (R-ratio), which is a factor for
the mean stress e�ect applied to welded joints (Fricke, 2011). For constant stress ranges,
the stress ratio can be calculated as the ratio between the minimum stress� min and the
maximum stress� max , and is calculated with Equation 2.5.

R =
� min

� max
(2.5)

It is known (Fricke, 2013) that high tensile residual stresses have a negative e�ect and
reduce fatigue performance. In contrast, compressive residual stresses have a positive
e�ect and increase fatigue performance. Therefore, when considering the e�ect of stress
ratio and residual stresses (compressive or tensile), Hobbacher (2016) writes that for non-
welded and thin plated as-welded steel members, there is a fatigue enhancement factors
f (R) which increases the FAT-class for di�erent stress ratios smaller thanR < 0:5. In
contrast, for complex as-welded members the FAT-class is unchanged, and only reduces
under special circumstances. Although, according to Marquis and Barsoum (2016) there
is a reduction in FAT-classes for HFMI-treated complicated welded members with a stress
ratio larger than R > 0:15, which can be seen in Table 2.2.

Table 2.2: IIW minimum FAT-class reduction for HFMI-treated welded joints based on stress
ratio (R-ratio). [Source: Table 4 from Marquis and Barsoum (2016),p.23]
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2.3.2 E�ective Notch Stress method (ENS)

The E�ective Notch Stress method (Heshmati et al., 2012) is a computer-based local
fatigue assessment approach where the largest elastic stress (notch stress) at the weld
toe and root is determined by numerical methods such as the Boundary Element Method
(BEM) and Finite Element Method (FEM). Hence, experimentally estimating (Al-Emrani
& Aygül, 2014) the e�ective notch stresses at the toe and root is impossible because the
e�ective notch strain cannot be measured in the test.

It was further explained by Heshmati et al. (2012), that when using the E�ective Notch
Stress method, all parameters a�ecting the stress concentration at the notch are con-
sidered. This is because the e�ective notch stress is computed as a combination of the
geometrical stress and the highest non-linear stress. The level of stress at the notch (Al-
Emrani & Aygül, 2014) is highly dependent on the degree of sharpness, also known as
notch radius. Thus, when the radius of a notch is close to zero and becomes very sharp,
the theoretical elastic stress at the notch rises to an in�nite value. To deal with this prob-
lem, the e�ective notch stress is calculated as a mean of the stresses within a speci�ed
length or volume.

However, the actual notch stress (Hobbacher, n.d.) is di�cult to estimate due to the irreg-
ularity of the critical section pro�le (toe and root). Thus, an e�ective notch is used instead
of the actual uneven notch. A reference radius of the e�ective notch is suggested in the
IIW (Fricke, 2010) to be r ref = 1 mm for steel and aluminium plates thicker than 5 mm.
This reference radius (Al-Emrani & Aygül, 2014) is estimated based on the most severe
conditions. For plates thinner than 5 mm, a smaller notch radius is considered (Fricke,
2010) since the e�ective notch radius of 1 mm is relatively large. This can reduce the
plate cross-section which in�uences the analysis outcomes. Therefore, IIW recommends a
reference e�ective notch radius ofr ref = 0 :05 mm for thin plates.

It is important to note that, when using the E�ective Notch Stress method for evaluating
the fatigue life of a construction detail, the e�ect of plate thickness (Al-Emrani & Aygül,
2014) is already considered when computing the notch stress. Therefore, it is not needed
to reduce the construction detail's fatigue strength, which is the case for the Nominal
Stress method, as explained in section 2.3.1.3, and also for the Hot-Spot stress method.

2.3.2.1 Finite element modeling based on the E�ective Notch Stress
method

The e�ective notch stress (Al-Emrani & Aygül, 2014) can be analysed using 3D solid ele-
ments as well as 2D planar elements. 3D elements are widely used for complicated details,
while 2D planer elements can be utilized for simple geometries and speci�c load cases.
To use a 2D model, the International Institute Of Welding (Fricke, 2010) requires two
conditions to be satis�ed. Firstly, the shape and dimensions of the weld should remain
consistent within the analysed region to ensure that an accurate model of its geometry
can be chosen. The second condition is that the external forces acting on the weld should
mainly act perpendicular to its line.

A suitable element density should be ensured in the model to obtain more accurate results.
Moreover, it is also crucial (Heshmati et al., 2012) to use the correct weld geometries as
well as to model the region in the vicinity of the weld toe and root with a very small mesh
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size. To achieve this, two di�erent methods can be used. The �rst one is to partition the
region in the vicinity of the weld toe and progressively decrease the mesh size so that the
area at the toe and root has the smallest mesh size. Another method is to create sub-
models to generate a �ner mesh in the critical sections. Besides the sub-model, a global
model is also required for the de�nition of boundary conditions for the sub-model. Both
methods are applied in this report, in which the geometry of the specimens in chapter
4.1 and 4.2 was partitioned in order to de�ne appropriate meshes. While the sub-models
were utilized in chapter 4.3 where larger specimens were analysed. The IIW (Fricke, 2010)
provided practical recommendations for meshing according to ENS. The suggested element
size at the notch region at weld toe and root is listed in Table 2.3.

Table 2.3: IIW recommendation for element size for di�erent reference radiusr ref and element
type (r in table indicates r ref ). [Writers own table based on Table 3.1 from Fricke (2010),p.12]

Element type Relative size size forr ref = 1 mm Size forr ref = 0:05 mm

quadratic � r
4 � 0:25 mm � 0:012mm

linear � r
6 � 0:15 mm � 0:008mm

It is further explained by Al-Emrani and Aygül (2014) that the weld toe and root are
rounded in di�erent ways in the model depending on the weld type (�llet or butt) or the
load-carrying conditions. Thus, the �llet weld can either be modeled using a realistic weld
shape or by assuming an idealized shape with a 45° inclination. While the butt weld can
be idealized with an inclination of 30°. Moreover, the weld root can be modelled as a
Keyhole or a U-shape, see Figure 2.16. As can be seen in the �gure, the base plate and
the attached plate should utilize separate nodes. Therefore, a certain gap should exist
between these connected plates.

Figure 2.16: Rounding of �llet weld root based on the E�ective Notch Stress method. a) Not
rounded, b) Keyhole shape and c) U-shape. [Source: Figure 3.2 from Fricke (2010),p.9]

Furthermore, Ka�enberger et al. (2012), carried out an experimental test and the corre-
sponding numerical analysis to determine an appropriate modelling approach for modelling
the weld end and evaluating the fatigue performance of thin components using the E�ective
Notch Stress method. As a result of Ka�enberger et al. study, a standardized approach is
proposed for plates with a thickness oft = 2 :24 mm and an e�ective notch with a reference
radius of r ref = 0 :2 mm. This model can be proportionally adapted for other plates with
other thicknesses, as depicted in Figure 2.17 where the e�ective notch radius is given as
a function of the plate thickness. The �gure also includes recommendations provided by
Ka�enberger et al. (2012) regarding element size for di�erent regions within the welded
detail.
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Figure 2.17: Recommendations for e�ective notch radius and meshing using the �nite element
method according to ENS method. [Source: Figures 6 and 7 from Ka�enberger et al. (2012),p.289]

2.3.2.2 E�ective Notch Stress method for as-welded joints

The fatigue life of all as-welded details,(Hobbacher, n.d.) can be evaluated based on the
computed e�ective notch stress using one universal S-N curve regardless of the geometry
and the loading condition. Based on a series of experiments, it has been determined that
the S-N curve for welded steel details with an e�ective notch of 1 mm radius is FAT 225
for all steel types, as shown in Figures 2.18 and 2.4. This curve (Al-Emrani & Aygül,
2014) assumes the maximum principal stress. If Von Mises stress is used for fatigue life
assessment, a S-N curve with FAT 200 is applied. See Figure 2.18. For plates thinner
than 5 mm, S-N curves with FAT 630 and FAT 560 are applied based on the maximum
principal stress or the von Mises stress respectively. The S-N curves for as-welded details
continue with the same slope ofm = 3 until the number of cycles reachesN = 107. After
that, a cut-o� limit is de�ned and a slope of m = 22 is applied as can be seen in Figure
2.18.

Figure 2.18: S-N curves for all as-welded steel details based on the E�ective Notch Stress
method. [Source: Figure 6.5 from Al-Emrani and Aygül (2014),p.135]

2.3.2.3 E�ective Notch Stress method for HFMI-treated joints

For HFMI-treated welds, di�erent S-N fatigue curves (Marquis & Barsoum, 2016) have
been proposed for di�erent steel types, as can be seen in Table 2.4. It should be noted
that each S-N curve has two slopes depending on the number of loading cycles N, where
m = 5 when N � 107 and m0 = 9 when the number of cycles is more than> 107, see
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Figure 2.19. The S-N curves shown in the �gure are applied when maximum principal
stress is used in analysis. If Von Mises stress is considered in analysis, one FAT-class must
be decreased. In a similar manner to the nominal stress method, discussed in section
2.3.1.1, the characteristic S-N curves are estimated after a number of load cycles equal to
2 � 106. It was further explained by Marquis and Barsoum that the e�ective notch stress
curves should remain below the largest approved S-N curve for the nominal stress method,
which is FAT 180 for a slope ofm = 5 . This is to avoid any calculation issues that may
occur in the case of welded components with low levels of structural stress concentration.
Hence, when dealing with such details, it is also recommended that the e�ective notch
stress concentrationK w "de�ned as the ratio between the e�ective notch stress and the
structural stress" should not fall below 1.6. In case the calculated value ofK w is less than
1.6, the value of 1.6 should be employed in the analysis.

Table 2.4: Existing IIW S-N curves for as-welded and HFMI-treated details for plates thicker
than 5 mm according to ENS method. [Source: Table 6 from Marquis and Barsoum (2016),p.27]

Figure 2.19: Existing IIW Characteristic S�N curves for HFMI-treated welded details for
R� 0.15 according to ENS method. For comparison, the as-welded FAT 200 S�N curve is also
shown. [Source: Figure 12 from Marquis et al. (2013),p.814]
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3
Previous tests on cover-plates treated
with HFMI

As previously stated in chapter 2.1.1, cover-plated details are very prone to fatigue crack-
ing due to the low fatigue strength at the end toe. Therefore, the end toes of cover-plates
are construction details suitable for HFMI improvement, but there are not a lot of previous
studies of the fatigue strength of cover-plated beams treated with HFMI. In this thesis,
four published tests that includes some form of cover-plate details are examined. That will
later in chapter 4 be used for structural analysis, to further develop the �eld of research
about cover-plated beams loaded in bending.

ˆ The �rst test is by Leitner and Stoschka (2020) named�E�ect of load stress ratio
on nominal and e�ective notch fatigue strength assessment of HFMI-treated high-
strength steel cover plates�, where thin cover-plated girder-plates are subjected to
axial loading for both as-welded and HFMI-treated welds.

ˆ The second test is by Vilhauer et al. (2012) named �Fatigue behavior of welded
coverplates treated with Ultrasonic Impact Treatment and bolting�, where one-sided
cover-plated �ange-girders are subjected to bending moment for as-welded, UIT-
treated end welds and bolted cover-plated ends.

ˆ The third test is by Roy and Fisher (2006) named�Modi�ed AASHTO design
S-N curves for post-weld treated welded details�, where rolled I-beams with di�erent
cover-plated weld con�gurations, e.g. non-welded, as-welded and UIT-treated ends,
are tested in bending.

ˆ The fourth test is by Hui et al. (2018) named �Fatigue life improvement of welded
girders with ultrasonic impact treatment�, where the tested rolled I-beams are similar
to one test series from Roy and Fisher (2006) test, the di�erence being that the UIT-
treated cover-plates are treated with 20 kHz instead of 27 kHz.
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3.1 Leitner and Stoschka, 2020

The aim of the test performed by Leitner and Stoschka (2020) was to determine the
e�ect on fatigue strength, when a higher stress ratio (R-ratio) is applied to HFMI-treated
cover-plated plate-girders of thermo-mechanically rolled high strength steel S700. Two
experiments were performed: practical testing utilizing the Nominal Stress approach and
a Finite Element study utilising the E�ective Notch Stress approach. In this specimen, 50
mm long welded cover-plates are symmetrically placed on each side of a 280 mm long and
50 mm wide plate-girder. All plates have a thickness of 3.25 mm, as seen in Figure 3.1.
There were three series of welded specimens tested in the study. The �rst test series is of
as-welded cover-plates with a stress ratio ofR = 0 :1, the second series is of HFMI-treated
welded cover-plates with a stress ratio ofR = 0 :1, and lastly, HFMI-treated welded cover-
plates with a stress ratio of R = 0 :5. All specimens was subjected to a cyclic uni-axial
tensile load.

Figure 3.1: Dimension's of test specimen with a cover-plated plate-girder (all units are in mm).
[Writers own �gure based on Figure 1 from Leitner and Stoschka (2020)]

The FAT-class for the as-welded specimen, using the Nominal Stress approach, writes
Leitner and Stoschka is 80 MPa for the corresponding construction detail, which can be
read in IIW (Hobbacher, 2016) and Eurocode 3 (European standard, 2008 and 2022). The
FAT-class for the HFMI-treated specimen is 180 MPa with a stress ratio ofR = 0 :1 and
125 MPa with a stress ratio ofR = 0 :5. Which was accumulated from IIW S-N curve graph
in Figure 2.15(c) and IIW recommendation for plate thickness e�ect in Section 2.3.1.3.
Thus, the fatigue strength of the HFMI-treated specimen has an increase of 1.5 due to the
e�ect of having excessive thin plates. In other words, when FAT 160 was multiplied by
Equation 2.4, a detail category of 240 MPa was obtained. But, since the S-N curve graph
for welded high-strength steel joints of S700 has a maximum increase up to FAT 180, this
value was instead used for the assessment. Lastly, the FAT-class for the HFMI-treated
specimen with a stress ratio ofR = 0 :5 was reduced because of the larger stress ratio.
Which according to IIW recommendation should be reduced by three FAT-classes, as seen
in Table 2.2. A summary of the three test series can be seen in Table 3.1.
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Table 3.1: Each test series plate thickness, weld properties and fatigue strength from Nominal
Stress method for high strength steelf y � 700MPa. [Writers own table combined from data
provided from Leitner and Stoschka (2020)]

Joint detail tb[mm] tc[mm] Weld type Leg length FAT class

As-welded 3.25 3.25 Fillet 3.25 mm 80 MPa

HFMI-treated (R=0.1) 3.25 3.25 Fillet 3.25 mm 180 MPa

HFMI-treated (R=0.5) 3.25 3.25 Fillet 3.25 mm 125 MPa

It was determined during the practical test that the HFMI-treated specimen was strength-
ened with a compressive residual stress of -400 to -450 MPa at the end weld toe. Further-
more, fatigue cracks were observed to initiate from the end weld toe in all three test series.
Every specimen was loaded until failure was reached or toN = 2 � 107 load cycles if no
failure had been reached. The results of the fatigue test can be seen as dots in Figure 3.2
together with the statically evaluated S-N curves for a survival probability of Ps = 97:7%.
It is then observed in Figure 3.2 that HFMI-treated specimen possesses higher fatigue
strength. But a reduction in fatigue strength is evident for specimens with a higher stress
ratio. This can be seen, where the HFMI-treated specimen with a stress ratio ofR = 0 :5
exhibit lower fatigue strength compered to the HFMI-treated specimen with a stress ratio
of R = 0 :1. Although, the fatigue strength of both HFMI-treated test series is higher than
that of the as-welded test series.

Figure 3.2: Fatigue test results shown as dots and the statically evaluated fatigue S-N curves
for the three test series. [Writers own �gure based on Figure 5 and Table 5 from Leitner and
Stoschka (2020),p.4]
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With the results from the practical fatigue test, the statically evaluated S-N curves for the
HFMI-treated specimen were then compared with the corresponding S-N curves from IIW
(Marquis & Barsoum, 2016). Where Leitner and Stoschka concludes that for the nominal
stress approach the recommended S-N curves given by IIW are applicable, but slightly
conservative. This was further highlighted when Leitner and Stoschka concluded to that
the knee point can be changed fromN = 107 load cycles toN = 106 load cycles, and the
fatigue assessment will still be conservative.

For the �nite element study, Leitner and Stoschka used Finite Element Analysis based
on the E�ective Notch Stress method to determine the S-N curves for the HFMI-treated
test series. Using a reference radius ofr ref = 1 mm and a unit load of 1 N to determine
the stress concentration factorK t from the maximum principle stress. With the stress
concentration factor, the e�ective notch stress was calculated by multiplying the nominal
stress with K t . Thus, the fatigue strength of the HFMI-treated specimen was calculated
and their respective statically evaluated fatigue S-N curve was plotted.

The statically evaluated S-N curves was then compared to the recommended S-N curves
for HFMI-treated joints from IIW (Marquis & Barsoum, 2016). The FAT-classes according
to the E�ective Notch Stress method are provided by IIW recommendations and can be
read in section 2.3.2.3. Hence, for HFMI-treated series with a stress ratio ofR = 0 :1, the
recommended FAT-class is FAT 400. While there are no recommendations for the FAT-
class of HFMI-treated joints with a stress ratio of R = 0 :5, Leitner and Stoschka decided
to reduce the FAT-class according to nominal stress requirements. Which is a reduction
of three steps as mentioned previously. But the lowest FAT-class for the E�ective Notch
Stress method is that of FAT 320, which is a reduction of two steps. Hence, to solve this
problem Leitner and Stoschka decided to reduce the FAT-class by another 40 MPa, and
thereby, used a FAT-class of 280 MPa for the HFMI-treated series with a stress ratio of
R = 0 :5.

With the assembled S-N graphs Leitner and Stoschka concludes that the recommended
S-N curve for HFMI-treated specimen with a stress ratio ofR = 0 :1 are applicable, and
relatively conservative. Due to that, the same knee point change fromN = 107 load cycles
to N = 106 load cycles conclude Leitner and Stoschka will produce similar results as for
nominal stress. Although for HFMI-treated specimens, a stress ratio ofR = 0 :5 gives a
non-conservative assessment belowN = 3 � 105 load cycles. But the same conclusion as
the previous tests can be applied to higher load cycles. However, Leitner and Stoschka
�nalises by writing that only the test series with a stress ratio of R = 0 :1 gives a reasonable
applicability than for the test series with a stress ratio of R = 0 :5, and thereby, Leitner
and Stoschka concludes that a further reduction of the FAT-class may be needed for joints
with a stress ratio of R = 0 :5 to ensure a conservative assessment.
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3.2 Vilhauer et al, 2011

The aim of the test performed by Vilhauer et al. (2012) was to study the interaction
of di�erent repairing methods when applied to fatigue-prone details. In this study, the
focus is on the welded connection between a �ange-girder and a cover-plate, which were
loaded by a point load causing the specimen to be subjected to three-point bending. There
were a total of two tests: a practical experiment and a Finite Element study using Abaqus.

A total of 15 specimen were tested in four test series; these are shown in Table 3.2,
where a total of 6 as-welded specimen were tested to verify if the studied repairing meth-
ods contributes to improve fatigue strength. The repairing methods include: applying
UIT-treatment at the end weld toe, installing bolts at the cover-plates ends, and lastly,
combining the two methods by applying UIT-treatment to the welds and installing bolts.

Table 3.2: Summary of Vilhauer et al. four test series with treatment speci�cation and number
of tested specimens. [Writers own table]

Test series Treatment speci�cation Number of specimen

CONTROL No treatment (As-welded) 6

UIT UIT-treatment along the weld toe 3

BOLT Installed tension bolts at the cover-
plate ends

3

UIT/BOLT UIT-treatment along weld toe and
tension bolts at the cover-plate ends

3

All 15 test specimen was fabricated using S235J2 (A36) grade steel. The components
geometry can be seen in Table 3.3 and Figure 3.3, where the test set-up can also be seen.
The welds are made of shilded metal arc (SMAW) �llet welds with a throat-thickness a
of 7.94 mm, which gives a leg-length of 11.23 mm. The UIT-treatment was applied at the
transverse end weld toe and 152 mm of the longitudinal weld toe. The bolts were installed
31.8 mm from the edge of the cover-plate and tensioned with a force of 227 kN.

Table 3.3: Material data and geometry of the three components composing the steel specimen.
[Writers own table based on data provided from Vilhauer et al. (2012),pp.164-165]

Steel grade f y[MPa] l [mm] b [mm] t [mm] � [mm]

Plate-�ange S235J2 (A36) 235 1270 114 25.4 -

Cover-plate S235J2 (A36) 235 600 76.2 25.4 -

Bolt ASTM A325 660 - - - 25.4
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Figure 3.3: The above Figure shows the set-up of the fatigue test and the bottom Figure
visualises the geometry of the specimen (all units are in mm). [Writers own �gure based on Figure
1 and 3 from Vilhauer et al. (2012), pp.165-166]

The experiment was performed by applying a force,P, at the specimens mid-point as seen
in Figure 3.3 and with this set-up arrangement, Vilhauer et al. writes that the specimens
can be considered statically determinate. By computing the linear moment diagram, the
moment at the end weld toe was determined and Vilhauer et al. used the moment to cal-
culate the theoretical nominal stress at the end weld toe by using Equation 3.1 from beam
theory. Where the inertia, I , is that of the �ange-girder. From the neutral axis to the end
weld toe, the distancec was estimated to be 12.7 mm. With this, the nominal stress range
was calculated for each specimen, which ranges from intermediate stress range (ISR) with
59 MP, 96.5 MPa and 138 MPa to high stress range (HSR) with 193 MPa.

� =
Mc
I

(3.1)

For the ISR specimens (CONTROL 1, 2, 3, 4 and UIT 1), two CONTROL specimens
(2 and 1) were determined to have no observable fatigue cracks, with nominal weld toe
stresses of 59 MPa and 96.5 MPa respectively. And each specimen achieved run-out at 3.85
million load cycles and 2.16 million load cycles respectively. The other two CONTROL
specimen (3 and 4) was subjected to a nominal weld toe stress of 138 MPa. CONTROL
3 had after 930,000 load cycles a 6.4 mm long crack in the centre of the weld toe. It was
estimated that the crack �rst developed after 500,000 load cycles. As for CONTROL 4,
a fatigue crack �rst developed after 350,000 load cycles. The reason why the load cycles
for CONTROL 4 were 25% lower than for CONTROL 3, was due to the fabrication of
this specimen being of lower quality. Regarding the UIT specimen which was subjected
to a nominal stress of 138 MPa, it reached run-out after 5 million load cycles without the
initiation of a fatigue crack. After these tests, Vilhauer et al. decided that the remaining
specimen would be performed under a nominal weld toe stress of 193 MPa. This is because
the specimens has a higher chance of developing fatigue cracks instead of reaching run-out.
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For the HSR specimen composed of 2 CONTROL specimen, 2 UIT specimen, 3 BOLT
specimen and 3 UIT/BOLT specimen, it was concluded that fatigue cracking of the CON-
TROL specimen initiated after an average of 65,000 load cycles and for the BOLT spec-
imens the initiation began after an average of 70,000 load cycles. This assigns both the
CONTROL and BOLT specimens as Category E details according to AASHTO. With this
result, Vilhauer et al. concludes that post-installing tension bolts at cover-plate ends has a
negligible e�ect on fatigue life performance. Vilhauer et al. also highlights that this result
was not unexpected. This is because the load transfer would continue primary through
the weld and not through the bolt if the weld was not removed.

As for the UIT specimen, fatigue crack initiation developed after an average of 1,7 million
load cycles. This is approximately 25 times longer than for the CONTROL specimen,
which designates the specimens as Category A details according to AASHTO. Lastly,
regarding the combined UIT/BOLT-treated specimen, fatigue crack initiation developed
after an average of 1 million load cycles which is approximately 41% lower than the av-
erage for the UIT-treated specimen. Of all the tests, the UIT/BOLT specimen had the
most scattered results and Vilhauer et al. suggest that it is due to the additional stresses
the post-installed bolt introduces. Accompanying the large scatter of data, two of the
UIT/BOLT specimen are reduced to Category B details while the third is a Category A
detail.

Thus, Vilhauer et al. establishes that the most e�usive method to increase fatigue perfor-
mance is to only apply UIT-treatment to the weld and that post-installing a tension bolt
close to the treated weld will negate some of the e�ect of UIT-treatment. But if tension
bolts are to be used, Vilhauer et al. recommend that they should be placed so that the
tensile stresses from the post-installed bolt do not interact with the compressive residual
stresses from the UIT-treatment and reduce the e�ectiveness of the UIT-treated weld.
This study con�rms the recommendations from Marquis and Barsoum (2016) written in
chapter 2.2.1, where post-treating after HFMI are not recommended due to negating the
enhancement.

For each test series, full crack propagation up to failure was conducted to estimate the
fatigue performance of the treatments and to visualise the �nal crack propagation. Figure
3.4 illustrate the crack propagation for UIT-treated (a), BOLTED (b) and UIT/BOLT
(c) specimens. Similarly to the as-welded CONTROL specimen, the BOLTED specimen
in Figure 3.4(b) cracked at the end weld toe. However, for the UIT-treated specimen
in Figure 3.4(a) the crack propagated through the transverse end weld, and the same
occurred for the UIT/BOLT specimen seen in Figure (c). The crack propagation in the
UIT-treated specimen indicates that a change in stress concentration has occurred from
the weld toe to the weld root, which was a risk discussed in chapter 2.2.1.
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(a) Complete propagation of transverse end
crack at a UIT-treated specimen

(b) Complete propagation of toe crack at a
bolted specimen

(c) Complete crack propagation of a UIT-
treated and bolted specimen

Figure 3.4: In Figure (a), (b) and (c) illustrates and visualises the complete crack propagation
of the three studied repair methods of Vilhauer et al. test specimens. [Writers own �gures based
on Figure 10, 11 and 12 from Vilhauer et al. (2012),pp.170-171]
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3.3 Roy and Fisher, 2006

The test was conducted at Lehigh University by Roy and Fisher (2006), and the aim was
to evaluate the fatigue performance of UIT-treated cover-plates and transverse sti�eners
attached to full-size beams. The test was divided into two segments. The �rst being an
experiment on rolled-beams W690X192 made of ASTM A588 Grade 345W steel with a
minimum yield strength of 366-435 MPa. The primary objective of this segment was to
provide recommendations for fatigue evaluation of UIT-treated welded cover-plates. While
the second segment focuses on the fatigue performance of UIT-treated transverse sti�eners
in built-up girders manufactured in HPS grade 690W steel at Lehigh University.

Considering the focus of this master's thesis is solely on cover-plates, only the �rst segment
of the test is discussed here. The �rst segment of tests involves 18 rolled-beams constructed
with 36pcs 25 mm thick cover-plates made of ASTM A709 grade 345W steel with a
minimum yield strength of 407 MPa. Moreover, the beams were also constructed with
welded transverse sti�eners, as seen in Figure 3.5. In addition to the tests performed by
Roy and Fisher, the results from a pilot study carried out prior to the analysis of the same
rolled-beam with a yield strength of f y = 485 MPa were included in the analysis.

Figure 3.5: Details of Roy and Fisher test specimens ( grade 345W beams) (all units are in
mm). [Writers own �gure based on Figure 2 from Roy and Fisher (2006),p.244]

Three di�erent types of cover-plate end details were tested. The �rst type CP1 is for
cover-plates with an end �llet weld of 13 mm leg-length, CP2 is for cover-plates without
any end welds and the third type CP3 is for cover-plates having an end weld of 25 mm
leg-length (weld size is equal to the cover-plate thickness). This can be seen in Figure 3.5
and Table 3.4. The purpose of testing di�erent end details was to empirically con�rm the
previous �ndings by (Gurney, 1979 and Takamori, 1999). That the larger the weld size,
the lower the stress concentration will be at the weld root. Thus cover-plates with larger
end welds have higher fatigue strength.
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Following that, the specimens were categorised into three groups depending on their end
detail combinations. The �rst group contains detail types of CP1 and CP3 and is referred
to as Group I. Group II includes cover-plates with details for CP1 and CP2. While
specimens having cover-plates with CP3 details at both edges belong to Group III. The
test matrix can be seen in Table 3.5. Which results into 7 CP1 specimen, 2 CP2 specimen
and 27 CP3 specimen.

Table 3.4: Details of Grade 345W specimens, weld properties and treatments type. [Writers
own table assembled form data provided from Roy and Fisher (2006)]

End detail tb[mm] tc[mm] weld type end weld size treatment type

CP1 28 25 Fillet 13 mm UIT 27000 Hz

CP2 28 25 Fillet no weld UIT 27000 Hz

CP3 28 25 Fillet 25 mm UIT 27000 Hz

The specimens were subjected to a constant cyclic load placed at the top �ange. This
causes the beams to be loaded in four-pint bending, which has the same test setup as
seen in Figure 3.8. The 18 beams were divided into two test series, where each series was
imposed to a minimum stressSmin of 10 MPa and 62 MPa respectively. Each test series
consists of various groups of beams imposed by di�erent maximum stressesSmax , which
produce di�erent stress rangesSr and stress ratiosR. This can be seen in Table 3.5. All
cover-plates were treated with UIT at a frequency of 27,000 Hz. This generated a groove
of about 3 mm width and 0.5 mm depth.

Table 3.5: Test matrix for Grade 345W beams (only cover-plates). G refers to girder, Arabic
numbers refer to beam serial number, Roman numbers refer to specimens group. [Writers own
table based on data in Table 1 from Roy and Fisher (2005),p.244]

Smin (MPa) Sr (MPa)

52 62 67 72 97 124 152

- - - - G1(I) - G7(I)

- - - - G2(I) - G8(I)

- - - - G3(I) - G9(III)
10

- - - - G1-2(III) - G18(III)

- - - - (R=0.09) - (R=0.06)

- - - - G4(III) - -

- - - - G13(II) - -

- - - G6(III) G14(II) G16(III) -
62

G11(III) G5(III) G10(III) G12(III) G15(III) G17(III) -

(R=0.55) (R=0.5) (R=0.48) (R=0.46) (R=0.39) (R=0.33) -
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The fatigue strength of as-welded cover-plates is assigned the lowest detail category of E'
according to AASHTO speci�cations, as mentioned in section 2.1.1. This will determine
the maximum enhancement in fatigue performance which can be anticipated when apply-
ing UIT-treatment to as-welded details.

The testing was discontinued when fatigue cracks appeared at the end weld of the cover-
plate and propagated through the �ange to the web. For the most specimens, fatigue
failure was reached when the test �nished. If no cracking occurred, the tests were carried
out until they surpassed the 95% con�dence limit and reached 95% failure limit of the
least critical untreated detail of the tested beam specimen.

All beams with Grade 345W steel failed due to cracking at one of the cover-plate ends,
except for �ve specimens. All of these non-failed specimens had end welds equal to the
cover-plate thickness (detail CP3). That even though they had been subjected toN =
15 � 106 load cycles no fatigue cracks were discovered on those specimens. In addition,
all �ve Group I specimens that had both details CP1 and CP3 failed due to cracks at
the end weld of detail CP1. This con�rms that weld size has a considerable e�ect on
fatigue performance. All Group I specimens were reported to have cracks that started
at the end weld toe and continued through the �ange to the web, with the exception of
one cover-plate where the crack appeared because of a �aw at the root. Moreover, all the
failed CP3 specimens showed cracks at the toe. For CP2 specimens, the cracks started at
the end of the longitudinal weld. The test results can be found in Figure 3.6 and 3.7 in
terms of S-N curves.

Figure 3.6: Fatigue test results for cover-plates detail CP1. [Writers own �gure based on
provided test data from Figure 6 from Roy and Fisher (2006),p.214]
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Figure 3.7: Fatigue test results for cover-plates detail CP3. [Writers own �gure based on
provided test data from Figure 7 from Roy and Fisher (2006),p.214]

It can be seen from Figure 3.6 and 3.7 that all the tested specimens have a higher detail
category compared to as-welded cover-plates. Accordingly, all specimens with CP1 details
exceeded detail category D at a stress ratioR < 0:1. While CP3 details reported higher
fatigue performance, no specimens had cracked at a stress ratio ofR � 0:1 when the test
was discontinued. In addition, two CP3 specimens exceeded fatigue category A without
developing fatigue cracks until the test was terminated. Hence, UIT treatment improves
the fatigue performance of cover-plates, but the treatment e�ect depends on the detail of
the end weld.

In addition, the minimum stress and stress range also have a signi�cant in�uence on the
improvement gained from the treatment. Where the treatment e�ect decreases dramati-
cally at larger minimum stress that results in a larger stress ratio of0:1 < R � 0:55, as
seen �gure 3.7. The results also showed that UIT-treatment on cover-plates without end
welds didn't yield much bene�t, since the fatigue strength of detail CP2 only increased by
one fatigue category. Based on the test results, design curves for UIT-treated cover-plates
under di�erent stress ratios were recommended, which can be found in �gures 10 and 11
in Roy and Fisher (2006).
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3.4 Hui et al, 2018

The test was carried out at Purdue University by Hui et al. (2018) in order to investigate
the e�cacy of applying Ultrasonic impact treatment of 20,000 Hz to enhance the fatigue
performance of welded cover-plate details. The test results were then compared with the
results obtained from a previous test conducted by Roy et al. (2003) where the specimens
were treated by UIT of 27,000 Hz. Thus, the specimens and beams in this test were similar
to the ones used in Roy and Fisher's test presented in section 3.3, which can be seen in
Figure 3.5. The only di�erence being that the test was limited to only one cover-plate
detail (CP), which was represented by detail CP1 in the previous test. Moreover, it was
planned to use a similar test matrix, with the same stress ranges and minimum stresses
as test variables. However, some changes were made to the variables for the test, and the
applied test matrix can be seen in Appendix C.1.

The test involved 14 full-scale 6.4 m longW 690� 250� 192(W 27� 129) rolled-beams. The
beams were made of ASTM A709 Grade 345W steel. The beams had two types of welded
details, cover-plates and transverse sti�eners. The cover-plates were190:5mm � 25; 4mm
in width and thickness and were fastened to the �ange using �llet welds of 12.7 mm
leg-length. The cover-plates on the �rst 6 beams were approximately 1.36 m long while
the rest had slightly longer cover-plates of approximately 1.4 m. The cover-plates were
positioned at the beams edges, as seen in Figure 3.8, which gives a total of 28 cover-plate
specimens. The beams were simply supported and imposed by a constant cyclic load that
for the majority of the beams started at approximately Pmin = 4 :45 kN. The load was
distributed at the upper �ange of the beam using a 406:4mm � 609:6mm � 50:8mm plates
fastened to the underside of the actuators, seen Figures 3.8 and 3.9.

Figure 3.8: At the top �gure: Illustrates the �rst 6 beams (S1-S6) and shows the test set up.
Figure at the bottom: Illustrates the 8 remaining beams (S7-S14) and shows the beams dimensions
(all units are in mm). [Writers own �gure based on Figure 3:3-4 and 3:11-12 from Hui et al. (2018),
pp.40-45]

The test consisted of two test series. The �rst test series is called UIT and involves 10
beams where 20 cover-plate specimens were treated with UIT at 20,000 Hz while subjected
to the beams' self-weight. The UIT-treatment was applied at the transverse end weld toe
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of the cover-plates, and similarly to Vilhauer et al., treatment was also applied along 152
mm to 203 mm of the longitudinal welds. The second test series is called CONTROL
and consists of the remaining 4 beams (S1, S2, S7 and S8), which includes 8 as-welded
cover-plate specimens. The purpose of those untreated specimens is to give reference data
to evaluate the performance of the treated specimens.

Figure 3.9: Illustrates section A-A from Figure 3.8 and the cover-plate end detailing (all units
are in mm). [Writers own �gure based on Figure 3:3-4 and 3:11-12 from Hui et al. (2018),pp.40-45]

Roy et al. (2003) proposed that UIT-treated sti�eners and cover-plates are to be assigned
detail categories B and C respectively. Therefore, the fatigue tests were run until failure or
until the tested specimen exceeded the aforementioned detail categories. At a minimum,
the tested cover-plate specimens for the UIT test series exceeded detail category C design
life and the majority reached failure at detail category C mean life.

After the test was completed, 12 of the 20 UIT-treated specimens were found to have cracks
initiated at the root of the end weld. While only 3 specimens cracked at the treated end
weld toe. 5 specimens did not report any cracks and remained uncracked until the test was
terminated. For the CONTROL test series it showed that all as-welded cover-plate speci-
mens cracked at the end weld toe and achieved detail category E'. While the UIT-treated
cover-plates exceeded detail category C. The fatigue test results for both CONTROL and
UIT can be seen in Appendix C.3.

The study concluded that applying UIT-treatment of 20,000 Hz to a cover-plate's end
weld toe improve their fatigue performance. Hui et al. also highlights that the fatigue test
results obtained from the study are identical to the results from Roy and Fisher's test.
This �nding con�rms that a UIT-treatment of 20,000 Hz o�ers comparable bene�ts to a
treatment of 27,000 Hz, since the fatigue strength of the specimens in both tests increased
from detail category E' to category C or more.
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However, compared to Roy and Fisher's test, the majority of the specimens had crack
propagation at the weld root instead of at the weld toe. Which indicates that the failure
mode has shifted from toe failure to root failure for cover-plated beams, which was dis-
cussed as a risk for treated welds in section, 2.2.1. Therefore, Hui et al. concludes that for
cover-plated beams, toe failure is the predominant failure mode for as-welded cover-plates,
whereas root failure is the predominant failure mode for treated cover-plates.
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4
Finite element modeling

In this Chapter, three of the tests discussed in Chapter 3 are performed for numerical
analysis using the E�ective Notch Stress method. The purpose of this analysis is to eval-
uate and verify the results of the tests. As well as to collect additional data based on root
stresses at the cover-plate's transverse end weld to evaluate the location of fatigue crack
initiation. Thus, identifying the dominant failure mode (root or toe) for both treated and
untreated cover-plates under di�erent load situations (tension and bending). The analysis
includes two test series for each analysed test; as-welded and HFMI-treated cover-plates.

The three tests that will be modelled are Leitner and Stoschka (2020) that was presented
in section 3.1, Vilhauer et al. (2012) presented in section 3.2 and Hui et al. (2018) pre-
sented in section 3.4. The remaining test conducted by Roy and Fisher (2006) in section
3.3 will not be modelled, because the tested specimens are similar to those used in Hui
et al. test. Moreover, the results from Hui et al. test have been written and summarized
in a more comprehensive manner than Roy and Fisher test. As the number of load cycles
obtained under each stress range was presented in a table.

Furthermore, the FE analysis for all represented tests was performed using the �nite ele-
ment model software Abaqus/CAE. The specimens are represented using 3D solid element
models. In those models, elastic material parameters were considered, since the E�ective
Notch Stress method requires only elastic analysis. In addition, all model components
(including the weld) were de�ned with the same material properties. As such, the elastic
modulus E and the Poisson's ratiov were de�ned as 210 GPa and 0.3 respectively. More-
over, all models were appointed tetrahedral mesh elements. By utilizing this element type,
the time needed for analysis is greatly reduced (Heshmati et al., 2012).
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4.1 Leitner and Stoschka, 2020

As stated before in section 3.1, Leitner and Stoschka utilised both the Nominal Stress
method and the E�ective Notch Stress method for the fatigue life analyses. However, the
root analysis was not covered in the study as only the e�ective notch stress at the weld toe
was reported. Leitner and Stoschka also made some simpli�cations during the modelling
and analysis, for example, the e�ective notch at the toe was represented by a reference
radius of r ref = 1 mm, as shown in Figure 4.1 Detail A-A (2). Which is the recommended
value for plates thicker than 5 mm, as explained in section 2.3.2. Thereby, the model was
constructed in accordance with the provided recommendations for plates thicker than 5
mm and as a result of this assumption the suggested S-N curves for thicker plates were
used when comparing the fatigue tests results.

In this study, an updated FE model is created according to the IIW recommendations
for plates thinner than 5 mm, as explained in section 2.3.2.1. This recreation of the FE
model aims to construct a suitable model according to the provided recommendations,
and to investigate if it exhibits reasonable and similar results as Leitner and Stoschka
obtained from their experiment. Additionally, the aim of including Leitner and Stoschka
experiment is to establish the results from non-treated and UIT-treated welded cover-
plated plate-girder loaded in tension by an axial force. The dimensions of the modelled
specimen can be seen in Figure 3.1, Detail A-A (1).

Figure 4.1: The dimensions of the axially loaded Abaqus model, with the recreated details
illustrated in Detail A-A (1), and the details used by Leitner and Stoschka in Detail A-A (2) (all
units are in mm). [Writers own �gure]

The specimen ful�ls the IIW Fricke (2010) requirements for 2D modelling described in
section 2.3.2.1 and therefore the geometry can be represented using a 2D planer or 3D
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solid Finite Element model. However, because the location of the highest e�ective notch
stress is in the transverse direction, the location of fatigue crack initiation cannot be seen
in a 2D model. Therefore, a 3D solid Finite Element model was created for analysis.

4.1.1 Geometry

As the specimen exhibits symmetric geometry and was loaded uniformly, only a portion
of the specimen needed to be modelled instead of the entire geometry. This simpli�ed the
model and reduced the amount of work involved in analysis. Accordingly, only one-eighth
of the specimen was modelled, as shown in Figure 4.2. It can also be seen in the �gure
that a gap of 0.1 mm was modelled between the plate-girder and the cover-plate.

The weld geometry was also included in the model assuming an idealised shape with a45�

inclination. The weld volume was created using the "solid extrude" in Abaqus software
where the weld geometry was sketched as an triangle with a leg-length of 3.25 mm and
with an ideal angle of 45� , thereafter extruded along the cover-plate width. The e�ective
notches at the weld toe and root were modelled according to the recommendation provided
in Fricke (2010). Thus the notch at the weld root was represented by a U-shape with a
0.05 mm radius. While the e�ective notch at the weld toe was rounded to a radius of 0.05
mm.

Figure 4.2: Visualization of FE model in Abaqus of the test specimen shown in Figure 4.1,
with root and toe notch details.
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4.1.2 Loading and boundary conditions

As mentioned previously, only elastic analysis is assumed for computing e�ective notch
stresses. This means that the computed stresses increase linearly with the increase in ap-
plied nominal stresses. That makes it possible to use a unit load (nominal stress) instead
of the real stress. Thus a unit nominal stress of 1 MPa is applied to the model as a uniform
pressure with a negative sign as seen in Figure 4.3. As a result of applying a unit load,
a factor called Stress Concentration FactorK f (SCF) is calculated, which is de�ned as
the ratio between e�ective notch stress and nominal stress. The resulting e�ective notch
stresses at the toe and root can then be obtained by multiplying the SCF with the actual
nominal stress.

Furthermore, because the Abaqus model was partitioned due to symmetric conditions,
symmetry boundary conditions were assumed on three sides of the model. This can be
seen in Figure 4.3.

Figure 4.3: The applied load and boundary conditions for the axially loaded FE model (Leitner
and Stoschka).
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